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Stimuli-responsive nanocontainers have emerged as promising vehicles to deliver molecular payloads into the
cytosol of cells in a spatially, temporally and dosage-controlled manner. These nanocontainers respond to a
specific type of stimulus such as a change in redox status, enzymatic activity, pH, heat, light, and others. In this

Received 22nd October 2024, work, we introduce photoresponsive nanocontainers based on the self-assembly of vesicles with surface-

Accepted 10th December 2024 confined cyclodextrin—adamantane host—guest chemistry. The nanocontainer surface is protected by a poly-
mer shell with a tetrazine cross-linker that enables triggered delivery of payloads upon exposure to green light

(515 nm). We show that the release of vesicle-encapsulated payload is achieved also in cells by visible light,
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Introduction

Nanocarriers have gained widespread attention in the field of
molecular payload delivery especially for therapeutic uses.
Stimuli responsive nanocarriers play an important role as they
have been shown to overcome several challenges associated
with the field, including but not limited to bioavailability, bio-
compatibility, non-specific delivery, toxicity, uncontrollable
release and insufficient stability."® The versatile and multi-
functional motifs introduced to confer stimuli responsiveness
have shown promising results. They include methods such as
targeted delivery by surface modification, polymer shells for
longer retention times, endosomal escape of cargo upon photo-
thermal heating, stimuli-response to specific target sites in the
case of endogenous stimuli, and spatial-temporal control by
exogeneous stimuli.” Some of the major stimuli that have
been used are pH,'®' redox activity,">"® temperature,'*'>
light,"*"® and magnetism;"**° multi-stimuli** > responsive
systems have also been developed. Light has been the stimulus
that stands out as it is exogenous and can be applied with a
high degree of spatio-temporal control. Light has major advan-
tages such as less off-target effects and tuneable delivery
according to the conditions required in the system.®**>’ Light
responsive systems can be divided into those responding to UV
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which is less harmful than the UV-light responsive release reported previously for in vitro systems.

(ultraviolet), visible and NIR (near infrared) light. However,
whereas UV light can cause harm to living cells and organisms,
visible light and NIR light are less harmful. Moreover, visible
light and NIR light have the advantage of deeper penetration in
organic matter as compared to UV light. There are several light-
cleavable chemical linkers available, but most of them are
responsive to harmful UV light, and there are only a few
examples of visible light and NIR light responsive linkers.?*7*°
Hence, there is a need to develop novel visible light responsive
systems based on visible light responsive chemical linkers.
Although visible light responsive nanocarriers have been reported
for anticancer drug delivery by Singh and co-workers, and there are
not many other examples of visible light responsive release using
nanocarriers.’' Here, we introduce a stable biocompatible visible
light responsive system for intracellular delivery using self-
assembled nanocontainers based on vesicles. These nanocontai-
ners have been designed with the idea of meeting the challenges
faced by drug delivery systems such as biocompatibility, control-
lable payload release, and minimal toxicity.

Results and discussion

Preparation and characterization of light-responsive
nanocontainers

The cyclodextrin core of the light responsive nanocarrier is
inspired by our previously reported supramolecular system
relying on polymer shelled vesicles. These vesicles were pre-
pared from amphiphilic cyclodextrin via self-assembly.*?
Amphiphilic cyclodextrin was deposited as a thin film and
water was added to form multilamellar vesicles that were
extruded by using a 100 nm filter several times to regulate
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Fig. 1 Top: Schematic representation of the formation of visible light responsive nanocontainers and the release of molecular payloads in cells upon
exposure to green light (2 = 515 nm). Bottom: Molecular structures and chemical reactions of essential components.

the size (further details can be found in the ESIt). As described,
this allows subsequent host-guest chemistry for surface
modification.*® Applying adamantane linked polyacrylic acid
(Adm-PAA) results in polymer decorated vesicles with a shell
that reduces leaking of the molecular payload from the
nanocontainer.**® The polymer layer further provides a plat-
form for crosslinking and thus control over the release of
molecular payload from the system can be achieved. Previously,
we developed this approach to produce redox responsive as well
as enzyme responsive nanocontainers.">** Now we have further
enhanced our system towards the production of light respon-
sive nanocontainers that can release the molecular payload by
breaking the crosslinks under spatio-temporal control [Fig. 1].

The light responsive release was achieved with the help of a
tetrazine based crosslinker. It is known that tetrazine
dithioethers photodegrade upon visible light irradiation lead-
ing to relatively inert products.’**" 3,6-Dichloro-1,2,4,
5-tetrazine has been used to crosslink thiol groups for various
applications such as light responsive gelation and crosslinking
peptides.**™® In our system, we first attached 2-aminoethane-1-
thiol to various free acid groups on the surface of the vesicle by
amide bonds resulting in free thiols. We then applied these free
thiols in crosslinking reactions with 3,6-dichloro-1,2,4,
5-tetrazine and thereby installed light responsive moieties on
the surface of the nanocontainers.

Amphiphilic B-cyclodextrin self-assembles in the core struc-
ture of vesicles (CDV) as it is dispersed in water.*> After this
step, host-guest chemistry of the cyclodextrin and adamantane
was used to cover the surface of the vesicles by adamantane
linked polyacrylic acid (prepared according to the procedure in
the ESLt with a degree of polymerization of 340) and the
structures thus formed are polymer shelled vesicles (PSV).
The acid groups on the surface are further used to couple the
2-aminoethane-1-thiol via amide bond formation.*” These
thiols were then crosslinked in the last step with 3,6-dichloro-
1,2,4,5-tetrazine to generate the crosslinked polymer shelled
vesicles (PSVre) [Fig. 1].

1640 | Soft Matter, 2025, 21,1639-1645

Next, we confirmed the formation of PSVy.. and character-
ized their properties. The self-assembly of the nanocontainers
was tracked via dynamic light scattering (DLS). CDVs have a
hydrodynamic diameter of 143 £ 3 nm, and after the addition
of Ad-PAA polymer the outer shell is covered and hence an
increase of the hydrodynamic diameter occurs, which is found
to be at about 161 + 8 nm. Finally, after crosslinking of
the polymers, a further increase in size to 198 £+ 11 nm is
observed, which could be explained by some crosslinking
between individual PSVr [Fig. 2a]."> The molecular payload
(FITC-phalloidin) containing PSV. were also characterized via
DLS showing a hydrodynamic diameter of ca. 175 nm, similar
to the empty PSVrye. This shows that encapsulation has no
observable effect on the size of the nanocontainers [Fig. S6,
ESIT]. To test the stability of the nanocontainers, we monitored
the hydrodynamic diameter and PDI of PSVr over a course of
7 days. It was found that the hydrodynamic diameter remains
in the range of 135-170 nm and PDI remains in the range of
0.13 to 0.18, which establishes that these nanocontainers are
highly stable for a long period of time [Fig. S10, ESIt]. Also,
PSVye were analyzed by using atomic force microscopy (AFM)
and the size was found to be 144 + 16 nm (n = 3) [Fig. 2b].

We further investigated the stepwise preparation of PSVre
via zeta potential measurements. Over the course of our mea-
surements, we observed that CDV exhibits the minimum
charged state with a surface charge value of —7 mV. The
negatively charged polymer (Adm-PAA) covering the surface of
the CDV after introducing it via host-guest chemistry in the
next step leads to a surface charge of -16.6 mV for PSV. In the
final step amide bond formation takes place as 2-aminoethane-
1-thiol is added and the zeta potential of PSVr.; increases due to
reduction of the negative charge to a value —10 mV in accor-
dance with the modifications applied [Fig. 2¢c]. The values of the
DLS and zeta potential also correspond to the values that were
achieved during the formation of other stimuli responsive
vesicles with similar procedures.’® Furthermore, infrared
(IR) spectroscopy was performed. PSV SH (after addition of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Physico-chemical analysis of nanocontainers. (a) DLS. (b) AFM of only PSVre: with sections (1) 128 nm, (2) 144 nm, and (3) 160 nm. (c) {-Potential
measurements of CDV, PSV, PSVre and green light (515 nm, 3 W) irradiated PSV1e. Data represent mean + standard deviation (n = 3). (d) IR
measurements of PSV-SH (2-amine ethane-1-thiol linked PSV), PSVte: and green light (515 nm, 3 W) irradiated sample of PSVr... Concentration of

vesicles: 100 pM (CDV in HEPES buffer pH 7).

2-aminoethane-1-thiol to PSV) showed peaks at 1633 cm ™" and
1570 cm ™' that can be attributed to the amide group.'® These
peaks can also be observed in green light irradiated PSVre.
Freshly prepared non-irradiated PSVy. shows a peak at
1640 cm ™' that corresponds to C=N signifying the presence
of crosslinked tetrazine [Fig. 2d].*>

The nanocontainers were also examined by transmission
electron microscopy (TEM) showing that PSVy. were of the size
of 80-140 nm [Fig. S4, ESIt]. There is a decrease in the size with
respect to DLS as expected since the nanocarriers are dehy-
drated during preparation of the TEM samples. Also, the
nanocontainers were analysed after the release of the molecular
payload upon green light treatment revealing a size similar to
the non-irradiated specimen. This observation signifies that the
basic structure of the nanocontainers is conserved and only the
molecular payload is released via irradiation-mediated cleavage
of crosslinks in the polymer shell [Fig. 2a].

Light responsive release from nanocontainers in vitro

In order to examine the light responsive release, PSVr, were
prepared with pyranine dye as the molecular payload inside
the nanocontainers. Pyranine is known as a water solu-
ble, membrane impermeable fluorescent dye used for pH
monitoring in cells.*® This was used as the molecular payload

This journal is © The Royal Society of Chemistry 2025

in the nanocontainers as they could encapsulate water soluble
species and fluorescence upon release could be tracked easily.
The excess dye that was not encapsulated was removed via
dialysis. Two samples of nanocontainers filled with pyranine
were then exposed to green light (515 nm, 3 W, 2.8 mW cm™?)
and dark conditions, respectively. While the release of pyranine
was observed using fluorescence spectroscopy for the duration
of up to 8 h, it was observed that the nanocontainers exposed to
green light released a higher amount of molecular payload as
compared to the vesicles that were kept under dark conditions.
We observed approximately 2.7 x more release in the case of the
green light irradiated sample in comparison to the sample kept
in the dark after 8 h [Fig. 3a].

To confirm that the release is due to the light responsive
crosslinker containing tetrazine, a non-responsive crosslinker
(2,2’-(ethylenedioxy)bis(ethyleneamine)) was used to prepare
the PSVr. and the release of the pyranine was monitored via
fluorescence spectroscopy similar to the light responsive nano-
containers. No significant difference was observed in the
amount of molecular payload released for irradiated and non-
irradiated samples, confirming photodegradation of the cross-
linker conferred responsiveness of the nanocontainers towards
light [Fig. 3b]. To further validate the light responsive release,
we performed an experiment where pyranine containing PSVe

Soft Matter, 2025, 21,1639-1645 | 1641


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01239a

Open Access Article. Published on 10 December 2024. Downloaded on 12/20/2025 11:11:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

N
]

—=— Green Light (515nm)
—e— Dark

Fluorescence Intensity at 512 nm
o = = N
(5] o [9)] o

©
o
L

200 300 400

Time (min)

0 100 500

N
o
L

-
(5]
I

Fluorescence Intensity at 512 nm
o -
&) o

©
o
L

60 120 180 240
Time (min)

300 360

o4

View Article Online

Soft Matter

g
o

—=— Green, Responsive
—e— Dark, Responsive

—s— Green, Non-Responsive
—e— Dark, Non-Responsive

N
o
L

Fluorescence Intensity at 512 nm ~—

1.5
1.0
0.5
0.0- T T T T T
0 100 200 300 400 500
(j) Time (min)
£ 20— 30 min irradiation
f‘ {—e— 60 min irradiation
© 154
©
2
‘@
S 1.0
£
[]
o
G 0.5
(%]
(7]
<
S
Z 0.0
0 100 200 300 400 500 600
Time (min)

Fig. 3 Photo-responsive payload release from nanocontainers. (a) Release profile of pyranine from PSV¢ in the dark and under green light irradiation.
Data represent mean =+ standard deviation (n = 3). (b) Release profile comparison of pyranine in the dark and under green light irradiation with visible
light-responsive PSVre and non-responsive PSV+¢.. (C) Release profile of pyranine from PSVte kept in the dark for 180 min and then green light irradiated
for a further 180 min. (d) Release profile of pyranine from PSVre. under green light irradiation with 30 min and 60 min irradiation times.

was first kept in the dark for 180 min and then exposed to green
light for the next 360 min. We observed a significant change in
the slope of the release of the molecular payload when the
nanocontainers were exposed to green light, which corresponds
to the faster release of the molecular payload. Together, this
indicates that light is the cause of the enhanced release of the
molecular payload from the nanocontainers [Fig. 3c].

To assess the influence of crosslinking on the release of the
molecular payload (pyranine), we varied the amount of the
crosslinker to 50% (300 uM) and 200% (600 uM) of the initial
concentration used in the above experiments, respectively. In
the case of the 50% crosslinker there is no significant differ-
ence in the release of molecular payload between the irradiated
and non-irradiated samples [Fig. S2, ESIT]. In the case of the
200% crosslinker, the higher amount of crosslinker used
resulted in the aggregation of nanocontainers as the hydro-
dynamic size increased from ca. 150 nm to ca. 640 nm and thus
they could not be further utilized for delivery [Fig. S1, ESIt].
Hence the concentration of the crosslinker previously used
were considered optimal for the release experiments (ESIT).

Furthermore, to investigate the crosslinking efficiency of
PSVre, 5-fluoresceinyl maleimide (5-FM) was used to trap the
free thiols at various steps. 5-FM emits fluorescence upon
binding to thiols at 518 nm. The fluorescence intensity was

1642 | Soft Matter, 2025, 21,1639-1645

measured for PSV ET TCEP (PSV after adding 2-amino-ethane-1-
thiol and TCEP), and PSVy. TCEP (PSVy. after adding TCEP).
The difference between the fluorescence intensities at 518 nm
indicates that the thiols were crosslinked via tetrazine with a
crosslinking percentage estimated to be 15% (Fig. S5, ESI{)."

Uptake of nanocontainers and light responsive payload release
in cells

After observing that the nanocontainers are capable of light
responsive release in vitro, we were encouraged to test their
performance in cells. Firstly, we wanted to establish the uptake
of nanocontainers by cells. Therefore, we incubated human
umbilical vein endothelial cells (HUVECs) with rhodamine-B
labelled modified B-CDV.*° The nanocontainers were incubated
for 90 min with the cells and the samples were imaged via live
cell imaging via confocal laser scanning microscopy (CLSM).
Here, we could observe a strong colocalization of fluorescence
signals of rhodamine B labelled nanocontainers (red) and a
fluorescent endosomal marker (EGFP-Rab7, green) as quanti-
fied by Manders’ coefficient. From this experiment we can
conclude that the nanocontainers were taken up by the cells
and at least to some extent were present in late endosomes
following the conditions used for incubation [Fig. 4] (see
Uptake in the ESIT).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Nanocontainers are endocytosed by HUVECs. Cells expressing EGFP-Rab7 as a marker for late endosomes were incubated with rhodamine B
labelled light responsive containers. After an uptake of 90 min, cells were washed and incubated in medium for 2 h before being subjected to live cell
imaging. Shown are the confocal microscope images of a single plane. The boxed area is enlarged below. DAPI staining of nuclei is shown in blue. Scale
bar: 10 um. The extent of colocalization of the fluorescence signals was quantified by determining Manders’ coefficients. (1) Corresponds to the fraction
of nanocontainer signal overlapping with the EGFP-Rab7 signal. (2) Corresponds to the fraction of EGFP-Rab7 signal overlapping with the nanocontainer
signal. n = 20. Bars indicate the mean. Error bars show the SEM.

Next, we proceeded to test the light responsive delivery of the
payload into the cytosol of cells. We first examined different
irradiation times to initiate payload release. We performed the
release experiment with 30 min and 60 min irradiation and
observed no significant difference in the release of molecular
payloads between these two experiments. We concluded that a
30 min irradiation time would be suitable to trigger release
inside the cells [Fig. 3d] (Fig. S3, ESIf). Also, a phototoxicity
assay was performed to assess whether the light irradiation

" Phalloidin FITC-Phalloidin

might have any detrimental effects on HUVECs. It was observed
that light irradiation (515 nm, 20 min) did not induce any
significant effect on cell viability as compared to cells kept in
the dark [Fig. S11, ESI{].

Nanocontainers were then prepared containing FITC-
phalloidin as the molecular payload. Phallodin is a toxin that
acts by strongly binding to F-actin in cells but is unable to cross
the plasma membrane. Consequently, payload delivery is
reflected by the extent of FITC-phalloidin staining of cytosolic
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Fig. 5 Light-triggered release of FITC-phalloidin from endocytosed nanocontainers. HUVECs were treated with light responsive containers loaded with
FITC-phalloidin according to the uptake protocol mentioned in the legend to Fig. 4 and subsequently either left untreated or irradiated with green light
for 20 min. After 3 h cells were fixed with PFA and counterstained with phalloidin-iFluor647. Representative images of maximum intensity projections of
z-stacks are shown for nonirradiated cells in the upper and for irradiated cells in the lower panels. Scale bars: 10 um. The extent of cytosolic delivery of
FITC-phalloidin was quantified by measuring the intensity of actin bound FITC-phalloidin and normalization to the area of identified actin structures
(see Materials and methods, ESIf). n = 15. Bars indicate the mean. Error bars show SEM. Significance was obtained using a Mann—-Whitney test.
**kp < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05.
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actin filaments.’® FITC-phalloidin has also been introduced
into cells with the help of nanocontainers before.”® HUVECs
were incubated with FITC-phalloidin loaded containers for
90 min and afterwards exposed to green light or kept in the
dark for 20 min, respectively. We could observe that the cells
that were exposed to green light showed 1.7x times higher
fluorescence intensity per pm”> as compared to the cells that
were kept in the dark [Fig. 5]. Together, these findings suggest
that following uptake into endosomes, the molecular payload
of the novel nanocarriers can be released into the cytosol of
cells (where the phalloidin can bind F-actin) following exposure
to green light. Most likely, FITC-phalloidin is released into
cytosol as the anionic polymer Adm-PAA can destabilize the
endosomal membrane by affecting the membrane potential,
which has been shown before to lead to the passive diffusion
and release of FITC-phalloidin from endosomes.?*

Conclusions

In this study we present a payload release system that enables
intracellular delivery in response to visible light. This system is
based on cyclodextrin vesicles templating a polymer shell on
their surface via host-guest chemistry to suppress the leakage
of molecular payload. The tetrazine linker equips the nanocon-
tainers with light responsiveness. The use of light as a stimulus
can help to achieve spatio-temporal control over the release of
different molecular payloads. Pyranine as the molecular pay-
load was released in in vitro experiments and FITC-phalloidin
was introduced into cells via uptake of nanocarriers and sub-
sequently released via irradiation with green light (515 nm),
eliminating the need for harmful UV exposure.
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