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Design of a Trigger-Responsive Photothermal Vesicle-Based
Cargo Delivery Platform

Anastassiya Schramm, Nina F. Conzelmann, Ann-Kathrin Gelmroth, Julia Köberle,
Stefan Schramm, Rumiana Dimova, Ilia Platzman,* and Joachim Spatz*

Cargo delivery systems enable the targeted transport of therapeutic agents
to speci�c sites, enhancing treatment e�cacy while minimizing systemic side
e�ects. However, many existing systems struggle with achieving precise con-
trol over the release timing. Here, a photothermal trigger-responsive delivery
platform based on Giant Unilamellar Vesicles (GUVs) functionalized with gold
nanorods (GNRs) is described to overcome these challenges. Toward this end,
cargo-loaded GUVs are produced using the emulsion transfer method and ef-
fective GNR attachment to the vesicle membrane is achieved by functionalizing
the GNRs with cholesterol. The near-infrared light (NIR)-mediated cargo re-
lease mechanism is described. Importantly, high release e�ciency is achieved
by optimizing the cholesterol concentration on the GNRs, which is essential for
controlling the GNR attachment mechanism to the GUV membrane. Finally,
GNR-functionalized ampicillin-loaded GUVs are tested in the presence of E. coli
bacteria to demonstrate the platform�s functionality. Following NIR-triggered
antibiotic release, bacterial growth is inhibited. This showcases the practical
potential of the developed trigger-responsive system. Notably, GNR-mediated
photothermal heating alone also reduces bacterial viability upon extended
illumination, indicating a dual antibacterial mechanism. This versatile
and biocompatible system o�ers a controlled delivery method with broad
applicability for therapeutics, diagnostics, and other biomedical applications.

�. Introduction
Drug delivery systems play a crucial role in administering ther-
apeutic agents by facilitating their transport to the target site in
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a controlled and e�cient manner.[���]
These systems aim to enhance therapeutic
e�cacy, minimize side e�ects, and im-
prove patient compliance.[�,�,�] Delivery
platforms, ranging from conventional sys-
tems (e.g., tablets, ointments, and capsules)
to controlled delivery vehicles (e.g., stimuli-
responsive polymersomes, nanoparticles,
and liposomes), o�er distinct advantages
as they are speci�cally tailored to various
applications.[�] In addition to their use
in pharmaceutics, drug delivery systems
have found broad applications in gene
therapy,[	�
] diagnostics,[��,��] and regener-
ative medicine,[��,��] demonstrating their
versatility across biomedical �elds. While
these systems have revolutionized thera-
peutic delivery by improving bioavailability
and stability, a key challenge remains:
achieving precise control over drug release
timing and location.
Regarding the targeting and release

mechanisms, delivery systems can be classi-
�ed into passive and active approaches. Pas-
sive delivery systems rely on spontaneous
processes, such as enhanced permeability
and retention (EPR) e�ects, which facilitate

the accumulation of therapeutic agents at the target site.
Drug release in these systems occurs when delivery particles
fuse with or are internalized by target cells through cellu-
lar uptake mechanisms.[��] While passive delivery systems are
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widely used and have shown potential,[��] they are often asso-
ciated with signi�cant side e�ects, multidrug resistance, and a
lack of speci�city and control needed for optimal therapeutic
outcomes.[�,��]
To address these limitations, so-called active or trigger-

responsive systems, have been developed. These advanced plat-
forms enable controlled release and targeted delivery by re-
sponding to environmental or external stimuli.[�	] Internal trig-
gers, such as pH,[�
] redox cues,[�
] oxygenation conditions,[��]
or enzymes[��] leverage natural physiological variations at the
target site to achieve localized release. However, these systems
are inherently constrained by their reliance on local condi-
tions, reducing the precision and external control over the de-
livery process. In contrast, externally triggered systems provide
a more robust solution by allowing precise temporal and spa-
tial control over cargo release. These systems can be activated
by external stimuli, such as ultrasound,[��] magnetic �eld,[��]
or light,[��] thus enabling tailored intensity and improved ther-
apeutic e�cacy. Among these, ultrasound and magnetic �eld-
based systems have demonstrated utility but continue to face
challenges, such as limited penetration, potential tissue and
DNA damage, inaccurate targeting, and high equipment costs.
These challenges make them less practical for certain biomedical
applications.[��,��]
Among externally triggered delivery systems, light-activated

platforms stand out for their noninvasive nature, precise con-
trollability, and adaptability to diverse therapeutic applications.
These systems provide spatial and temporal control over the de-
livery process, enabling more e�ective treatment strategies.[�	,�
]
While UV light is often used for such systems,[�
] it poses
some phototoxic risks. Near-infrared (NIR) light serves as a
safer, noninvasive, remote-controlled alternative with the advan-
tages of deep tissue penetration, minimal scattering, and re-
duced photodamage.[�
] Gold nanoparticles (GNPs), and par-
ticularly gold nanorods (GNRs), are well-suited for these sys-
tems due to their tunable surface plasmon resonance in the
NIR region, enabling e�cient photothermal conversion and con-
trolled drug release.[�����] Unlike other GNPs, GNRs inherently
o�er superior tunability in the NIR range and e�ciency in pho-
tothermal applications without requiring large sizes or complex
modi�cations.[��,��] When combinedwith carriers like droplets or
liposomes, GNRs facilitate multifunctional delivery systems ca-
pable of controlled drug release, on-demand responsiveness, and
multimodal imaging and therapy.[����
]
Among various carriers for delivery systems, liposomes have

gathered signi�cant attention as transport systems in the food,
cosmetic, and pharmaceutical industries. Particularly, Large
Unilamellar Vesicles (LUVs), with their biocompatibility and
ability to improve pharmacokinetics and pharmacodynamics
have been extensively used as delivery agents.[�
,��] Despite
their wide use, their small size (���� nm) imposes limita-
tions, including low encapsulation e�ciency and constraints
on the size of the cargo. To address these challenges, Gi-
ant Unilamellar Vesicles (GUVs) have emerged as a promis-
ing alternative.[��] With radii exceeding � µm, GUVs can en-
capsulate larger quantities of active compounds and accommo-
date diverse cargo types.[�
,��] Additionally, their micrometer-
scale size allows for primary targeting, enabling speci�c ac-
cumulation of therapeutics in desired organs.[��] Furthermore,

their larger size enhances microscopy observations, enabling the
characterization of membrane mechanical properties and a de-
tailed investigation of interaction mechanisms.[�����] GUVs also
o�er versatility in modulating cell-carrier interactions through
the incorporation of ligands or repellant motifs, improving
fusogenicity and internalization. Studies have demonstrated
that micrometer-scale liposomes can target speci�c organs, un-
dergo cellular internalization, and interact with intracellular con-
stituents, further highlighting their potential as advanced cargo
carriers.[��]
To this end, multiple studies have explored GNP-liposome

hybrid systems for controlled drug release, achieving various
degrees of success. A common feature of many such systems
is their reliance on thermosensitive lipids, such as lysolipids,
�,�-dipalmitoyl-sn-glycero-�-phosphocholine (DPPC), and �,�-
distearoyl-sn-glycero-�-phosphocholine (DSPC),[�	���] which ex-
hibit transition temperatures between �� and �� °C. While these
lipids enable temperature-responsive release, they are prone to
premature leakage of drugs at physiological temperatures,[�	,��,��]
which limits their reliability. Another challenge lies in the use
of cationic lipids to enhance GUV functionality.[��] Although
e�ective, these lipids can be toxic to cells, raising biocom-
patibility concerns.[��] Beyond lipid composition, the method
of attaching GNPs to liposomes presents additional limita-
tions. In some systems, GNPs are grown directly on the li-
posomal surface using strong reducing agents, which risk
damaging the vesicle structure.[��] Alternatively, encapsulating
GNPs within liposomes has been shown to facilitate cargo re-
lease, but this can also degrade sensitive encapsulated com-
pounds, such as proteins, due to localized heating.[�
] The
type of gold nanoparticles used also in�uences system perfor-
mance. For instance, spherical nanoparticles,[����	] hollow gold
nanoshells,[�
] and nanostars[�
,�
] have been employed in var-
ious designs. However, their activation relies either on UV
light,[��] which poses phototoxicity concerns, or requires a pulsed
laser,[�	,�
,�
] which adds complexity, cost, and high energy de-
mands to the release process. These limitations collectively
underscore the need for improved hybrid systems that com-
bine biocompatibility, stability, and precise control over drug
release.
This research addresses the abovementioned challenges by

presenting a modular lipid vesicle-based delivery platform, de-
signed for NIR light-triggered release. The platform combines
GUVs as the carrier compartment, capable of encapsulating a
wide variety of cargo types, and GNRs as the trigger-responsive
element, o�ering e�cient photothermal conversion properties
for precise cargo release upon NIR illumination. This system
utilizes stable, biocompatible lipid compositions to ensure reli-
ability under physiological conditions. The system also employs
a cost-e�ective NIR light-emitting diode (LED) setup instead of
pulsed laser, and positions GNRs on the outer surface of GUVs
to minimize cargo damage. Designed for stability, biocompatibil-
ity, and versatility, it can encapsulate a wide variety of substances
while responding e�ciently to an external trigger. By leveraging
the unique properties of GNRs and lipid vesicles, this platform
o�ers a promising foundation for trigger-responsive therapeu-
tic and diagnostic applications, with the added bene�t of being
more accessible and user-friendly than conventional laser-based
systems.

Small ����, e����� ' ���� The Author(s). Small published by Wiley-VCH GmbHe����� (� of ��)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202505852 by M
ax-P

lanck-Institut F
ur K

olloid U
nd G

renzflächenforschung, W
iley O

nline Library on [13/11/2025]. S
ee the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure �. Characterization of functionalized GNRs. a) Absorbance spectra, and b) zeta potential of GNRs with di�erent coatings: CTAB-GNR; mPEG-
GNR; GNR � (��.�% Chol), GNR � (�.
% Chol), GNR � (�.�% Chol), and GNR 	 (�.�% Chol). N = � for zeta potential measurements.

�. Results and Discussion
The light trigger-responsive system consists of two main mod-
ules: �) the GUV-based cargo-loaded compartment; and �) the
NIR light-triggered release module achieved by functionalization
of the outer side of the GUV�s membrane with GNRs. GUV-
based compartments have been selected due to their potential ad-
vantages as a cargo delivery system. External attachment of GNRs
was employed to minimize the potential NIR-induced heat dam-
age to the encapsulated cargo.

�.�. Preparation and Surface Modi�cation of Gold Nanorods

GNRs were synthesized via a silver-assisted, seed-mediated
growth method (see the Experimental Section).[��] The synthe-
sis was optimized to produce GNRs with an average length of
�
 nm and a diameter of 
 nm, as determined from the scanning
electronmicroscopy (SEM) analysis (Figure S�, Supporting Infor-
mation). Localized surface plasmon resonance (LSPR) bands at
��� nm (transverse) and 	�� nm (longitudinal) (Figure �a) along
with a zeta potential of ��.� – �.� mV con�rmed successful GNR
synthesis (Figure �b).[�
,��] The obtained GNR dimensions and
aspect ratio between � and � are essential for e�cient light-to-
heat conversion while minimizing the deformation of lipid vesi-
cles during conjugation.[��,��]
To adapt the produced GNRs for biological applications, we set

out to replace the nanoparticle coating from highly cytotoxic[��]
Cetrimonium bromide (CTAB) to a biocompatible polyethylene
glycol (PEG).[��,��] CTABwas e�ectively replaced bymPEG(����)-
SH in TRIS bu�er at low pH, following an optimized proto-
col from Zhang et al.[�	] The resulting GNRs are referred to as
mPEG-GNRs (see the Experimental Section). Zeta potential mea-
surements revealed a change in the charge of GNRs from highly
positive ��.� – �.� mV for the CTAB-GNRs to negative -��.� –
�.	 mV for the mPEG-GNR, thus con�rming successful GNR-
surface coating with PEG (Figure �b).[�
,�
]

In addition to coating the GNRs with PEG, we decided to im-
plement cholesterol-functionalized PEG thiol (Chol-PEG(����)-
SH) to enable the integration of GNRs into the outer lea�et
of the lipid vesicles. We selected Chol-PEG(����)-SH as the
membrane-tethering ligand because cholesterol functionaliza-
tion of nanoparticles/liposomes has been shown to enhance
in vivo stability and prolong circulation in serum-rich envi-
ronments, thereby providing a robust anchor at physiologi-
cal interfaces.[	�,	�] Given cholesterol�s impact on membrane
organization,[	�] we systematically varied the surface density of
Chol-PEG(����)-SH on theGNRs to tune cholesterol content and
thereby control binding to GUVs and release. Toward this end,
GNRs were functionalized with various ratios of mPEG(����)-
SH to Chol-PEG(����)-SH (see Table S�, Supporting Informa-
tion). The following four GNRs were obtained (the percentages
given in the brackets refer to the relative amounts of cholesterol-
functionalized PEG added during functionalization): GNR �
(��.�% Chol); GNR � (
.	% Chol); GNR � (�.�% Chol); and
GNR � (�.�% Chol). As a clari�cation, in this study we treat the
mPEG-SH/Chol-PEG-SH shell as ensemble-averaged and report
nominal cholesterol feed ratios from the ligand-exchange step
without assigning tip�sidewall di�erences. Both mPEG-GNRs
and mPEG/Chol-PEG-functionalized GNRs exhibited blueshift
in LSPR of ��� nm due to the change in the refractive indexes
from CTAB (�.��) to mPEG (�.��)[	�] (Figure �a). Within this en-
semble view, the addition of cholesterol altered dispersion behav-
ior: over time, GNR sedimentation was observed, consistent with
increased shell hydrophobicity and weak, reversible interparticle
association. Importantly, samples readily redispersed with gen-
tle pipetting or sonication, indicating reversible clustering rather
than irreversible aggregation. While curvature-biased enrich-
ment of cholesterol could modulate local interaction strength,
such e�ects would average across the population and are not ex-
pected to impact the functional outcomes reported here.
Zeta potential measurements of cholesterol-functionalized

GNRs revealed a decrease in the negative charge with increas-
ing cholesterol content (Figure �b). This trend can be attributed

Small ����, e����� ' ���� The Author(s). Small published by Wiley-VCH GmbHe����� (	 of ��)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202505852 by M
ax-P

lanck-Institut F
ur K

olloid U
nd G

renzflächenforschung, W
iley O

nline Library on [13/11/2025]. S
ee the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure �. Cargo-loaded GUV analysis. GUVs containing a) calcein (green signal), b) ��� nm SUVs (red signal: LissRhod PE in SUV membrane); and
c) ��� nm �uorescent beads (green signal: beads; red signal: LissRhod PE in GUV membrane). The insets in the top right corner of each image show a
magni�ed view of a single GUV from each sample. Scale bars in the insets are � µm.

to the cholesterol�s propensity to self-stack due to its hydropho-
bic nature, leading to the formation of aggregated cholesterol
domains.[	�] These domains, in turn, facilitate a more ordered
arrangement of PEG molecules on the GNR surface, enhancing
steric shielding and e�ectively dampening the observed negative
charge.

�.�. Preparation of Single-Compartment and Multicompartment
GUVs

GUVs were chosen as cell-sized cargo carriers due to their abil-
ity to encapsulate a wide range of cargo types, making them
ideal for diverse delivery applications.[�
] For GUV formation
we chose the emulsion transfer method (see the Experimental
Section).[	�] Thismethod is easily adaptable for the encapsulation
of various small cargos, such as calcein and ampicillin, as well as
larger cargos, such as ��� nm-sized SUVs and ��� nm �uores-
cent beads (Figure �). Unless otherwise speci�ed, all GUVs were
composed of �,�-dioleoyl-sn-glycero-�-phosphocholine (DOPC)
to �-dioleoyl-sn-glycero-�- phospho-(��-rac-glycerol) (sodium salt)
(DOPG) lipids mixed at a �:� molar ratio. In contrast to lipids
like DPPC, which remain in the gel phase at room tempera-
ture and therefore require vesicle preparation at elevated tem-
peratures, DOPC exists in the �uid phase under ambient condi-
tions, eliminating the need for heating and simplifying the pro-
duction process. The addition of small amounts of DOPG al-
lows for the formation of slightly negative biocompatible vesicles.
Moreover, negatively charged DOPG enhances the binding and
uptake of vesicles by cells, which is essential for e�cient ther-
apeutic delivery.[�
,	�] It is important to mention here that in all
emulsion transfer preparations the interior and exterior bu�ers
of the GUVs were carefully matched in osmolarity to ensure con-
sistency across samples with di�erent encapsulated cargos.
Figure � shows representative �uorescence images of GUVs

loaded with calcein, SUVs, or �uorescent polystyrene beads.
Unlike micro�uidics-based methods, which typically produce
more uniform vesicles, this approach results in a heterogeneous
population. GUVs loaded with calcein exhibit the largest size

distribution, ranging from � to �� µm, with an average vesicle
diameter of ��� µm (Figure S�, Supporting Information). SUV-
loaded GUVs display a similarly broad size range (���� µm) and
a similar average diameter (��� µm). Interestingly, �uorescent
bead-loaded GUVs exhibited the smallest size distribution, with
diameters ranging from � to �� µmand an average of�	 µm. The
reduced size distribution and diameter of bead-loaded GUVs can
be attributed to the rigid and large nature of the encapsulated
cargo. The rigidity and the size of the beads may induce elevated
membrane tension during centrifugation cycles, leading to the
generation of smaller GUVs. To ensure accurate size estimation,
vesicles were imaged using both �uorescence and transmitted
light channels. Also, measurements were only taken from GUVs
whose equatorial planes were clearly in focus and whose mem-
brane outlines matched in both channels. This approach mini-
mized potential artifacts from partial cross-sections and ensured
consistency across all vesicle types. Importantly, no interactions
between the cargo and the GUV membranes were observed, as
evidenced by the absence of colocalization between the mem-
brane signal and the �uorescence signal from the cargo. This
result is consistent with expectations, as charge-mediated repul-
sion between the negatively charged beads, calcein and DOPG-
containing SUVs as well as the negatively charged GUV mem-
branes is expected. Calcein- and SUV-loaded vesicles show uni-
form distribution of the cargo within the lumen of the GUVs.
In contrast, the distribution of the cargo in the bead-loaded
GUVs is less uniform due to transient dynamic association of the
beads in the bu�er. The speckled texture in Figure �b,c re�ects
motile submicrometer cargo (encapsulated SUVs and carboxylate
polystyrene beads), whose Brownian motion produces blurred
intensity in a single focal plane. Under the low-ionic-strength,
divalent-cation-free bu�er conditions used here, sustained aggre-
gation is disfavored, and we did not detect stable clusters.
The emulsion transfer method for the formation of cargo-

loaded GUVs is simple and adaptable. Unlike micro�uidics or
other controlled production techniques it does not require spe-
cialized equipment, making it a highly versatile approach for en-
capsulating diverse cargos in an easy and e�cient way. Although
other methods achieve more consistent size uniformity, the
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Figure 	. Assessing the e�ect of GNR-functionalization on the interaction of GNRswith SUV-loadedGUVs. Representative confocal cross-section images
of SUV-loaded GUVs incubated with: a) FITC-functionalized GNRs without a cholesterol coating, b) FITC-functionalized cholesterol-coated GNRs, or
c) FITC-functionalized cholesterol-coated GNRs after the removal of unbound GNRs. Red and green signals correspond to LissRhod PE on SUVs and
FITC-coated GNRs, respectively. The insets in the top right corner of each image show a magni�ed view of a single GUV from each sample. Scale bars
in the insets are � µm.

approach we chose was su�cient to demonstrate the system�s
potential for cargo release experiments. However, it is important
to mention here that the encapsulation e�ciency was estimated
to be around �% (see the Experimental Section; and the Support-
ing Information) which might be lower than what has previously
been achieved utilizing a micro�uidic approach.[		] In future it-
erations, higher loading could be achieved via continuous-�ow
micro�uidics (e.g., octanol-assisted liposome assembly (OLA)
or double-emulsion generators) or ontinuous droplet interface
crossing encapsulation (cDICE) to improve control over vesicle
size and encapsulation. Shifting dosing studies to LUVs that per-
mit active loading and high drug-to-lipid ratios, as well as postfor-
mation enrichment through PEG- or Ca�+-mediated vesicle fu-
sion could further boost intravesicular cargo without altering the
trigger chemistry.[	
,	
]

�.	. Functionalization of GUVs with GNRs

To assess the binding of cholesterol-functionalized GNRs to the
cargo-loaded GUVs, we decided to add a �uorophore-containing
linker FITC (�uorescein isothiocyanate)-PEG(����)-SH to the
GNR coating. Note, the PEG spacer of ���� Da was chosen to
prevent �uorescence quenching.[
�] The concentration of FITC-
PEG(����)-SH was kept below �%mol to ensure a su�cient �u-
orescence signal for GNR visualization while minimizing its in-
terference in the coating process. Imaging experiments were per-
formed using GNRs functionalized with ��.�% Chol-PEG due
to a slight variation in the calculated mixing ratio; this com-
position is close to the 
.	% formulation and falls within the
range of tested conditions. For assessing the binding of GNRs to
GUVs (see the Experimental Section) the GNRs without choles-
terol were implemented as a control.
FITC-labeled GNRs were added to the SUV-loaded GUVs and

gently mixed. In the control sample GNRs remained dispersed
in the solution and the GUVs were clearly visible due to the
encapsulated SUVs (Figure �a). In the magni�ed image it is

evident that the GNRs do not attach to the GUV membrane. In
the case of cholesterol-functionalized GNRs, a green �uorescent
signal on the GUVs membranes is observed, indicating success-
ful incorporation of the GNRs into themembranes of the vesicles
(Figure �b).
It is crucial to minimize nonspeci�c heating by the unbound

GNRs and to ensure biocompatibility of theGNRs-functionalized
GUVs for potential biomedical applications. To address this,
unbound GNRs were removed by centrifugation at �
� g.
The postpuri�cation sample (Figure �c) shows reduced back-
ground signals stemming from unbound FITC-functionalized
GNRs, while the �uorescence intensity at the GUV periphery re-
mains unchanged. This con�rms that attached GNRs were un-
a�ected by puri�cation. To ensure biocompatibility, cell viabil-
ity tests were performed using �broblast cells exposed to CTAB-
GNRs or PEG-GNRs as well as nonfunctionalized and GNR-
functionalized GUVs. As expected, CTAB-GNRs were highly
cytotoxic,[��] whereas the other three (PEG-GNRs, nonfunction-
alized and GNR-functionalized GUVs) showed nearly ���% via-
bility (Figure S�, Supporting Information). These results indicate
that the potentially remaining CTAB concentration on the GNRs
is below its cytotoxicity level.

�.
. Release of the Cargo from the GNR-Functionalized GUVs

After developing biocompatible and stable GNR-functionalized
GUVs, we set out to evaluate their cargo release capability by
illuminating the samples with NIR light. Toward this end, an
NIR LED illumination system (	�� nm) was designed (see Figure
S�, Supporting Information). The system provided a maximum
power density of � W cm�� under continuous-wave (CW) illumi-
nation, and the calibration curve (Figure S�, Supporting Infor-
mation) ensured optimal radiometric LED power.
Based on the hypothesis that higher cholesterol content might

promote better GNR attachment to the GUV surface we set
out to investigate calcein release using GNRs containing ��.�%
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Figure 
. Cargo release e
ciency from GUVs after �� min of NIR light illumination (CW NIR LED, 	 W cm��). Release from calcein-loaded GUVs is
shown for GNR formulations ��	; release from �uorescent polystyrene bead-loaded GUVs is shown for GNR � only. Data are mean – SD; N denote
independent GUV preparations (separate vesicle batches). Controls include GUVs without GNRs andmatched no-illumination conditions for each cargo.
Sample sizes: calcein�controls (no GNRs), N = �; with GNRs, N = � each. Beads�controls (no GNRs), N = 	; with GNRs, N = �. Statistics: Tests
and multiple-comparison handling are described in the Experimental Section, Statistical tests. Exact p-values (Calcein, illuminated vs nonilluminated):
control (no GNRs): �.
�	; GNR �: �.���; GNR �: �.
	×���	; G NR �: �.��×���	; GNR 	: �.���. Between-formulation (Calcein, illuminated) pairwise
p-values are provided in Table S� (Supporting Information) (e.g., GNR � vs GNR �: �.��×���	; GNR � vs GNR �: 	.��×����). Beads p-values (illuminated
vs nonilluminated): control (no GNRs): 
.��×����; GNR �: �.��		.

cholesterol. Calcein was chosen as a �uorescent marker because
it is commonly used for release studies.[
�] Release e�ciency was
calculated as the ratio of calcein concentration in supernatant to
the total calcein content (inside GUVs + supernatant), expressed
as a percentage (see the Experimental Section). While inhomo-
geneous encapsulation of calcein across individual GUVs is an
inherent limitation of the emulsion transfer method, our analy-
sis is based on bulkmeasurements of the entire GUV population.
As such, individual variability is averaged out and does not signif-
icantly impact the interpretation of release e�ciency on the pop-
ulation level. Moreover, due to the nature of this GUV production
technique, controlling or quantifying encapsulation homogene-
ity at the single-vesicle level is not feasible within the scope of
this study.
Surprisingly, relatively low release e�ciencies of ��.	% –

�.	%, ��.�% – �.�%, and ��.�% – �.
% were achieved after �,
�, and �� min, respectively (Figure S	, Supporting Information).
Longer illumination times were not tested, as extended NIR ex-
posure at a power density of � W cm�� could lead to excessive
heating, potentially causing hyperthermia in biological tissues,
which is a critical concern in biomedical applications (Figure
S��b, Supporting Information). Note, calcein-loaded nonfunc-
tionalized GUVs that have been illuminated with NIR showed
minimal (<�%) spontaneous leakage similar to nonilluminated
samples (Figure S	a,b, Supporting Information). This leakage
can be attributed to natural membrane �uctuations or handling
during centrifugation and pipetting.[
�] Nonilluminated GNR-

functionalizedGUVs showed slightly higher baseline leakage lev-
els of ���% (for �� min). The increased membrane permeabil-
ity of the GNR-functionalized GUVs can be explained by the
mismatch between the lipids in the inner and outer membrane
lea�ets due to GNRs insertion. Excessive cholesterol from the
GNRs can cause an asymmetric membrane, and hence, lea�et
stress.[
�] The relatively low release e�ciency as obtained with
GNRs containing a high cholesterol concentration (��.�%) can
be attributed to a premature bulky aggregation of GNRs, leading
to unstable attachment to the membrane and, as consequence,
their loss during the puri�cation step. Therefore, we set out to
test the release e�ciency with GNRs containing reduced choles-
terol content, hypothesizing that lower levels may minimize pre-
mature aggregation and promote more favorable particle disper-
sion and membrane binding.
Figure � shows calcein release e�ciency fromGUVs function-

alized with GNRs containing ��.�%, 
.	%, �.�%, or �.�% choles-
terol. As can be observed, reduced release e�ciency was a conse-
quence of both high and low cholesterol content. These results
support our earlier hypothesis that GNR � (�.�% Chol) likely
lacked su�cient cholesterol for e�ective GUV attachment. Those
with high cholesterol content, GNR � (��.�% Chol) and GNR �
(
.	% Chol), on the other hand, induce GNR aggregation, which
ultimately a�ects e�cient binding to the GUV membranes. In
contrast, GNR � (�.�% Chol) demonstrates the highest release ef-
�ciency, reaching ��.�%– �.�%. Importantly, absolute release ef-
�ciencies can be in�uenced by passive leakage, handling-related
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shear, and vesicle size heterogeneity; we therefore interpret out-
comes relative to matched controls processed in parallel. While
some degree of GNR aggregation is still expected at this choles-
terol content (and also evident from the sample sedimentation
over time), this aggregation may in fact be bene�cial. When con-
trolled, nanoscale clustering of GNRs can enhance photother-
mal e�ciency through plasmonic coupling, as long as the aggre-
gates remain small enough to avoid the adverse e�ects associ-
ated with excessive aggregation.[
�] These �ndings highlight the
importance of the cholesterol-to-PEG ratio in regulating cargo re-
lease. Important to mention here is that the e�ective release of
around 	�% was achieved with low power density (� W cm��) il-
lumination, which is lower than what is used in similar systems
(	��
 W cm��).[
�,
�] Moreover, some hybrid systems were not
able to achieve e�ective release under CW lasers due to insu�-
cient temperature gradients.[
�,
	]
To evaluate the release e�ciency of a larger cargo, �uorescent

polystyrene beads (�.� µm) were incorporated into the GUVs us-
ing the same emulsion transfer method and GUVs were func-
tionalized with GNR � (�.�% Chol). The release e�ciency for
polystyrene beads was similar to that for calcein release: after NIR
illumination a release e�ciency of 	�.�% – �.�% was reached
(Figure �). However, bead-loaded GUVs exhibited higher spon-
taneous leakage in the absence of NIR illumination. Consistent
with results above, this spontaneous leakage can be attributed to
the rigidity and the size of the beads that induce elevated mem-
brane tension during release assay centrifugation cycles. Despite
these challenges, the GNR-GUV system demonstrated e�cient
release of larger cargo under NIR illumination, highlighting its
adaptability for diverse payloads. Optimizing GNR concentra-
tions or re�ning puri�cation protocols may further enhance re-
tention of larger cargo.
Beyond the e�ect of heat generation on cargo release capabil-

ities, the incorporation of GNRs into the GUV membrane also
a�ects biophysical properties of lipid membranes that, in turn,
can mediate spontaneous leakage and/or enhance NIR-triggered
cargo release. To investigate this aspect, we compared the bend-
ing rigidity of GNR �-functionalized GUVs to the nonfunction-
alized GUVs. GNR �-functionalized GUVs were chosen for this
analysis as they had the highest release e�ciency and sponta-
neous leakage. The bending rigidity results revealed lower values
for nonfunctionalized (��.� – �.� kBT) in comparison to GNR �-
functionalizedGUVs (��.	– �.
 kBT). It is known that cholesterol
incorporation does not signi�cantly a�ect the bending rigidity of
GUVswith unsaturated lipids likeDOPC.[

�
�] Therefore, the ob-
served mild increase in bending rigidity can be attributed to the
adsorption of GNRs. These likely act as rigid inclusions, limiting
membrane �exibility and capacity to deform.[
�] This interpreta-
tion is also consistent with previous reports of membrane sti�en-
ing (and even rigidi�cation and pore formation) induced by the
adsorption of silica nanoparticles.[
�] Overall, these �ndings sug-
gest that GNR incorporation modulates membrane mechanics
and contributes to better cargo release.

�.�. GNR-Mediated Release Mechanism

In the literature, cargo release from GNR-surrounded/loa-
ded/functionalized GUVs is attributed to various mechanisms.

These include lipid membrane phase transition and transient
pore formation due to localized heating of nanorods as well
as vesicle bursting due to osmotic stress.[
�,
��
�] In our GNR-
functionalized GUVs the release is unlikely to be attributed to
lipid phase transitions, because of the low transition tempera-
tures of DOPC and DOPG (�-�� °C)[
�,
	] lipids.[

] Bursting of
the vesicles is also not a plausible mechanism, since the GUVs
can still be observed as intact following their illumination with
NIR light (Figure S
, Supporting Information). Therefore, the
most probable release mechanism involves GNR-mediated heat-
ing in close proximity to the membrane, leading to vapor bub-
ble formation and, as a consequence, to the generation of tran-
sient pores. While these transient bubbles are typically gener-
ated by short laser pulses (nano- to picosecond),[
�] they can
also form under CW laser illumination when local temperatures
reach ���� °C.[

] In this work, the implemented LED system
(� W cm��) and the applied GNRs have the potential to reach
local temperatures that have been shown to cause nanobubble
formation.[���] Consequently, we hypothesize that the primary re-
lease mechanism involves temporary membrane destabilization
driven by localized heating in close proximity to the membranes.
To validate this hypothesis and explore factors contributing to

variations in release e�ciency among GNRs coated with di�er-
ent cholesterol concentrations, we investigated the heating rates
of the standalone GNRs in water. Temperature measurements
were performed using a thermocouple inserted into the sample
solution. For these experiments, GNR suspensions were kept in
open tubes and illuminated with NIR light; the temperature was
recorded every �� s for the �rst � min and every � min thereafter.
Temperature measurements revealed that GNRs � and � (i.e.,
those produced with �.�% and �.�% Chol) exhibited the highest
heating rates, reaching 	� °C within �� min. This is similar to
what was measured with CTAB-GNRs (Figure S��a, Supporting
Information). In contrast, GNRs � and � reached ��� °C within
�� min. These �ndings indicate that high cholesterol-mediated
aggregation of GNRs (i.e., above �.�%) negatively a�ects the heat-
ing capacity and, in consequence, the release e�ciency. Note that
the reported temperatures are bulk values; under NIR irradia-
tion, GNRs generate localized interfacial hot zones at membrane
contacts. It is this photothermal localization�not uniform bulk
heating�that serves as the operative trigger of transient perme-
ability. Accordingly, reproducing the same bulk temperature by
conventional heating is not expected to mimic the light-triggered
release in the absence of localized nanoscale heating.
We further hypothesized that the attachment of GNRs to the

GUV membrane also plays a signi�cant role in the release pro-
cess. To test this, wemeasured the temperature behavior of GNR-
functionalized GUVs under NIR illumination (Figure S��b, Sup-
porting Information). GUVs were illuminated for de�ned time
points, then immediately measured using a thermocouple, a pro-
cedure similar to the experiments with standalone GNRs. GUVs
functionalized with GNR � (��.�% Chol), GNR � (
.	% Chol),
and GNR � (�.�% Chol) exhibited a modest temperature increase
of ��� °C, reaching only �� °C after �� min of illumination. In
contrast, NIR illumination of GNR � (�.�% Chol)-functionalized
GUVs led to a faster and higher heating rate, reaching 	� °C
within � min. These results can be attributed to di�erences in
cholesterol content and membrane attachment stability, which
in the case of �.�% cholesterol resulted in the formation of
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Figure �. CryoSEM micrographs of GNR-functionalized GUVs showing individual versus aggregate binding depending on the cholesterol content of
the GNRs. Panels (a) and (b) show a GUV sample with GNR � (��.�% Chol), panels (c) and (d) show a GUV sample with GNR � (�.�% Chol). Panels
(a) and (c) provide a wider view of the GUVs, whereas (b) and (d) show a magni�ed view of the membrane surface and GNR distribution on the GUV
membrane.

small-sized aggregates. GNRs that link with each other are
known to exhibit distinct optical properties that di�er to those
of individual particles. The reason behind this is increased plas-
monic coupling between closely packed GNRs, which enhances
localized electromagnetic �elds. This, in turn, leads to greater
heat generation and improved release e�ciency.[�������] In the
case of high cholesterol content (i.e., ��.�% and 
.	% choles-
terol content during production) large aggregates might form.
Two possible consequences of this are unstable attachment to
the GUVs�leaving only a small number of individual GNRs on
themembranes�or attachment of large aggregates that nonethe-
less exhibit reduced photothermal e�ciency due to impaired heat
generation.[���] In case of low cholesterol content (�.�%), the rods
do not tend to aggregate as much but the cholesterol concentra-
tion on their surface is not su�cient to facilitate a strong attach-
ment to the GUVs membranes.
To con�rm this hypothesis, we conducted cryo-SEMmeasure-

ments to study the details of the nature of GNR-GUV interac-
tions. Figure �a,c shows representative cryoSEMmicrographs of
GUVs functionalized with GNRs containing ��.� or �.�% choles-
terol, respectively. The corresponding magni�ed micrographs
(Figure �b,d) show distinct attachment behaviors. GNR � (��.�%
Chol) attached primarily as individual nanorods, showcasing the
few GNRs that remained in solution and were not washed away
during puri�cation. GNR � (�.�% Chol), on the other hand, at-
tached to the GUVmembrane in aggregates. Although cryo-SEM
captures static snapshots, Chol-PEG-SH-tethered GNR clusters
on �uid GUV membranes are expected to be laterally mobile.
Previous reports on the di�usion coe�cient (D) of cholesterol-
anchored nano-objects on lipid bilayers indicate values of ��.��
� µm� s�� for small, singly anchored constructs (e.g., a DNA

origami brick of �� × �� nm). In our study, clustering and higher
anchor multiplicity are expected to reduce D into the sub-µm� s��
range.[���] Functionally, these membrane clusters de�ne loci of
localized photothermal transduction under NIR; release is there-
fore spatially con�ned and transient, consistent with short-lived
packing defects at GNR-membrane contacts. In isotonic media,
solute e�ux is driven by luminal-external concentration di�er-
ences and is osmotically balanced by counter-�uxes, preserving
overall vesicle integrity. In sum, these results support our hypoth-
esis about the cholesterol-dependent interplay, wherein excessive
cholesterol drives formation of large aggregates (limiting mem-
brane availability) and insu�cient cholesterol restricts GNR at-
tachment to the GUV membrane.
Although our optimum (�.� mol% cholesterol) was obtained

empirically, a simple working picture helps rationalize why a
low, single-digit percentage is a plausible concentration. First,
each cholesterol-terminated ligand acts as a hydrophobic anchor
that partitions favorably into lipid bilayers; single-molecule force
spectroscopy and simulations report substantial extraction barri-
ers and nonpolar stabilization of cholesterol in membranes.[��	]
Second, as the fraction of cholesterol ligands on a GNR in-
creases, the expected number of anchors that insert simulta-
neously within the contact area rises; multivalent frameworks
show that binding can then strengthen nonlinearly and even dis-
play sharp thresholds with ligand/receptor availability.[��
] Third,
at higher densities, anchors begin to compete and crowd, and
cholesterol tags are known experimentally to promote aggre-
gation or reduce e�ective membrane engagement depending
on number, spacing, and spacer design�e�ects that can limit
further gains.[��
] Together, these opposing trends�favorable
insertion and multivalent gain at low-moderate densities
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versus crowding/aggregation penalties at higher densities�
are consistent with a broad optimum at a few mol%. This
view yields testable predictions: the optimum should shift with
spacer length/�exibility, membrane order/composition, and con-
tact area (particle size/geometry), o�ering a route to tune adhe-
sion without exhaustive empirical screening.

�.�. Triggered Release of Ampicillin for Antibacterial Applications

Following the detailed characterization of GNR-mediated release,
we set out to demonstrate the practical application of the GNR-
functionalized GUVs. Toward this end, ampicillin-loaded GUVs
were produced in a similar manner as the GUVs loaded with cal-
cein, SUVs, or beads. E. coli was chosen as a model organism
due to its well-characterized sensitivity to ampicillin. To set out
the experimental conditions, such as initial ampicillin concen-
tration, we �rst investigated the minimal concentration essential
for bacterial inhibition at an OD��� of �.�� (Figure S��, Support-
ing Information). The results revealed that �nal ampicillin con-
centrations above ��� µg mL�� su�ce. Moreover, we based the
determination of the ampicillin concentration on an encapsula-
tion e�ciency of ��%, a release e�ciency of ��	% for GNR �
(�.�% Chol), and spontaneous leakage of ���% from nonillumi-
nated GNR � (�.�% Chol) samples. As a result, we set the initial
ampicillin concentration to 
� mg mL�� (see the Experimental
Section; and the Supporting Information).
To test the e�ciency of NIR-triggered ampicillin release, we in-

cubated E. coliwith ampicillin-loaded GNR-functionalized GUVs
and illuminated the mixture with NIR light. Following the il-
lumination, we plated the entire suspension on agar to assess
bacterial growth. The results revealed that � min of illumination
were su�cient for bacterial inhibition (Figure S��c, Supporting
Information). In control experiments with the ampicillin-loaded
GUVs that were not illuminatedwithNIR light, only partial bacte-
rial inhibition was observed due to spontaneous leakage (���%)
(Figure S��, Supporting Information). Controls with ampicillin-
loaded GUVs lacking GNRs showed no di�erence between il-
luminated and nonilluminated conditions, indicating that drug
release required GNR-mediated heating. However, the level of
bacterial inhibition in these controls was unexpectedly high, rais-
ing concerns about possible unspeci�c e�ects, such as ampicillin
release during sample incubation at �	 °C or interactions be-
tween GUVs and the agar substrate (e.g., osmotic stress or local
rupture).[���] Although this setup closely resembled an in vivo-like
application, overlapping side e�ects�such as potential osmolar-
ity mismatch, gel�air desiccation, direct photothermal e�ects on
bacteria, and di�usive carryover of free drug�make it di�cult
to attribute bacterial inhibition solely to NIR-triggered ampicillin
release.
One possible improvement for the experimental design could

involve the separation of bacteria from intact GUVs after il-
lumination. However, due to a similar sedimentation behav-
ior of bacteria and ampicillin-loaded GUVs under centrifuga-
tion, a clean separation is technically challenging and prone to
cross-contamination. To overcome these issues, we implemented
an adjusted sequential protocol in which ampicillin-loaded,
GNR-functionalized GUVs were �rst illuminated to trigger re-
lease and centrifuged to remove intact vesicles. The resulting

supernatant�containing only the released ampicillin�was then
incubated with bacteria prior to plating. To avoid excessive ther-
mal exposure, we focused on shorter illumination times and
additionally explored � and �-min intervals to assess the time-
dependence of the release behavior (Figure S��, Supporting
Information).
Figure �a,b shows a time-dependent antibiotic response: af-

ter � min of illumination bacterial growth was still visible; after
� min it was reduced; and after � min it was completely sup-
pressed (Figure �a,b). In contrast, nonilluminated GNR-GUV
samples showed no signi�cant inhibition, indicating that pas-
sive leakage (���%) was insu�cient to kill the bacteria. No-
tably, the antibacterial activity remained e�ective even after �min
of illumination, suggesting that the elevated temperature stem-
ming from GNR heating did not impair the e�cacy of the ampi-
cillin. An additional bene�t of this setup was the ability to iso-
late the thermal e�ect of the GNRs. To this end, bacteria were
incubated with empty GUVs (without ampicillin), illuminated,
and plated on agar. The results showed that heating alone�via
GNR-mediated photothermal e�ects�was su�cient to reduce
bacterial growth after � or � min of illumination (Figure �c,d),
whereas � min of illumination had no noticeable e�ect. Con-
trol samples without GNRs did not display bacterial death, con-
�rming that the heat e�ect depended on both the presence of
GNR and su�cient illumination time. Together, these �ndings
demonstrate a dual antimicrobial mechanism: antibiotic release
and localized photothermal heating. This highlights the potential
of the GNR-GUV system as an e�ective, controllable therapeutic
platform.

	. Conclusion
In this work, we developed a photothermally-responsive cargo
delivery platform based on GNR-functionalized GUVs for con-
trolled NIR-triggered release. GUVs encapsulating various cargo
were generated via the emulsion transfer method. Anchoring
of GNRs to the GUV membrane was achieved through the
functionalization of GNRs with cholesterol. The optimization of
the cholesterol content on the GNRs was an essential step: in-
su�cient cholesterol led to poor GNR membrane attachment,
whereas excessive amounts promoted GNR aggregation in solu-
tion, thus reducing their membrane availability. Optimal GNR
functionalization at a concentration of �.�% cholesterol achieved
the highest release e�ciency, peaking at �	�% after �� min
of NIR illumination. GNRs with higher and lower concentra-
tions of cholesterol, just like shorter illumination times, resulted
in signi�cantly lower release e�ciency. The system�s functional
validation was demonstrated by illuminating ampicillin-loaded
GUVs with NIR light in the presence of E. coli. Bacterial killing
was observed already after � min of illumination, which can
be attributed to the release of encapsulated ampicillin. In con-
trast, nonilluminated control samples showed no antibacterial
activity. Notably, GNR-mediated photothermal heating alone�
without the release of an antibiotic�was also capable of reduc-
ing bacterial viability at extended illumination times, indicating
a dual mechanism of action. From a translational perspective,
key challenges include immune recognition and macrophage
uptake of GNR-functionalized vesicles, rapid systemic clearance
with hepatic/splenic sequestration, and the long-term fate of gold
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Figure �. Bacterial viability following NIR-triggered ampicillin release and GNR-mediated heating. a,b) E. coli (laboratory strain) plated on LB agar
after treatment with supernatants from ampicillin-loaded, GNR-functionalized GUVs following NIR light illumination for �, �, or � min, compared
with nonilluminated (dark) controls. Supernatants from ampicillin-loaded GUVs lacking GNRs were included with and without NIR light illumination.
c,d) To assess heating-only e�ects, E. coli bacteria were exposed to empty GNR-functionalized GUVs under the same illumination times, alongside the
corresponding dark controls; samples without GNRs served as additional controls. Numbers next to plates indicate dilutions of the treated suspension
in LB prior to plating: � = undiluted, � = �:��. Illumination (all panels): CW NIR LED, 	 W cm��; durations are as indicated in Figure � next to the
sample. GNR � (�.�% Chol) was used for all GNR-functionalized GUV samples.

nanoparticles. These risks could be mitigated through stealth
strategies or cell-derived membranes (e.g., ghost red blood cells
(GRBC)-mimetic vesicles), as well as by implementing the trigger
in high-loading LUV formats. A full evaluation of pharmacoki-
netics, pharmacodynamics, and safety lies beyond the present
scope and will be addressed in future studies.


. Experimental Section
Reagents and Solvents: The lipids, namely DOPG, DOPC, and �,�-

dioleoyl-sn-glycero-�-phosphoethanol-amine-N liss-amine rhodamine B
sulfonyl ammonium salt (LissRhod PE), were purchased from Avanti
Polar Lipids, Inc. � kDa FITC-PEG-SH was ordered from Creative PEG-
Works, � kDa Cholesterol-PEG-SH from Abbexa, and TRIS-HCl from Carl

Small ����, e����� ' ���� The Author(s). Small published by Wiley-VCH GmbHe����� (�� of ��)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202505852 by M
ax-P

lanck-Institut F
ur K

olloid U
nd G

renzflächenforschung, W
iley O

nline Library on [13/11/2025]. S
ee the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License






































