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ABSTRACT

Synthetic cells (SCs) are programmable biomimetic systems that reproduce selected cellular functions while offering high struc-

tural and functional controllability. A particularly attractive feature of SCs is their ability to respond to external stimuli, enabling

regulated cargo release and communication with living cells. Here, we report a light-responsive SC platform capable of establish-

ing chemically mediated communication with human cancer cells. Upon light stimulation, the SCs release signaling molecules,

such as adenosine triphosphate (ATP) and histamine, that activate intracellular calcium signaling pathways in target cells. These

results demonstrate the feasibility of remotely controlled communication between synthetic and living cells and highlight the

potential of SCs as bio-hybrid interfaces for precise cellular modulation, therapeutic delivery, artificial organelles, and other bio-

medical applications.

1 | Introduction

Synthetic cells (SCs) are engineered nano- and micro-structures
designed to reproduce selected structural and functional features
of living cells. These systems are typically constructed from lipid-
based vesicles or polymer-based assemblies (polymersomes)
functionalized with synthetic molecules and/or biological build-
ing blocks. In contrast to living cells, where thousands of inter-
connected biochemical reactions occur concurrently, SCs can be
assembled using only the minimal set of components required for
the desired function. Precise control over system composition,
architecture and dynamics, enables the isolation and quantitative
investigation of processes otherwise difficult to dissect in natural
cellular environments. Owing to this high degree of controlla-
bility, SCs have emerged as valuable tools both for fundamental

studies and applied biotechnology [1]. In fundamental research,
they enable an “understanding-by-building” approach where
biological processes are reconstituted in cell-mimetic systems
to elucidate their underlying mechanisms [2-5]. In applied con-
texts, the programmability of SCs has stimulated growing interest
in areas such as drug delivery [6], biosensing [7, 8], biocatalysis
[9-11], and therapeutic biomimetic systems [12].

In recent years, considerable efforts have been devoted to the
development of stimulus-responsive SCs capable of sensing
and responding to environmental cues through defined and con-
trollable pathways. Such systems are particularly attractive as
smart carriers for therapeutic synthesis and delivery upon stim-
ulation [13, 14], but also as a model platform for investigating
minimal cognitive systems [15]. Up to now, SCs have been
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engineered to respond to chemical stimuli, including pH [16-19],
osmotic shock [18, 20], chemical and enzymatic reactions
[21, 22], signal molecules [23-25], as well as to physical triggers
such as electromagnetic radiation [26-29], magnetic fields [30],
temperature [31], and acoustic waves [32]. These external inputs
can induce membrane reorganization or destabilization, leading
to controlled transport processes, cargo release, synchronization,
or activation of internal biochemical reaction networks. Among
the available stimuli, light has emerged as one of the most attrac-
tive since it enables noninvasive, reversible, and highly spatio-
temporally resolved modulation of biological processes [26].
Photoactive molecular motifs, such as azobenzenes, have been
extensively employed due to their reversible E-Z photoisomeri-
zation. Upon UV irradiation, azobenzene undergoes a transition
from a thermodynamically stable linear E conformation to a
metastable bent Z configuration, accompanied by substantial var-
iations in molecular geometry and occupied volume. When
incorporated into membrane-forming molecules such as amphi-
philes [28, 29, 33-36] and phospholipids [37-45], azobenzene
isomerization has enabled dynamic optical control over several
physicochemical and mechanical properties of the bilayer
[37, 38, 46] leading to reversible morphological transformations
[28, 29, 34, 42, 47, 48] and permeability modulation
[28, 29, 33, 35, 41, 49]. Different azobenzene-based molecules
have been shown to efficiently trigger cargo release of the doped
membrane through mesh relaxation [28, 29, 49], pore formation
[41], or complete vesicle rupture [33, 35], and for this reason, they
are attracting considerable interest for next-generation biomedi-
cal applications [13, 14].

Indeed, chemical signaling underlies a wide range of cellular func-
tions; thus, the development of SCs capable of on-demand molecu-
lar release is highly desirable for enabling communication with
living cells and modulating their behavior. Only a few pioneering
studies have investigated such scenario. In 2009, Gardner et al.
reported the first SC-to-cell signaling study in which a protometab-
olism, established within the core of SCs, produced metabolites
that, once released, triggered quorum-sensing luminescence phe-
nomena in Vibrio harveyi bacteria [50]. In other cases, SCs have
been engineered to expand the sensing capabilities of model bacte-
ria, transducing a chemical signal that Escherichia coli is unable to
sense into a signal that can elicit a natural cellular response [8, 51].
In the attempt of improving the programmability and controlla-
bility of the communication process with natural cells or with other
SCs, liposome-based SCs which operate by gene expression have
been lately developed, as reported in [15, 52]. However, these
approaches rely on permanently open membrane pores, such as
a-hemolysin, for passive cargo release, limiting temporal control,
transport selectivity, and internal homeostasis. More recently,
Sethi et al. reported an adenosine triphosphate (ATP)-powered
strategy for temporally controlled communication between syn-
thetic and living cells [25]. In this system, core-shell microgels
act as artificial cells that anchor signaling oligonucleotides through
DNA hybridization. An ATP-driven enzymatic reaction network
transiently releases the DNA signal into the extracellular medium,
enabling its uptake by neighboring mammalian cells, while ATP
depletion restores the initial state through signal recapture.
Although this approach introduces programmable and reversible
communication in response to ATP levels relevant to the tumor
microenvironment, the reaction network operates outside the SC
and therefore requires all enzymatic and DNA components to be

supplied externally. Consequently, the SC mainly functions as a sig-
nal storage platform, while the molecular circuitry governing com-
munication remains distributed in the extracellular environment.

In contrast, the implementation of photoresponsive molecules as
shell component of SCs, can provide efficient compartmentaliza-
tion coupled with dynamic and reversible control over the com-
partment permeability. Transport processes can be activated
and deactivated in response to light stimulation and finely regu-
lated with high spatial and temporal precision. Such concept was
recently demonstrated by light-triggering SC cargo release for the
modulation of gene expression in bacterial populations [8] and in
human cells [27]. In these examples, light was exploited to induce
chemical transformations of key synthetic-cell building blocks,
such as phospholipid membrane crosslinking [8] or photoinduced
charge switching in polymersomes [27], thereby activating cargo
release and downstream communication with living cells.

Building on these advances, our work explores a complementary
communication modality based on the rapid release of small-
molecule messengers from biomimetic SCs. Here, giant unila-
mellar vesicle (GUV)-based SCs were engineered blending
2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC) with
a photoswitchable azobenzene-based amphiphile. UV-irradiation
triggered azobenzene isomerization, affecting SCs stability and
ultimately leading to controlled release of encapsulated signaling
molecules: ATP and histamine. These chemical messengers were
selected as model agonists due to their well-established role in
calcium-mediated signaling pathways [53, 54]. Upon optical acti-
vation, “sender” SCs release the chemical messengers which are
in turn recognized by receptors expressed on neighboring human
HeLa cells, triggering intracellular signaling cascades which
result in oscillatory cytosolic calcium responses (Figure 1).
The present work broadens the toolbox for SC engineering as
light-responsive interfaces for the spatiotemporally controlled
delivery of molecular messengers to living cells. The release
system couples a physical trigger with a stealth-like activation
mechanism, remaining functionally silent until irradiation. By
enabling rapid release of biologically relevant signaling mole-
cules without the transfer of genetic material, this strategy opens
new opportunities for the development of minimally invasive
platforms to modulate cellular responses.

2 | Materials and Methods
2.1 | Materials

All reagents and fine chemicals, unless otherwise specified, were
purchased from Sigma-Aldrich (Milan, Italy). Phospholipids
were purchased from Lipoid GmbH, Steinhausen, Switzerland.

2.2 | Compound 7 Synthetic Route

The targeted photoswitchable amphiphile was readily synthesized
following a previously established six-step reaction sequence
[28, 55]. In brief, starting from p-nitrophenol 1, an eight-carbon
tail was attached to the phenolic -OH by using 1-bromooctane.
Then, after reduction of the nitro group to the corresponding
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FIGURE 1 | Schematic representation of light-controlled communication between a synthetic cell and a living cell. A SC incorporating transmem-
brane photoresponsive azobenzene amphiphile, in purple, undergoes UV-induced E — Z photoisomerization, increasing membrane destabilization and

triggering the release of encapsulated signaling molecules (ATP and histamine). These diffusible mediators activate P2Y, P2X, and H1 receptors on the

target cell membrane, leading to cytosolic calcium responses including oscillatory patterns, transient spikes, and sustained plateaus. In contrast, the

nonfunctionalized SC shown at the bottom remains insensitive to UV irradiation and does not release cargo molecules. Overall, this platform illustrates a

biomimetic strategy for externally controlled cell-cell communication mediated by light-responsive synthetic compartments.

amine, it was subjected to diazotization by using a mixture of
hydrochloric acid and sodium nitrite. The in situ formed diazo-
nium salts were then treated with phenol to form the azobenzene
derivative 4. Following this, the phenolic -OH group on the other
end of the azobenzene was alkylated using 1,6-dibromohexane to
produce the bromide intermediate 5, which was finally treated
with di-Boc-protected-1,4,7-triazacyclononane (TACN) to form
compound 6. Finally, the Boc-protecting groups were removed
from the TACN head group by treatment with strong acid (6 M
HCI) to yield the target compound 7 (Scheme 1). The compound
identity was confirmed by 'H, '*C NMR, and HRMS (Figures S1
and S2). The obtained spectra were fully consistent with the liter-
ature data for the target compound [28, 55].

2.3 | Compound 7-Zn Optical Characterization

Photoswitchable compound 7 was dissolved at a final concentra-
tion of 90 uM in 5 mM HEPES-KOH buffer (pH 7.6) in the pres-
ence of equimolar ZnCl,. Zinc ions (Zn**) spontaneously
coordinate with the nitrogen atoms in the TACN group, thus

enhancing the polarity of the hydrophilic head. Absorbance
measurements of compound 7-Zn were performed at room
temperature (23°C) using a 1-mL quartz cuvette with a 1-cm path
length (Hellma Analytics, Germany). UV illumination was pro-
vided by a 10-W portable torch emitting at a Ap.x=365nm
(Alonefire SV003), while white light illumination was supplied
by a white LED lamp (11 W). Samples were illuminated directly
in the cuvette, and absorption spectra were recorded immediately
after irradiation using an Agilent 8453 UV-Visible spectropho-
tometer (Agilent Technologies, Inc., Santa Clara, CA, USA).
The illumination time required to induce each geometric isomer-
ization was set to 1 min for every experiment.

2.4 | Giant Unilamellar Vesicle Preparation

Giant unilamellar vesicles were prepared using phase transfer
method [56, 57] with the following modifications. The aqueous
core of vesicles (40 pL) consisted of phosphate buffer solution
(10 mM, pH 8), sucrose (200 mM), and, when specified, encapsu-
lated cargo molecules (ATP 10 mM and histamine 10 mM). The
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SCHEME 1 | Synthesis of photoswitchable amphiphilic compound 7.

external aqueous phase was prepared in a final volume of 1 mL
containing isotonic phosphate buffer solution (10 mM, pH 8) and
glucose (200 mM). The organic phase was prepared by dispersing
0.3 mM POPC and 0.6 mM cholesterol in 1.8 mL of mineral oil
(Figure S3a).

In a general procedure, 600 pL of the organic phase were care-
fully layered onto 1mL of the external aqueous phase in a
15-mL centrifuge tube, generating a stable biphasic system.
The mixture was left undisturbed for 10 min at room temperature
to allow the spontaneous formation of a phospholipid monolayer
at the water—oil interface, with hydrophobic tails oriented toward
the oil phase and hydrophilic heads toward the aqueous phase
(Figure S3b). In parallel, a water-in-oil emulsion was prepared
by dispersing the internal aqueous phase into the remaining
1.2mL of organic phase through repeated pipetting, yielding a
stable emulsion (Figure S3c). The emulsion was then gently lay-
ered onto the biphasic system and centrifuged (20 min, 2500 X g,
25°C) forcing the droplets to cross the lipid-enriched water/oil
interface and thereby inducing phase transfer and vesicle forma-
tion (Figure S3d,e). The resulting GUV pellet was resuspended in
fresh external buffer and centrifuged again to remove nonen-
trapped agonist molecules. Subsequently, the pellet was collected
in 100 pL from the bottom of the tube and either used immedi-
ately or stored at 4°C until further use (Figure S3f,g). When
included in the formulation, compound 7-Zn was incorporated
into vesicle membrane by coincubation with preformed GUVs
at a final concentration of 100 pM.

2.5 | Cell Culture

HelLa cells (provided from Sigma-Aldrich, Cat. Num.: 93021013,
RRID: CVCL_0030) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (high glucose, with L-glutamine and sodium
pyruvate, SIAL-DMEM-HPA) supplemented with 10% in volume

Acetonitrile, reflux, 16 h Me/ﬁ?o :

0°Ctort.1.5h (4) 70%

®)

Quant.

of fetal bovine serum (ECS5000L, Euroclone) and 1% penicillin/
streptomycin mix (15140122, Gibco). Regular passaging of cul-
tures was performed twice a week in a 1:5 passaging ratio, using
phosphate-buffered saline (PBS) without Ca** and Mg** (SIAL-
PBS-1°) for culture washes and 0.125% trypsin—ethylenediamine-
tetraacetic acid (EDTA) solution (15090046, Gibco). For calcium
imaging experiments, cells were seeded on poly-L-lysine-coated

@ 18 mm glass coverslips at a density of 25 x 10® cells cm™>.

2.6 | Fluorescence-Based Monitoring of Cytosolic
Ca’* Dynamics With Fura-2

To monitor intracellular calcium dynamics, cells were loaded
with the fluorescent calcium sensor Fura-2-AM (ThermoFisher
Scientific, Waltham, MA, USA). Briefly, a 2-uM dispersion of
Fura-2-AM in serum-free culture media was vigorously homog-
enized by repeated pipetting and incubated with cells for 20 min
at 37°C to promote Fura-2-AM internalization and de-esterifica-
tion (Figure S4a). Once inside the cell, Fura-2 coordinates Ca**
ions, causing characteristic changes in its spectroscopic proper-
ties (Figure S4b). Intracellular calcium variations were therefore
monitored over time by ratiometric fluorescence measurements,
recording emission at 510 nm upon alternating excitation at 340
and 380 nm (Figure S4c).

Coverslips were mounted into a customized perfusion chamber
(inspection area: 50.24 mm?) (Figure S5). The samples were then
washed with Krebs-Ringer buffer (125mM NaCl, 5mM KClI,
1mM Naz;PO,, 1 mM MgSO,, 5.5mM glucose, 20 mM HEPES,
pH 7.4, at 37°C) for 10 min to remove noninternalized Fura-
2-AM. Fluorescence analysis was performed using an inverted
Eclipse TE2000-U microscope (Nikon, Shinagawa, Tokyo,
Japan) equipped with a 40x Plan Fluor oil immersion objective
and a xenon arc lamp as illumination source. The excitation
wavelengths 340/380 nm for Fura-2 excitation and for activation
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of the photoisomerization of the compound 7-Zn were selected
using a DeltaRAM V random access monochromator, and the
exposure timelapse, synchronized with the acquisition, was con-
trolled by a mechanical shutter. A filter cube equipped with
XF04-2, 520 +20nm band-pass emission filter and with a
dichroic mirror (Omega Optical, Brattleboro, VT, USA), was used
to collect green fluorescence. Images were acquired using a
Peltier cooled charge-coupled device camera (Coolsnap HQ cam-
era, Photometrics, Tucson, AZ, USA). Photoactivation of com-
pound 7 was achieved by continuous illumination at 380 nm
for a maximum of 3 min before starting the acquisitions. Real-
time processing of Fura-2 fluorescence ratios, control of the
whole setup and image storage were performed by MetaFluor
imaging software (version 7.7.3.0, Molecular Devices, San Jose,
CA, USA). Experiments were performed acquiring pairs of
fluorescence images (Aex340 nm/Ae,510nm exposure 150 ms;
2ex380 nmM/Ae, 510 nm - exposure 80 ms) with a 2s frame rate.
Average fluorescence intensity was recorded by drawing regions
of interest (ROI) around each cell. Real-time processing of Fura-2
fluorescence ratios, control of the whole setup, and image storage
were performed by MetaFluor imaging software (version 7.7.3.0,
Molecular Devices, San Jose, CA, USA). Acquired data were proc-
essed and graphed using GraphPad Prism 8. Images were post-
processed using Imagej [58].

3 | Results and Discussion
3.1 | Compound 7-Zn Spectroscopic
Characterization

The photoswitching capability of compound 7-Zn was evaluated
by comparing absorption spectra recorded before and after UV
irradiation. Consistent with previous reports on the same mole-
cule [28, 55], UV exposure (., = 365 nm) induces a reversible
geometric isomerization from the thermodynamically stable E
configuration to the Z form, while recovery of the E isomer
occurs either through thermal relaxation or upon irradiation

Gy "
Q*“”

(a)

/67\ (o) E-form
uv blue
N_N

g

Z-form

FIGURE 2 |

Absorbance

with blue (Amax =465 nm) or visible light (Figure 2a). The occur-
rence of this conformational transition is clearly reflected in the
absorption spectra (Figure 2b), which allows discrimination
between the two isomers. Specifically, the E isomer displays a
characteristic absorption maximum at 345 nm, whose intensity
is markedly reduced and concomitantly blueshifted upon conver-
sion to the Z form.

Importantly, the isomerization process is fully reversible and
reproducible up to 10 times without any detectable loss in photo-
switching efficiency (Figure S6a), indicating high photostability
and robustness of the switching mechanism. Moreover, by mod-
ulating the intensity of the UV irradiation while maintaining a
constant exposure time, the extent of E-to-Z isomerization can be
finely controlled, enabling tunable population distributions of
the two isomers, as shown in Figure S6b. This behavior highlights
the potential of the system for quantitative and controllable light-
driven modulation.

3.2 | Light-Driven Communication Between
Synthetic and HeLa Cells

A combination of canonical agonists involved in calcium-
mediated signaling pathways was selected, namely ATP and
histamine. ATP is capable of inducing intracellular calcium
increases via both ionotropic purinergic receptors (P2X ligand-
gated ion channels), which mediate calcium influx from the
extracellular environment, and metabotropic G4-protein-coupled
receptors (P2Y). Histamine, through activation of H1 Gg-coupled
receptors, similarly promotes intracellular calcium release. In
both metabotropic pathways, receptor activation stimulates
phospholipase C (PLC)-dependent production of inositol-1,4,5-
trisphosphate (IP3), ultimately triggering calcium release from
endoplasmic reticulum storage.

As a preliminary validation step, extracellular ATP and hista-
mine were directly administered to HeLa cells loaded with the

215 275 335 395

455 515 575

Wavelength (nm)

Photoswitching behavior of compound 7-Zn. (a) Chemical structure and geometry of the E- and Z-isomers. (b) Absorption spectra of

compound 7 (90 uM) in HEPES (5 mM, pH 7.6) in the E (black line) and Z (blue dotted line) form.

ChemBioChem, 2026

50of 11

85U8017 SUOWILLOD 3A1IE81D) 3|qeo ! [dde au A peuienof ae Sspile YO ‘@SN J0 S8|ni o} Akeiq18ul|uO /8|1 UO (SUOIPUOD-PUB-SWLBH W00 A8 1M AReiq] 1 Bu JUO//:SdnL) SUORIPUOD pue swe 1 8y} 885 *[9202/80/20] Lo Ariqiauljuo A8|1m O AIsBAIUN pue Ny AQ 6940/ 2100/200T 0T/10p/W0o" A3 1M Aeiq | put|uoadoune -A1s IWsyd//sdny wouy pepeojumod ‘vT ‘9202 ‘SE9.6ErT



cytosolic calcium indicator Fura-2 (as described in Section 2.6) to
verify the characteristic calcium response generated by the
selected agonists. Figure 3 shows the repetitive intracellular cal-
cium oscillations observed upon addition of the ATP/histamine
mixture (both 10 uM final concentration). Calcium-dependent
fluorescence fluctuations persisted throughout the stimulation
period and progressively decreased after perfusion with fresh
Krebs-Ringer buffer was restored following 6 min of exposure
(time interval indicated by dashed lines), eventually returning
to basal levels (Figure 3c). Each trace represents the calcium
response of an individual cell. The overall behavior of the ana-
lyzed field is illustrated in the animation shown in Figure S7a
and in SI S1.AVIL

Subsequently, SCs were employed as vectors for the controlled and
localized delivery of the two calcium-mobilizing agonists. ATP and
histamine (both at 10 mM final concentration) were encapsulated
within the vesicle lumen during GUV preparation. As a control,
ATP/histamine-loaded SCs lacking the photoswitchable membrane
component were added to HeLa cells to evaluate the possible occur-
rence of nonspecific cellular activation. Following the Fura-2-AM

(@)

incubation procedure with cells, 100 pL of SC suspension were
gently added to the adherent HeLa cells. SCs were allowed to sedi-
ment for 10 min to promote close spatial proximity between vesicles
and cells. After visual confirmation of sedimentation, perfusion was
resumed for an additional 5min to remove nonsedimented SCs.
Then, the field of interest was selected prior to fluorescence imaging
experiments (Figure 4a). Importantly, neither the mere presence of
ATP/histamine-loaded SCs adjacent to cells nor UV irradiation of
these vesicles in the absence of the photoswitchable amphiphile
elicited detectable calcium oscillations (Figure 4c). Bright-field
imaging further confirmed that SCs lacking the photoswitchable
membrane component remained structurally intact following illu-
mination, demonstrating that UV exposure alone was insufficient to
induce vesicle rupture (Figure 4b). These controls demonstrate the
absence of nonspecific agonist leakage, exclude spontaneous cal-
cium oscillations under the adopted experimental conditions,
and confirm that the sole presence of agonist-loaded SCs near cells
does not induce detectable cellular activation (Figure 4).

After confirming through control experiments that ATP/histamine-
loaded SCs lacking the photoswitchable component did not induce

—~
(g
~

histamine 10 pM+ATP 10 pM

Fura-2;4,,, ratio (exc. 340nm/380nm)

Time (min)

FIGURE3 | (a)Bright field and (b) fluorescence micrographs of Fura-2-loaded HeLa cells. (c) Time-resolved traces of cytosolic calcium dynamics in

HeLa cells following exposure to a mix of 10 pM histamine and 10 uM ATP. The graph shows changes of Fura-2 fluorescence ratio (ex. 340 nm/380 nm;
em. 510 nm) over time. Perfusion was stopped at 5.5 min (left vertical dotted line), and the agonist mixture was added at 6 min, allowing cells to be
exposed to the stimulus for 7 min. Perfusion was subsequently restored at 13 min (right vertical dotted line). Each trace represents the response of an
individual cell indicated in the micrographs (a,b) by a color-matching marker.

(c) 2.0-
E
T 1.5
g
< 1.0
%
1 1 1 1 1
0 2 4 6 8 10

Time (min)

FIGURE4 | Bright-field micrographs showing nonfunctionalized ATP/histamine-loaded SCs localized in close proximity to HeLa cells (highlighted
with colored markers) before (a) and after UV illumination (b). No vesicle rupture was observed following a 3-min UV irradiation in the absence of the
compound 7. The apparent increase in SC number after illumination is attributable to delayed vesicle sedimentation during image acquisition.
(c) Consistently, live-cell Fura-2 imaging (acquired approximately 10 s after the transmitted-light image in b, corresponding to t = 0 in c) revealed neither
cytosolic calcium oscillations nor significant calcium increases related to the three selected cells, confirming the absence of nonspecific cellular responses
unrelated to SC bursting and cargo release, such as passive cargo leakage or residual ATP/histamine contamination in the external suspension buffer.
Each trace corresponds to the calcium response of an individual cell identified in panel (a,b) by a color-matched marker.
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detectable cellular responses, the final experiment was performed
on cancer HeLa cell samples using SCs functionalized with the
photoswitchable amphiphile. Compound 7 at the concentration
of 6 mM, was incubated for 10 min at room temperature in the dark
with an equimolar solution of ZnCl,. Membrane functionalization
was achieved by incubating the giant vesicles with 100 pM com-
pound 7-Zn (193.4 pL di GUVs + 6.6 pL di 7-Zn 3 mM) in the dark
at room temperature for 10 min prior to their addition to the cellu-
lar preparation. Since compound 7 is supplied through the external
vesicle aqueous phase, it is expected to interact with GUVs by par-
titioning into the membrane, initially at the outer leaflet. This inser-
tion process has been previously characterized using the same
postincubation protocol, which enabled systematic investigation
of the influence of photoswitch concentration and UV irradiation
intensity on membrane permeability [28]. Importantly, this strategy

is not limited to a specific vesicle preparation method but can, in
principle, be applied to virtually any preformed lipid-based
compartment. In the present study, the membrane composition
was adjusted to a POPC:cholesterol:amphiphile 7 ratio of 1:2:0.3,
providing a cholesterol-rich environment that favors immediate
bursting upon photoactivation. The resulting functionalized SCs
were brought into contact with cultured cells to evaluate their per-
formance as light-responsive cargo delivery systems. Following
photo-triggered rupture of functionalized SCs (Figure 5a,b), most
neighboring cells, identified by the colored markers in Figure 5c,
displayed the expected oscillatory cytosolic calcium transients
(Figure 5d), indicating successful exposure to the released signaling
molecules. Calcium oscillations persisted for several minutes fol-
lowing SC disruption and closely resembled the calcium dynamics
observed during direct extracellular stimulation with agonists.

@)

—

Fura-25;0,m ratio (exc. 340nm/380nm) Q.

~

- - -
N L (=]
1 1 1

-
o
1

0.8 T T T

Time (min)

(€)

1.98% single peak
36.63% multiple peak
4.95% rapid oscillations
8.91% plateau

11.88% peak + plateau
23.76% aspecific response
11.88% no response

FIGURE 5 | Light-triggered communication between synthetic and HeLa cells. Top panels: bright-field micrographs acquired before 380 nm illu-
mination, showing SCs localized in close proximity to HeLa cells (a), and after UV-induced SC rupture (b). Fluorescence micrograph of Fura-2-loaded
HeLa cells (c) exposed to the localized release of ATP and histamine following SC bursting (SCs are not visible in fluorescence mode and are indicated by
dashed white circles). Release of ATP and histamine induces characteristic cytosolic calcium oscillations, shown in panel (d) as time-dependent var-
iations of the Fura-2 fluorescence ratio (excitation 340/380 nm, emission 510 nm). Each trace corresponds to the calcium response of an individual cell
identified in Panel (c) by a color-matched marker. (e) Pie chart summarizing the distribution of the different cellular response profiles. Representative
calcium traces for each response type are shown as red curves and linked to the corresponding section of the chart. Percentages are calculated over the
total number of analyzed cells (101 cells from eight independent replicates).
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These findings demonstrate that localized release of signal mole-
cules from SCs is sufficient to reproduce physiological calcium sig-
naling responses comparable to conventional bulk stimulation.
Although prolonged UV exposure is known to induce cellular stress
and perturb calcium homeostasis, the short irradiation time
required to trigger SC rupture (<1 min) did not produce detectable
adverse effects within the experimental timeframe (<10 min), as
evidenced by the preserved morphology and responsiveness of
the cells. Calcium response analysis was performed on 101 individ-
ual cells collected from eight independent coverslips (n=S8).
Different response profiles were identified following stimulation.
Specifically, 36.63% of cells exhibited repeated discrete calcium
peaks, while 11.88% displayed an initial isolated peak followed
by a sustained plateau phase. A further 8.91% of cells reached a
plateau often accompanied by smaller oscillatory events, whereas
4.95% showed rapid calcium oscillations and 1.98% displayed a
single-peak like response. In addition, 23.76% of cells showed aspe-
cific response, typically characterized by delayed calcium peaks
potentially arising from paracrine intercellular communication
or from vesicle rupture occurring outside the field of view.
These events were therefore excluded from the category of specific
responses, which overall accounted for 64.36% of the analyzed cells.
Only 11.88% of cells did not exhibit any detectable response to stim-
ulation (Figure 5e). The overall behavior of the analyzed field is
illustrated in the animation shown in Figure S7b and in SI S2.AVIL.

Overall, these results strongly support the use of SCs as platforms
for controlled and spatially localized cargo delivery. Calcium imag-
ing experiments demonstrate that mammalian cells are capable of
responding reproducibly to agonists released from nearby syn-
thetic compartments, producing signaling dynamics analogous
to those induced by direct extracellular administration. Notably,
effective stimulation required substantially higher cargo concen-
trations within the SC lumen compared to conventional bulk
assays (1000-fold higher for both ATP and histamine), likely to
compensate for dilution effects arising from diffusion into the
extracellular environment following release. Nevertheless, these
concentrations were sufficient to elicit robust physiological cellu-
lar responses, highlighting the feasibility and effectiveness of the
proposed strategy for localized chemical communication between
synthetic and living cells.

The selected experimental setup was designed to maximize
biomimicry and biocompatibility while avoiding the use of poten-
tially cytotoxic monomers commonly employed in polymer-based
artificial cell architectures [25, 27]. Instead, we employed a mem-
brane-forming photoswitchable amphiphile capable of efficiently
incorporating into preformed phospholipid GUVs. Previous stud-
ies have reported minimal or no cytotoxicity for cationic amphi-
philes structurally related to amphiphile 7 [59, 60] as well as for
photolipid-based vesicular systems [61]. In addition, the TACN
headgroup of compound 7 exhibits negligible cytotoxicity at con-
centrations up to 250 uM [62]. In our approach, amphiphile 7 is
administered to pre-existing membrane-bound compartments
immediately prior to their introduction into cell cultures. This
decouples membrane functionalization from vesicle preparation
and more closely resembles a realistic delivery scenario. Although
the biomedical use of synthetic photoswitches remains at an early
stage, their functionality has already been demonstrated in both
cellular and animal models [63]. Likewise, POPC-based vesicles

are widely regarded as biocompatible carrier for controlled cargo
delivery [64-66].

A current limitation of the platform is the requirement for
UV-light activation, which presently confines potential applica-
tions to settings where localized illumination is feasible, such
as topical [13] and ocular [14] therapies. Nevertheless, the incor-
poration of visible- or near-infrared-responsive photoswitches
[67, 68] could substantially broaden the therapeutic scope of this
approach, including light-activated radio- and chemotherapy [69].

4 | Conclusions

In this work, a light-responsive SC platform capable of establishing
chemically mediated communication with mammalian cells
through the controlled release of signaling molecules has been
developed. By incorporating a photoswitchable azobenzene-based
amphiphile into giant unilamellar vesicle membranes, synthetic
compartments whose permeability and stability can be remotely
regulated by optical stimulation were engineered. Upon UV
irradiation, photoinduced membrane destabilization triggered
vesicle rupture and release of encapsulated cargo molecules.
Spectroscopic characterization demonstrated the robust and
reversible photoswitching behavior of amphiphilic Compound
7, while microscopy experiments provided functional evidence
of its successful incorporation into SC membranes. Specifically,
only functionalized SCs underwent light-triggered membrane
destabilization and subsequent cargo release upon UV irradiation
whereas SCs lacking Compound 7 remained structurally stable
under UV exposure.

Using ATP and histamine as model signaling molecules, cargo
release from SCs positioned near HeLa cells was shown to induce
reproducible intracellular calcium responses, including oscil-
latory calcium transients closely resembling those observed upon
conventional extracellular stimulation. Control experiments
demonstrated that neither UV irradiation alone nor rupture of
empty vesicles elicited significant calcium activity, confirming
that the observed signaling responses originated specifically from
the released agonists.

These findings demonstrate that SCs can function as remotely
activated chemical messengers capable of transmitting biologi-
cally relevant information to mammalian cells. Although effec-
tive stimulation required relatively high encapsulated cargo
concentrations to compensate for diffusion-driven dilution fol-
lowing release, robust physiological responses were nonetheless
observed, highlighting the feasibility of localized signaling medi-
ated by synthetic compartments.

Beyond its relevance for investigating minimal stimulus-response
systems and bio-hybrid communication networks, the proposed
strategy opens interesting biotechnological perspectives. Light-
responsive SCs may serve as programmable platforms for targeted
drug delivery, localized therapeutic stimulation, or spatiotempo-
rally controlled modulation of cellular behavior. Future develop-
ments could involve the implementation of visible- or
near-infrared-responsive photoswitches to improve biocompatibil-
ity, the integration of more sophisticated biochemical reaction
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networks, and the introduction of autonomous sensing and proc-
essing capabilities. In the longer term, such systems may contrib-
ute to the development of advanced synthetic-biological interfaces
for precision medicine, tissue engineering, and externally control-
lable therapeutic technologies.
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