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Introduction

Hydrogel—polymersome composites as a sensing
platform for monitoring food spoilage¥

Christoph John, Elena C. dos Santos, Riccardo Pascal Wehr, Daniel Messmer,
Cornelia G. Palivan ' and lonel Adrian Dinu = *

The development of advanced functional soft materials for applications in preserving food quality and
detecting spoilage is in focus today. While various smart food packaging options are available, there are
still challenges to be addressed due to several limitations of current food quality sensors, such as a lack of
multifunctionality, use of potentially harmful synthetic sensing molecules or short shelf life of natural ana-
logues. Herein, we present a dual-functional hydrogel-polymersome composite (HPC) system that inte-
grates two complementary sensing functionalities into a single platform. As a model for dual-functionality,
we successfully incorporated dye-loaded polymersomes into a poly(N-isopropylacrylamide)-based
hydrogel. This approach enables temperature-triggered cargo release, while the encapsulated dyes serve
as pH-reporting molecules for monitoring food freshness. The first functionality was demonstrated by
hydrogel shrinkage and subsequent release of dye upon increasing the temperature from 25 °C to 40 °C.
The second functionality was probed by decreasing the pH to 6.2 or exposure to methylamine (MA), a
representative volatile amine, which shifted the local pH to basic values. The HPCs remained stable under
hydrated conditions, and their dual-functionality was proved using fluorescence spectroscopy and light
scattering. Our system exhibited a detection limit of 1 mM MA—2.5 times lower than the threshold
classified as acutely toxic by the Centers for Disease Control and Prevention—highlighting its relevance
for spoilage detection. These findings demonstrate that combining functional polymersomes
with stimuli-responsive hydrogels offers a promising approach for developing multifunctional, compart-
mentalized composite sensors suitable for integration into food packaging to efficiently monitor

its freshness.

An appealing concept, complementary to preservation, is
the monitoring and tracking of food spoilage since an

The increasing consumer demand for healthy, unprocessed,
ready-to-eat or easy-to-prepare foods has become a major
concern of our modern society as the globalization of
food production and distribution has a great impact on the
freshness and safety of food due to longer shipping times." To
suppress potential food spoilage and facilitate its detection,
there is strong interest in developing smart materials that are
specifically engineered to interact with packaged goods.
Antimicrobial packaging represents one approach for eradicat-
ing or inhibiting the growth of pathogenic microorganisms,
preventing spoilage and extending the shelf life of food.*?
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increasing number of people are affected by food poisoning
caused by bacteria, viruses, fungi and other contaminants,
including traces of chemicals or natural toxins.* In this
regard, intelligent packaging using smart strips or labels rep-
resents a next-generation technology that allows monitoring
of the food status in real time and on-site. This approach not
only informs the consumers whether the food is safe to eat,
but also diminishes the need for expensive and time-consum-
ing lab analyses to evaluate food quality.> Sensing platforms
are also necessary to measure food freshness by indicating
the temperature changes or the presence of volatile or bio-
genic amines resulting from food spoilage. For example, elev-
ated temperature increases the microbiological activity in
sealed packaged meat, where the increased CO, levels and
the high moisture content lead to pH values below 7.0 and
thereby to a decrease in freshness and spoilage.””®” A high
level of total volatile basic nitrogen present in seafood indi-
cates the formation of significant amounts of ammonia, di-
methylamine and trimethylamine by the decomposition of
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amino acids and other nitrogen-containing molecules and is
associated with food poisoning.®*'* The quantification of
changes in the concentration of these toxic compounds
would indicate the degree of spoilage and can be assessed
accordingly by a sensing device.

An established tool to detect volatile or biogenic amines
consists of pH-sensitive dyes embedded in a hydrophobic
matrix.">™"” However, the major drawbacks of such chemical
sensors are their insufficient sensitivity, poor biocompatibility
and safety issues caused by potentially toxic indicator mole-
cules such as azo dyes embedded into the carrier polymer
matrix."® To monitor food contamination, sensor units are
immobilized onto a suitable support, such as indicator
paper,'®?° thin films,*"**> polymer particles,**** carbon nano-
tubes,>® agarose hydrogels,”® or porous silicone hydrogels
embedding graphene oxide and gold nanoparticles.>’

The design of “on-package” sensors, which are most com-
monly used to provide an overall estimation of food quality, is
commonly based on pH-sensors.?® Thus, pH-responsive dyes
were immobilized onto a membrane filter paper to monitor
the quality of beef over time'” while a colorimetric sensor con-
sisting of cellulose microparticles modified with pH-signalling
dyes, embedded into a silicon matrix, has been developed to
assess fish decomposition.'® However, these sensors are so far
only functional for a specific application field and are not
designed to detect and respond to more than one type of
trigger.”>?® Therefore, it is still challenging to integrate
different stimuli-reporting molecules into a single array or to
combine spoilage detection with food preservation to achieve
multifunctional sensing platforms.

Here we introduce a dual-reporting hydrogel-polymersome
composite (HPC) system that integrates two complementary
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View Article Online

Nanoscale

sensing functionalities into a single platform. This approach
enables temperature-triggered cargo release, while the encap-
sulated dyes serve as pH-reporting molecules for monitoring
food freshness. Such HPCs are suitable for the production of
sensing strips that can be easily inserted into food packaging
and provide information about food quality or preservation
status. To this end, we encapsulated pH-reporting molecules
in polymer nanocompartments, also known as polymersomes,
which were then embedded in a temperature-responsive hydro-
gel. We selected polymersomes to encapsulate the reporting
molecules due to their increased stability compared to
liposomes®'~* and their capacity for loading a large variety of
molecules (enzymes,*>° drugs,®”*® and contrast agents®**°),
The polymersomes were self-assembled from the amphiphi-
lic diblock copolymer poly(dimethylsiloxane)-block-poly(2-
methyl-2-oxazoline) (PDMS-b-PMOXA), already reported as
forming polymer vesicles with a stable and flexible mem-
brane’' that are biocompatible and non-toxic.*>** Moreover,
immobilized PDMS-b-PMOXA-based polymersomes served to
produce “active” surfaces when loaded with sensitive dyes to
detect small pH changes® or with different enzymes to support
cascade reactions.** To increase the stability of polymersomes
and introduce an additional response to stimuli, we chose to
embed the polymersomes in the cross-linked matrix of a
polymer hydrogel. Owing to their biocompatibility, tunable
mechanical strength, and responsiveness to stimuli, hydrogels
have been studied extensively for the controlled release of a
broad variety of compounds.*>™*” However, there are only very
few examples of HPCs,*® mainly designed for medical appli-
cations, such as injectable hydrogels,’™" antifouling systems
for therapeutic contact lenses,> or drug release systems.’"*?
HPCs have the advantages of allowing small molecules to
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Fig. 1 Schematic illustrations of NIPAM-based hydrogels (HPCs) embedding dye-loaded polymersomes (A) after heating above the VPTT of
PNIPAM, and (B) upon pH change of the outer environment. Created in BioRender. Kraus, M. (2025) https://BioRender.com/u06z774.
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diffuse throughout the hydrogel matrix and preventing the
polymersomes from escaping the polymer network. Therefore,
this combination brings considerable benefits in terms of
stability, multifunctionality and biocompatibility. The selec-
tion of a poly(N-isopropyl acrylamide) (PNIPAM) hydrogel as a
matrix for embedding polymersomes endows the HPCs with
triggered release properties at temperatures above the volume
phase transition temperature (VPTT) of the hydrogel
(32-34 °C).>* An increase in temperature above the VPTT
induces shrinkage of the polymer network, which generates
enough mechanical stress to disrupt the polymersome mem-
brane, and thus release the reported molecules (Fig. 1).

To evaluate the stability of polymersomes inside the hydrogel
network and assess the temperature-triggered release of the
encapsulated cargo from polymersomes, we chose 5(6)-carboxy-
fluorescein (CF) as a model “reporter” compound. Pyranine (Py)
and bromothymol blue (BTB) were used as responsive dyes to
monitor the pH changes in the environment and the presence
of amines (i.e. methylamine as a model representative) involved
in food spoilage. By combining static and dynamic light scatter-
ing (SLS-DLS), nanoparticle tracking analysis (NTA) and trans-
mission electron microscopy (TEM), we evaluated polymersome
formation and assessed the integrity of the polymer membrane
in the presence of pH-reporting molecules and the components
involved in the synthesis of the PNIPAM hydrogel. The stimuli-
responsiveness was evaluated by fluorescence measurements at
various pH and temperature values. The change in colour at
different pH values was also observed after a temperature-
induced shrinkage, indicating that our composite responds to a
combination of both stimuli. The temperature responsiveness
triggers the release of an encapsulated molecule upon exposure
to an external stimulus (inappropriate food temperature), which
serves as a signal to identify the storage of food products under
improper temperature conditions during their shelf life.

To our knowledge, there are no reports of dual-functional
hydrogel-polymersome composites that successfully combine
the use of pH-reporting molecules with the stimulus-triggered
release of a cargo from polymersomes embedded in the hydro-
gel. The dual functionality of our system opens new perspec-
tives for advances in sensors for food freshness monitoring.

Experimental
Materials

N-Isopropylacrylamide (NIPAM), poly(ethylene glycol) diacry-
late (PEGDA) with a number-average molecular weight (M,) of
575 g mol™!, ammonium persulfate (APS), N,N,N',N'-tetra-
methylethylenediamine = (TEMED), 5(6)-carboxyfluorescein
(CF), bromothymol blue (BTB), pyranine (Py), methylamine
(MA), sodium dihydrogen phosphate anhydrous, disodium
hydrogen phosphate dodecahydrate, Triton-X100 (Octoxinol 9)
and p-xylene-bis(N-pyridinium bromide) (DPX) were purchased
from Sigma Aldrich and used without further purification.
Deionised water (Milli-Q water) was obtained using a MilliQ
Q-POD device (Merck, Germany). The diblock copolymer

This journal is © The Royal Society of Chemistry 2025
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PDMS,5-b-PMOXA;, with M,, = 2850 g mol* and a dispersity
(D) of 1.49 was previously synthesized in our group according
to a reported protocol.*>

Methods

Formation of polymersomes. Self-assembly of PDMS,s-b-
PMOXA,, diblock copolymers into polymersomes was per-
formed by film rehydration. 5 mg of copolymer was first dis-
solved in 1.0 mL of ethanol in a 5 mL round-bottom flask. The
solvent was then removed using a rotary evaporator at 40 °C,
40 rpm and 140 mbar for 2 h until the polymer film was com-
pletely dry. The dried polymer film was rehydrated with 1 mL
Milli-Q water and stirred for 24 h at room temperature (RT)
and 300 rpm. For the encapsulation of dyes, the polymer film
was rehydrated with aqueous solutions of CF (100 uM or
50 mM, pH 8-9), Py (100 uM) or BTB (1.25 mM). To obtain
polymersomes with a narrow size distribution, the dispersions
of self-assemblies were extruded 13 times through Nucleopore
Track-Etch membranes with a pore size of 200 nm (Whatman,
USA) mounted on an Avanti Extruder (Avanti Polar Lipids,
USA). The extruded dye-loaded polymersomes were purified by
centrifugation through centrifugal filters (Amicon-Ultracel-
30 K, Merck Millipore), which allow the separation of polymer-
somes from the free dye without diluting the sample. After
5 min of centrifugation at 13 400 rpm, the filtrate was removed
and fresh Milli-Q water was added to the polymersome dis-
persion. The washing was repeated more than 10 times, until
no dye was detected in the filtrate.

Preparation of hydrogels and hydrogel-polymersome com-
posites. The reaction mixture used to prepare the hydrogel
matrix was composed of 1 g NIPAM (8.85 mmol, 1 eq.), 51 mg
PEGDA (88.1 pmol, 0.01 eq., M, = 575 ¢ mol™"), and 10 mg
APS (0.043 pmol, 0.005 eq.) dissolved in 5 mL of Milli-Q water.
For the preparation of hydrogels and hydrogel-polymersome
composites, 180 uL of the reaction mixture was mixed in 1 mL
glass vials with either 180 pL of Milli-Q water or 180 pL of poly-
mersome dispersion, respectively. The samples were bubbled
with argon for 5 min, after which polymerization was activated
by adding 1 pL of TEMED to the monomer mixtures. The vials
were sealed with lids, and polymerization proceeded at room
temperature for 24 h. Following polymerization, the resulting
composite gels were immersed in excess Milli-Q water for one
week to remove the unreacted components, changing the
washing water every 24 h.

Characterization of swelling behaviour. The degree of swell-
ing (DS) was determined gravimetrically in aqueous solution
and calculated according to eqn (1):>°

(mg — my)

DS [%] = x 100 (1)

m;
where m¢ - weight of hydrogel swollen in water at equilibrium
[g] and m; - weight of dry hydrogel [g].
To this end, dried hydrogels were placed in Milli-Q water at
RT, and then swollen until the equilibrium was reached. The
swollen samples were removed from water, carefully tapped
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with a paper tissue to remove excess water, and then weighed.
The swelling results were calculated as average values of tripli-
cate measurements.

Dynamic and static light scattering (DLS-SLS). Light scatter-
ing data at different angles were obtained using a spectrometer
(LS Instruments, Switzerland) equipped with a 633 nm He-Ne
laser (21 mW). All experiments were measured at scattering
angles between 30° and 135° at 25 °C in round-bottom glass
cuvettes (10 x 0.9-1.0 mm, Boro 3.3). All samples were diluted
to 0.05 mg mL~' and measured without further filtration.
Hydrodynamic radii (R,) were calculated as mean values of
three independent DLS measurements over the whole angle
range using second-order cumulant analysis. The radii of gyra-
tion (Ry) were determined from SLS data using Mie scattering
models (MiePlot, UK).>® When there are insufficient scattering
data to be evaluated by Mie fit, the Guinier plot was used to
determine R, from the measured scattered intensity as a func-
tion of the scattering vector q.

Transmission electron microscopy (TEM). TEM micrographs
were recorded with a CM100 transmission electron microscope
(Philips, Netherlands) at an acceleration voltage of 80 kV.
Formvar-coated 200-mesh copper grids were glow-discharged
for 30 s prior to use. Afterwards, 15 puL of the diluted self-
assembly dispersion (0.5 mg mL™") was placed on the grid for
adsorption and the excess was blotted off using filter paper
after one minute. The grid was washed two times with 50 pL
Milli-Q water and then 5 pL of a 2% aqueous uranyl acetate
solution was added to the grid and blotted off immediately.
Another 5 pL of uranyl acetate solution was placed on the grid
for 10 s and blotted off before imaging.

Nanoparticle tracking analysis (NTA). NTA measurements
were conducted with a NanoSight NS300 (Malvern Panalytical,
UK) equipped with a 488 nm laser and then analysed using the
NTA software (version 3.4). For the measurements, dilutions of
5-2.5 pg mL~' polymer dispersions were prepared in Milli-Q
water and the injection rate was set at 100 pL, min~". The set-
tings for the camera level were chosen to track 30-50 particles
per frame. Five repetitions of 60 s each were recorded, and
then the hydrodynamic diameters and size distribution of
polymersomes were calculated based on the Einstein-Stokes
equation and averaged over all measurements.

Preparation of the phosphate buffer. 10 mM phosphate
buffer solutions with various pH values were prepared by dis-
solving 1.20 g (0.01 mol) anhydrous sodium dihydrogen phos-
phate in Milli-Q water and diluting the solution to 1000 mL.
The pH of each solution was then adjusted to the appropriate
pH value (pH 6.2, 6.5, 7.0, 7.5, and 8.0) by adding under stir-
ring a solution of disodium hydrogen phosphate dodecahy-
drate (10 mM, 3.58 g L™!) while monitoring the pH with a cali-
brated pH meter.

Fluorescence measurements. Fluorescence measurements
were recorded with an FP-8200 fluorescence spectrometer (Jasco,
Japan). All liquid samples (solutions of free dyes and dispersions
of dye-loaded polymersomes) were measured in quartz cuvettes
of 3.5 mL volume and 10 mm path length. The fluorescence of
swollen HPCs was measured in their hydrated form using a stan-
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dard set-up for measuring fluorescence on surfaces, i.e. placing
them between two glass slides mounted into a specialized
sample holder. To evaluate whether the polymersome integrity
is preserved during hydrogel synthesis, a Triton-X100 solution
(0.05%, v/v, in the final mixture) was added to disrupt the mem-
brane of CF-loaded polymersomes (CF-P), and the fluorescence
of CF was measured before and after the addition of the surfac-
tant. Fluorescence excitation spectra of Py were recorded within
an excitation wavelength range of 300 to 500 nm and emission
at 511 nm. Py was either free in solution, encapsulated in poly-
mersomes, or encapsulated in polymersomes embedded in a
NIPAM-based hydrogel. For the quenching of free Py, the
p-xylene-bis(N-pyridinium bromide) (DPX) quencher was used in
excess at concentrations of 1.6 mM or 5.0 mM.

UV-Vis measurements. UV-Vis absorption measurements
were recorded with a Cary 300 UV-Vis spectrometer (Agilent,
USA). All samples were measured in a rectangular micro-quartz
cell of 80 puL volume and 10 mm path length. Samples of BTB in
10 mM phosphate buffer with various pH values (pH 6.2-8.0)
were prepared by mixing 10 pL of the aqueous BTB solution
(50 uM) with 90 pL of the corresponding phosphate buffer.
Mixtures of BTB and MA were prepared by mixing 10 uL of BTB
(50 pM) with 90 pL of the MA solution (1 pM-10 mM).
Dispersions of BTB-Ps in the presence of different concen-
trations of MA (1 pM-10 mM) were prepared by adding 10 pL of
the dispersion of BTB-Ps to 90 pL of the respective MA solution.

Confocal laser scanning microscopy (CLSM). A Zeiss Axio
Observer inverted microscope with an LSM 880 laser scanning
unit (Carl Zeiss, Germany) equipped with an oil immersion
objective (Plan-Apochromat 63x/1.4 Oil DIC M27) was used to
perform CLSM measurements at 25 °C. The samples contain-
ing CF were excited with a 488 nm argon laser, collecting the
fluorescence in the range of 518-600 nm. Each sample was
unidirectionally scanned using 2048 x 2048 pixels with a bit
depth of 16 bit. Images were processed using Image] (1.53c)
and Zen Blue software (v. 3.2, Carl Zeiss, Germany).

For time-lapse fluorescence measurements upon the
addition of Triton X-100 (20 pL of the surfactant solution,
0.05%, v/v), fluorescence images of an HPC slice of approxi-
mately 1 mm thickness were captured every 10 s in a 10 min
time interval. The fluorescence values represent the mean fluo-
rescence intensity from the ‘green’ channel.

Results and discussion

To generate multifunctional HPCs by the entrapment of poly-
mersomes into the cross-linked matrix of a PNIPAM hydrogel,
we first prepared polymersomes containing pH-sensitive mole-
cules. We selected PDMS,5-b-PMOXA;, as the amphiphilic
diblock copolymer that was previously shown to form stable
polymersomes in aqueous media.*>

Formation and characterization of dye-loaded polymersomes

Polymersomes were formed via film-rehydration and loaded
with reporting hydrophilic molecules. To efficiently respond to

This journal is © The Royal Society of Chemistry 2025
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food-relevant temperature and pH changes, we chose to separ-
ately encapsulate three different dyes, each serving a specific
purpose. CF was used as a fluorescent model compound to
evaluate the stability of polymersomes when entrapped within
the hydrogel matrix and indicate the temperature-sensitive
release from HPCs. Py, a fluorescent dye with a high sensitivity
towards pH changes (pH ranging from 6.0 to 9.0) was selected
to evaluate the overall pH sensitivity of HPCs and the stability
of polymersomes within the polymer network. BTB was used
to integrate a visible, pH-dependent colour change as a
response to the presence of amines.

Light scattering (DLS-SLS) was used first to determine the
architecture of the assemblies generated by the PDMS,;-b-
PMOXA,, copolymers without and with encapsulated dyes
(Table 1 and Fig. S1 to S4, ESIt). The empty polymersomes
had an average Ry, of 107 + 10 nm, whereas their R, was 120 +
6 nm, (Table 1 and Fig. S1, ESIT). The shape factor p of 1.12 +
0.12, which is close to 1.0 (Table 1), is characteristic of hollow
spheres with thin membranes.®® The NTA measurements
established an average Ry, value of 93 + 26 nm (Fig. S5, ESIT),
which agrees with the light scattering results. In addition, the
typical spherical deflated morphology of the empty polymer-
somes was observed by TEM (Fig. S6, ESIY).

The dye-loaded polymersomes after purification were ana-
lysed in a similar manner to evaluate the effect of dye encapsu-
lation. Neither the light scattering data nor the NTA analysis
indicates any significant changes in the size or aggregation of
the polymersomes once loaded with reporting molecules
(Table 1, Fig. S2 to S4 and S7, ESIf). The slightly smaller
values of Ry, obtained in all cases from NTA compared to DLS
are due to the methodological differences between these two
methods: DLS is generally biased towards bigger particles, par-
ticularly for polydisperse samples, resulting in higher average
Ry, values. TEM micrographs of the reporting molecules-loaded
polymersomes reveal the presence of polymersomes (Fig. 2A
and Fig. S8, ESIt).

The formation of HPCs requires polymersomes to remain
stable when the PNIPAM hydrogel is formed. Therefore, poly-
mersomes were also characterized in the presence of either the
reaction mixture (NIPAM, PEGDA, and APS) or the solution of
the activating agent (TEMED) (Table 1, Fig. S9 and S10, ESI¥).
The Ry, and R, values of polymersomes in the reaction mixture
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(103 + 10 nm; 112 + 6 nm) as well as in the aqueous TEMED
solution (100 + 6 nm; 105 + 5 nm) clearly demonstrate that
there are no changes in the polymersome integrity or aggrega-
tion following the exposure to reaction conditions specific to
hydrogel synthesis.

Synthesis and temperature-dependent behaviour of PNIPAM-
based hydrogels

The PNIPAM matrix was synthesized in the presence of various
amounts of the PEGDA cross-linker. To find the optimal
balance between the hydrogel integrity and its ability to shrink
at temperatures above the VPTT, swelling tests were performed
and the degree of swelling (DS, %) was determined gravimetri-
cally (Fig. 2B).

When the swelling experiments were conducted at 25 °C,
the DS values decreased on increasing the cross-linker
content, as expected. At 0.5 mol% PEGDA cross-linker, the DS
value was higher than 4500%, then decreased to 2300% for
1 mol% and 1000% for 10 mol% cross-linker content, respect-
ively. In contrast, at 40 °C, the DS values are by a factor of 10 to
50 times smaller, showing a less significant cross-linker depen-
dency (Fig. 2B). This trend can be attributed to the VPTT
behaviour of PNIPAM polymer chains (32-34 °C).>* At tempera-
tures above this critical value, the hydrophobic interactions
between the polymer chains are favoured, whereas the hydro-
gen bonding is weakened, leading to an extensive shrinkage of
PNIPAM-based hydrogels and, generally, to less swelling. As a
result, the hydrogel swelling at 40 °C is not dependent on the
cross-linking degree, even though the use of PEGDA as a
hydrophilic cross-linker might counterbalance the VPTT
behaviour to a certain extent.***” A considerable difference
between the swollen states of PNIPAM hydrogels at various
temperatures is required to significantly increase the potential
of releasing any encapsulated cargo from the hydrogel upon
the increase in temperature. The hydrogels with 1 mol% cross-
linker, showing a 50-fold difference between the DS values at
RT and at 40 °C, exhibited a pronounced thermo-responsive
behaviour and relatively soft mechanical properties. As a con-
sequence, this hydrogel composition was further used in pre-
paring all HPCs reported in this study.

These hydrogels have a characteristic porous structure
(Fig. 2C and D), with pore sizes in the range of several micro-

Table 1 DLS-SLS and NTA data for the PDMS,5-b-PMOXA;, self-assembled polymersomes without or with encapsulated dyes, in the presence of

the reaction mixture or TEMED

DLS and SLS
NTA
Polymersomes Ry, “ (nm) R, b (nm) p =Rg/Ry, PDI Ry, (nm)
Empty polymersomes (Ps) 107 + 10 120+ 6 1.12 £ 0.12 0.19 93 + 26
CF-loaded polymersomes (CF-Ps) 103 + 11 115+6 1.12 +£0.13 0.23 90 + 24
Py-loaded polymersomes (Py-PS) 106 + 14 120+ 6 1.13 £ 0.16 0.20 77 £21
BTB-loaded polymersomes (BTB-Ps) 85+6 96 +5 1.13 £ 0.10 0.20 79+ 16
Empty polymersomes in the reaction mixture 103 + 10 112+ 6 1.09 £ 0.12 0.22 —
Empty polymersomes in TEMED solution 100 + 6 105+ 5 1.05 £ 0.08 0.19 —

“ Derived from DLS. ? Determined from SLS.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characterization of polymersomes. TEM micrograph of CF-loaded PDMS,s-b-PMOXA;o polymersomes (CF-Ps, scale bar: 500 nm) (A);
characterization of hydrogels and HPCs (B—D). Degree of swelling (DS) for PNIPAM-based hydrogels cross-linked with various amounts of PEGDA at
temperatures below and above the LCST (B); SEM micrograph of a lyophilized PNIPAM-based hydrogel with a content of 1 mol% cross-linker (scale
bar: 50 pm) (C); SEM micrograph of a lyophilized PNIPAM-based hydrogel, with a content of 1 mol% cross-linker and polymersomes incorporated

(scale bar: 50 um) (D).

metres, big enough to accommodate polymersomes of the
sizes presented above.

Embedding polymersomes in PNIPAM hydrogels

For further analysis, it is important to guarantee that the
process of embedding the polymersomes into the hydrogel
matrix is not by itself harmful to the polymersome integrity.
We used the addition of the surfactant Triton-X100, which is
known to disrupt the polymersome membrane,*® as a refer-
ence method to completely rupture the polymersomes
embedded in the hydrogel. To evaluate the stability of poly-
mersomes in the presence of a surfactant, the fluorescence of
aqueous dispersions of CF-loaded polymersomes (CF-Ps), with
CF encapsulated at a self-quenching concentration (20 mM),
was measured before and after the addition of Triton-X100
(Fig. S11, ESIf). The increase in the fluorescence intensity of
CF by approximately three times after the addition of the sur-
factant (0.05%, v/v, in the final mixture) indicates the rupture
of the polymersome membrane, leading to dilution of the pre-
viously-encapsulated CF. To prepare HPCs with physically
entrapped polymersomes, PNIPAM hydrogels with the 1 mol%
PEGDA cross-linker were synthesized in the presence of dye-
loaded polymersomes. The hydrogel composites entrapping
CF-loaded polymersomes (CF-Ps) are referred to as CF-HPCs.
The stability of CF-Ps entrapped in the hydrogel matrix was
assessed first by evaluating the concentration of CF extracted

14198 | Nanoscale, 2025, 17,14193-14205

from these composite hydrogels upon washing with excess
water and compared with that extracted from hydrogels loaded
with free CF only. For reasons of comparability, we used CF-
loaded polymersomes (CF-Ps) without purification from excess
free dye to maintain identical starting dye concentrations for
the hydrogels. In this way, both hydrogels had initially the
same amount of dye (100 pM CF) entrapped in their polymer
matrix (Fig. 3A). While this approach provided comparable
initial conditions, it resulted in close CF-release profiles for
both the free CF-containing hydrogel and the HPC-containing
CF-Ps and free CF, reaching a plateau after about 50 h. Even
though this approach makes the effect of encapsulation less
visible, a consistent 10-15% lower cumulative fluorescence
intensity was observed in the supernatant after washing the
HPC compared to the free CF-containing hydrogel during the
final stage of extraction. This difference indicates that a frac-
tion of the dye remained encapsulated within polymersomes
and did not leak out over time.

After reaching the plateau in cumulative fluorescence inten-
sity, the subsequent addition of Triton X-100 resulted in
further dye release from the HPCs, indicating the stability of
polymersomes and the presence of encapsulated CF that leaks
out only after the disruption of the polymersome membrane
(Fig. 3A). In addition, it is important to note that the overall
increase in fluorescence would remain limited, as the pene-
tration of Triton X-100 through the PNIPAM-based composite

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Release profiles of the free dye (CF) from hydrogels and HPCs embedding CF-loaded polymersomes and free CF (CF-Ps + free CF) at RT. The
inset represents a section from the dye release kinetics showing the changes in cumulative fluorescence upon the addition of Triton-X100 (A).
Cumulative fluorescence extracted from the CLSM time-lapse micrographs of a slice of CF-HPC at 25 °C upon the addition of surfactant. The
decrease in fluorescence intensity over time indicates the loss of the dye due to the rupture of the polymersome membrane (B). Dye release profile
from CF-HPCs at 25 °C (blue squares) and 40 °C (red squares), respectively (C). Fluorescence intensity of the aqueous phase collected after 24 h
washing of CF-HPCs at 25 °C and 40 °C. The fluorescence intensity (excitation at 495 nm, emission at 517 nm) was also measured before and after
the addition of Triton-X100 to the collected aqueous phase. The lack of change in fluorescence intensity after the addition of surfactant indicates

that no polymersome leaked out of the hydrogel (D).

matrix is a slow, diffusion-controlled process. Consequently,
only a small fraction of polymersomes would be reached and
eventually disrupted once the surfactant molecules enter the
hydrogel and interact with the vesicle membrane. To comp-
lement the analysis of polymersome stability in the HPCs, we
used CLSM. A slice of approximately 1 mm in thickness was
cut from the HPC and washed out to remove the free dye. A
series of CLSM micrographs was recorded (Fig. S12, ESIt) and
the change in fluorescence after the addition of Triton-X100
was recorded over time (Fig. 3B). In the CLSM micrographs,
the green fluorescence of encapsulated CF is localized and
corresponds to the polymersomes distributed within the
hydrogel. A time-lapse of CF-HPC showed that the fluorescence
originating from the encapsulated CF decreased from the
outside to the inside of the hydrogel within about 500 s after
the addition of Triton-X100 (0.05%, v/v) due to the diffusion of
dye out of the ruptured polymersomes (Fig. S12, ESI{). Both
fluorescence spectroscopy and CLSM indicate that polymer-
somes preserve their morphology by entrapment into a hydro-
gel network.

This journal is © The Royal Society of Chemistry 2025

CF-loaded HPCs as temperature-responsive platforms

We used a PNIPAM-based hydrogel as a temperature-sensitive
polymer matrix because it shrinks at temperatures above its
VPTT.

Thus, this allows to study whether it is possible to release
the encapsulated cargo upon breaking the polymersomes via
the mechanical stress generated by hydrogel shrinkage. CF was
used as the entrapped model compound to evaluate the
responsiveness of HPCs upon the temperature increase from
25 °C to 40 °C. First, the stability of polymersomes at the
selected temperatures was evaluated by measuring the fluo-
rescence intensity of the dispersions of CF-Ps after their
storage for 24 h at 25 °C or 40 °C, respectively (Fig. S11, ESIt).
No significant changes in fluorescence were observed for poly-
mersomes stored at these temperatures. The increase in fluo-
rescence after the addition of Triton-X100 (0.05%, v/v, in the
final mixture) originates from the dilution of CF encapsulated
in polymersomes at the self-quenching concentration, indicat-
ing that CF-Ps were stable at 40 °C. In a second step, HPCs
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were stored under the same conditions in Milli-Q water and
the fluorescence of the collected aqueous phase was measured
over time. When the HPC was stored at 25 °C, only a minor
change in fluorescence intensity was detected over 24 h
(Fig. 3C). However, this minor increase is not an indication of
significant dye leakage induced by the mechanical instability
of polymersomes. We consider this dye release to be influ-
enced by the mechanical deformation of HPCs during hand-
ling—such as during the repeated removal and replacement of
washing solutions—and which can induce shear stress on the
soft composite matrix. This stress may determine the rupture
of a small fraction of embedded polymersomes, leading to the
release of a minor fraction of the encapsulated dye. These
effects are localized and do not reflect a general loss of poly-
mersome integrity, consistent with the high stability reported
for PDMS-b-PMOXA polymersome systems.’*®! These polymer
nanocompartments exhibit high colloidal stability, retaining
their structural and functional integrity over extended periods
of time—up to six months—when stored at 4 °C or 37 °C,
without significant cargo leakage.®”®' In contrast, the CF
release observed in Fig. 3C upon heating (40 °C) is governed by
the rapid volume phase transition of the hydrogel above its
VPTT. The shrinkage of the whole hydrogel network generates
sufficient mechanical stress to rupture the membrane of a sig-
nificant number of polymersomes. This results in a tenfold
increase in fluorescence, indicating a more pronounced
release of the encapsulated reporting molecules (Fig. 3C). A
quantitative analysis of DLS scattering data of the aqueous
phase collected over time from the CF-HPCs stored at 40 °C
was not possible, due to the very low scattering count rate.
However, such a low count rate indicates the absence of self-
assembled nanostructures, i.e. polymersomes. In addition, the
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fluorescence intensity of the aqueous phase did not change
after the addition of Triton-X100, which also confirms that no
polymersomes were released from the matrix during the hydro-
gel collapse (Fig. 3D). The shrinkage of hydrogels entrapping
functional polymersomes is a promising strategy for inducing
triggered release of an encapsulated cargo upon exposure to
an adequate external stimulus. If the release is used to distri-
bute and spread a compound that can be easily detected, such
as a fluorescent dye, it can successfully be used as a tempera-
ture sensor in freight to indicate whether inappropriate temp-
erature conditions were reached.

Py-loaded HPCs as pH-responsive sensing devices

Py is a water-soluble pH-reporting fluorescent dye with an
emission maximum at 511 nm (4e = 460 nm at pH = 7). The
fluorescence of Py decreases below pH 7 and increases above
this value. The particular response around pH 7 renders Py
very interesting not only for sensing the intracellular pH,** but
also for detecting the small pH changes occurring in food pro-
ducts as a result of degradation. In a previous study, polymer-
somes encapsulating Py, which were immobilized on a solid
surface, were able to detect and respond to the pH of the outer
environment.’ To prepare HPC sensors with a high sensitivity
towards pH changes, we encapsulated Py in polymersomes (Py-
Ps), which were subsequently entrapped into the PNIPAM
hydrogel (Py-HPC). The pH-dependent fluorescence intensities
of free Py, Py-Ps, and Py-HPCs were evaluated to establish the
specific response towards pH changes (Fig. 4). By decreasing
the pH to 6.2, a decrease of fluorescence intensity at 511 nm
was observed for free Py (Fig. 4A).

The excitation spectra of Py-Ps aqueous dispersions, which
were purified from the excess of free dye, reveal a similar pH
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Fig. 4 Fluorescence excitation spectra of free Py in aqueous solutions with various pH values (emission wavelength 511 nm) (A); free Py in aqueous
solutions with DPX as the quenching agent, at pH 8 (B); aqueous dispersions of Py-Ps at various pH values in the absence (C) and the presence of
DPX (D); Py-HPCs measured in their hydrated and swollen form when placed between two glass slides and mounted into a specialized sample

holder, in the presence of DPX at various pH values (E).

14200 | Nanoscale, 2025, 17, 14193-14205

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05177g

Open Access Article. Published on 08 May 2025. Downloaded on 3/25/2026 7:00:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

dependence as the free dye, with the fluorescence intensity
decreasing from pH 8.0 to 6.2 (Fig. 4C). To exclude potential
residual fluorescence originating from traces of free dye, a cat-
ionic quenching agent, DPX, was added in excess. This
ensures that all free dye is fully quenched, whereas the dye
encapsulated in the polymersomes remains protected from
DPX and thus retains its fluorescence. The influence of the
quencher on the fluorescence of Py was evaluated on solutions
of free Py (Fig. 4B), dispersions of Py-Ps (Fig. 4D), and swollen
Py-HPCs (Fig. 4E). As the fluorescence spectra showed no
quenching effect of DPX on the encapsulated Py, the change in
fluorescence measured on the surface of Py-HPCs indicates the
successful response of our HPCs to pH changes in the external
environment. The decrease in fluorescence is the strongest
between pH 7 and pH 6.5, thus making the Py-Ps and Py-HPCs
more sensitive to changes occurring in this pH range.
Therefore, the Py-based systems would be highly sensitive to
food that undergoes slight acidification during spoilage.

BTB-loaded HPCs as optical sensors for the detection of
volatile amines

To facilitate the detection of food quality without the need for
specialized analytical equipment that detects fluorescence, the
HPCs were modified to provide a visible response. As volatile
amines produced by microorganisms represent a major indi-
cator of food spoilage, we specifically selected methylamine
(MA) as a model amine. MA was mainly chosen due to its easy
availability, relatively high vapour pressure compared to
amines with longer carbon chains, and its strong ability to
shift the local pH toward basic values. In addition, considering
the potential health risks associated with MA at ingested con-
centrations higher than 2.5 mM,%*! we investigated concen-
trations ranging from 1 pM to 12 mM which include this criti-
cal level. Although amines with more carbon atoms commonly
appear during food spoilage, MA serves as a model compound
to validate the underlying sensing mechanism.

We selected BTB as a pH-reporting dye, which has a pk, of
7.4 and changes its colour from yellow over green to blue when
the pH shifts from acidic to basic.®® BTB was encapsulated in
polymersomes (BTB-Ps), which were entrapped into the hydro-
gel network (BTB-HPC). Then, we evaluated the pH-dependent
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absorbance of free BTB (Fig. 5A) and the potential of BTB-Ps to
detect the presence of volatile amines that can turn the pH of
food to slightly basic (Fig. 5C and Fig. S13B, ESIt). An increase
in colour intensity was evident for free BTB when MA concen-
tration increased from 0.12 mM to 12 mM (Fig. S13A, ESIf).
The dye encapsulated in BTB-Ps revealed a similar concen-
tration dependence, since a transition from yellow to blue was
observed when MA concentration was increased in the same
concentration range (Fig. S13B, ESIf). The strongest shift in
BTB absorbance was observed between 100 pM and 1 mM of
MA (Fig. 5B and C), which makes the concentration of 1 mM
the lowest limit for visual detection of MA. By increasing the
amine concentration, a colour shift to darker blue was visible
with the naked eye. This colour shift is correlated with the pro-
tonation equilibrium of BTB. For free BTB in aqueous solu-
tion, the maximum absorption was reached at 1 mM MA and
did not change with further increase of amine concentration
(Fig. 5B), indicating that the equilibrium was completely
shifted towards the deprotonated form. We then tested the
response of the dispersions of BTB-Ps to various concen-
trations of MA (Fig. 5C).

The dispersions of BTB-Ps showed a similar limit for the
visual detection of MA (about 1 mM), but a slightly different
behaviour was observed when the concentration was varied
from 1 mM to 10 mM, where a further increase in absorption
was visible for BTB-Ps but not for free BTB. This particular
difference can be associated with the hindered access of
amine molecules or hydroxide ions to the encapsulated BTB
molecules. This is dependent on the diffusion of hydroxide
ions or protonated amines through the hydrophobic PDMS
domain of the polymersome membrane. To prepare HPCs
sensing the presence of MA, we entrapped the BTB-Ps into the
hydrogel during its synthesis. BTB-HPCs behaved in a similar
manner, changing their colour in the presence of MA, which
makes our composites promising in the detection of food spoi-
lage. It should be noted that while our hydrogel-based sensor
does not specifically differentiate between different amines, it
reliably detects local pH changes caused by the dissolution of
amine vapours in the aqueous environment of the hydrogel
and protonation. The subsequent protonation equilibrium
generates hydroxide ions, which diffuse through the polymer-
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Fig. 5 UV-Vis absorption spectra of free BTB (5 uM) in 10 mM phosphate buffer of different pH values (pH 6.2—-8.0) (A) and at various concen-
trations of MA (1 uM-10 mM) (B); UV-Vis absorption spectra of dispersions of BTB-Ps in the presence of various concentrations of MA (1 pM—

10 mM) (C).
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some membrane, interacting with the encapsulated pH-signal-
ling molecules to trigger a visible response. Future studies will
extend the evaluation of these sensors towards other spoilage-
associated amines.

Dual functionality of reporting molecule-loaded HPCs

The contact between the sensor and analyte can be achieved
with either the liquid phase containing the analyte or its
vapours if the analyte is sufficiently volatile. The sensitivity of
BTB-HPCs towards the presence of volatile amines was
further evaluated using a set-up where no direct contact
between methylamine and the sensing HPCs was allowed
(Fig. 6). A small piece of wet pH-indicator paper was also
placed into the glass chamber as a reference for reporting the
pH changes in solution due to the presence of the amine. As
expected, the pH-indicator paper started to change its colour
already after 5 min of exposure and became completely blue
after 1 h. The BTB-HPCs needed a longer time to shift their
colour, a slight change from yellow to green occurring after
about 1 h, whereas after 3 h a darker green-blue colour was
clearly visible.

Since BTB-HPCs do not respond specifically to amine itself
but rather detect local pH changes arising from amine dis-
solution and subsequent protonation, their response to MA is
controlled by the diffusion of amine molecules through the
hydrogel matrix and the transport across the polymersome
membrane; therefore, a slower response is expected for the
BTB-HPCs compared to the pH-indicator paper. The slightly
delayed response when using BTB-HPCs has the advantage of
preventing the leakage of the encapsulated dye, while the pH
paper already lost some of its dye after 5 min of contact with
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the liquid. Thus, any variation in the environmental pH—
whether acidic or basic—will influence the sensor response.
Therefore, our BTB-HPC system provides a general pH-based
signal rather than an amine-specific response. A further
benefit of using BTB-HPCs over the pH-indicator paper was
evident when the set-up was left in the open air for 5 days,
until complete drying. The pH-indicator paper lost its colour,
whereas the HPC maintained its light green colour even after
drying (Fig. S14, ESIt).

This indicates that the hydrogel network entrapping
BTB-loaded polymersomes experiences a lower rate of water
loss during drying and thus allows for the preservation of
BTB functionality. Therefore, the simple contact of
BTB-HPCs with amine vapours is enough to generate an
optical signal when amines are formed as a result of food
degradation.

To assess whether the pH-sensing capability of BTB-HPC
remains unaffected after exposure to elevated temperatures
and to evaluate the potential leakage of reporting molecules
due to hydrogel shrinkage, a BTB-HPC was heated in water at
40 °C for 2 h. Then, its ability to detect MA was investigated
(Fig. S14, ESIt). This was again performed using the set-up
presented in Fig. 6, and the heated BTB-HPC showed a colour
response in the presence of MA vapours. A clear change in
colour became visible after 3 h, which is still within a reason-
able time frame. In this way, the HPCs can function as a plat-
form to provide both temperature-induced dye release and pH-
dependent response in the form of fluorescence or a signal
visible with the naked eye. Despite their softness, the hydro-
gel-polymersome composites (HPCs) exhibit good mechanical
stability when fully hydrated, with their dual functionality

Fig. 6 The BTB-HPC response to the presence of an amine at 40 °C in Milli-Q water for 2 h. The top left reservoir contains 200 pL of aqueous solu-
tion of 12 mM methylamine, while the top right reservoirs have small pieces of the pH indicator paper in Milli-Q water. The optical images were
taken at the following time points, from left to right: t = 0 min, 5 min, 30 min, 60 min, 180 min, 240 min, and 300 min. Illustration of the setup used

to detect the presence of amine at t = 0 min (bottom right, last image).
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being preserved as long as the hydration is maintained. By
combining nanoscale polymersomes with a macroscopic,
stimuli-responsive hydrogel matrix, our study presents a novel
hybrid sensing platform. Integrated within food packaging as
small sachets or pads protected by a thin, semipermeable
barrier, HPC-based sensors can effectively detect spoilage-
related changes. This approach offers a straightforward and
reliable step forward in the application of nanostructured
materials for real-time, visible monitoring of food freshness
and storage conditions, advancing the development of smart
packaging technologies.

Conclusions

By embedding polymersomes loaded with reporting molecules
within hydrogels, we successfully created multifunctional
HPCs endowed with a temperature-controlled release function,
and the capacity to sense small pH changes and visualise the
presence of amines, such as those originating from food spoi-
lage. The ability of PDMS-b-PMOXA amphiphilic diblock copo-
lymers to encapsulate hydrophilic reporting molecules into
their lumen was used as a straightforward approach for gener-
ating pH-reporting polymersomes. The entrapment of dye-
loaded polymersomes into PNIPAM hydrogels during their syn-
thesis serves not only as a facile pathway to develop stable
spatially segregated self-assembled nanostructures with loca-
lized functionality, but also as a temperature-responsive
polymer network for the stimuli-triggered breakage of poly-
mersomes and release of the encapsulated cargo. The immo-
bilization of polymersomes within the hydrogel matrix pre-
serves their morphology and prevents undesired leakage and
contamination of the environment. Carboxyfluorescein-HPCs,
when exposed to temperatures above 40 °C, showed a tenfold
increase in fluorescence over 24 h compared to carboxyfluores-
cein-HPCs stored at 25 °C, for which only a very small change
in fluorescence was detected during the same time.
Furthermore, HPCs encapsulating pyranine were able to detect
small pH changes ranging from 6.2 to 8.0, a pH domain suit-
able for the detection of food spoilage-related analytes. In
addition, HPCs loaded with bromothymol blue exhibited a
visible colour change from yellow to blue in the presence of
1 mM methylamine, which is 2.5 times lower than the concen-
tration accepted as dangerous for the human body. The combi-
nation of pH-reporting polymersomes with temperature-
responsive hydrogels results in a versatile chemical sensor for
the detection of pH changes caused, for example, by the pres-
ence of volatile amines from spoiled food products.
Furthermore, our platform enables the release of an encapsu-
lated cargo by exposure to spoilage-related temperatures, when
the aim is to detect the occurrence of unsuitable temperatures
in the logistics chain with consequences on food quality.
Therefore, our HPC system opens new avenues for multifunc-
tional sensing and/or release devices for a broad range of
applications including food quality, biomedicine or environ-
mental science.

This journal is © The Royal Society of Chemistry 2025
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