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Lipid-Hybrid Multicompartment Membrane Systems for
Controlled, Compartmentalized Encapsulant Release

Tsuyoshi Inaba, Richard | Archer,* David A Gregory, and Shin-ichiro M Nomura*

Multicellular structures are a common feature in biological organisms,
conferring structural advantages including protection of internal content and
spatiotemporal organization through defined spatial arrangements. Here a
morphologically analogous lipid-hybrid multi-compartmental (LHMC)
material produced within seconds on a milliliter scale by use of lipid and
hydrophobic surfactant-rich oils referred to as “lipid-inks” is shown. This
method encapsulates aqueous solutions at up to 94% of the total volume, into
densely packed micro-compartments (20-200 pm) delineated by a continuous
thin hydrophobic membrane. These LHMCs can be encased in hydrogel
matrices for structural support and ease of handling. Controlled
compartmentalized release of encapsulated content is demonstrated by
triggered membrane solubilization from the introduction of hydrophilic
surfactants to the external solution at or above their critical micellization
concentration (CMC). Environmental ionic strength-dependent release rates
are also demonstrated in the case of anionic sodium dodecyl sulfate (SDS).
Notably, internal micro-compartments maintain content separation, enabling
stable spatial patterning leading to controlled temporal release when
directionally exposed to solubilizing agents. This micro-compartmentalized
system, with its capacity for spatially and temporally regulated release and

1. Introduction

Lipid bi-layer membranes form the es-
sential structures of biological cells which
encapsulate and protect the functional
chemicals and processes within from
dissipation and external environmental
stressors.['-*] These membranes are pri-
marily formed by ambiphilic phospho-
lipid biomolecules through simple hy-
drophobic forces, their thin layer mor-
phologies with viscoelastic properties
make them ideal as dynamic delineat-
ing structures.** Due to the natural ten-
dency of phospholipids to self-assemble
into enveloping structures in aqueous
environments, extracted lipids can also
form useful structures in vitro such as li-
posomes, which can be used for a wide
variety of applications such as struc-
tural artificial cell models, delineated
chemical reactions and biomimetic soft
robots.[” 1] Liposomes, which can enve-

environmentally tunable rates, holds potential for advances in programmed
delivery and responsive release of multiple bioactive agents in medical

applications.
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lope hydrophilic chemicals, can also be
used as drug delivery vectors to increase
cellular uptake and bypass biological bar-
riers due to their biocompatibility.[12-14]
A key feature of complex life is the
multicellular structure which serves a
number of important functions, such
as  separation of function and optimization of
microenvironments.['>1¢]  Importantly, ~ compartmentaliza-
tion also adds a spatial order to structures which is essential
for temporal control and systematic processes, such as brain
and nerve functions.'”®] The lipid-based membrane com-
partmentalization could also be used in bio-inspired synthetic
materials to control the spatial ordering and conferring tem-
poral control.l’*] In the field of drug delivery the ability
to control release triggers and release rates can improve ef-
ficacy and utility. Spatial patterning of delivery devices can
prove simple and effective mechanism for control over drug
delivery.[?*] For example, polypills can spatially arrange several
medications within one capsule, with release orders and rates
dependent on the initial spatial patterning.[-*°! Hydrogels and
patch-like transmembrane delivery systems can demonstrate
a matrix-assisted release with a passive or active release such
as thermo-responsive, electro-responsive, or piezo-responsive
release triggers, 3933 however, due to the reliance on a continu-
ous diffusible matrix, spatial separation and temporal control of
release remains challenging.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Recently, we have developed a bio-inspired thin-layer mul-
ticompartmental structure from a combination of hydropho-
bic surfactants and naturally derived phospholipids, which
display.['*3* The lipid-hybrid material enables microcompart-
mentalization of aqueous contents, however, we note here that
the LHMC system is chemically and functionally distinct from
biological cells and pure lipid-prepared vesicles.

The 2D multicompartment structure was built to centimeter
scales on a water-air interface, comprised of microscale lipid-
hybrid compartments self-assembled by hydrophobic forces. The
compartments could be physically arranged by simple pipet-
ting and the ordering persisted over time without mixing of in-
ternal contents, giving user-directed spatial designs. Since the
original report the fabrication procedure has been updated with
dramatic improvements in efficiency, scale of production, and
ease of synthesis. Here we show a proof of concept for lipid-
hybrid membrane-based micro-compartmentalization based on
the previously reported multicompartmental material, with up-
dated methodology. In this report, we explore the application of
these lipid-hybrid membranes as an efficient encapsulating ma-
terial with facile user-directed spatial patterning which can lead
to temporal control of release after membrane destruction. These
synthetic lipid-hybrid membranes can be structurally reinforced
by an agarose extracellular matrix which allows for easy handling.
Using membrane solubilization techniques, the release of encap-
sulated content is found to occur on a sequential compartment
by compartment basis in order of exposure to the environment.
Membrane solubilization by the common surfactant sodium do-
decyl sulfate (SDS), is found to be dependent on both surfactant
concentrations and concentration of ionic species in the environ-
ment, giving a possible route to environmental and physiologi-
cally relevant triggers of release.

2. Results and Discussion

2.1. LHMC Formation by Lipid-Inks

LHMC formation was achieved by vortexing the desired aque-
ous solutions with lipid-inks as described in method section.
For demonstrations of scale and determination of morphology,
milliliter volumes of LHMC were prepared using hydrophilic cal-
cein green and hydrophobic Nile red fluorescent dyes to image
the encapsulated aqueous phase and the lipid-hybrid hydropho-
bic phase respectively. After vortexing the lipid-ink (12% unless
otherwise stated) and the aqueous calcein green (88% unless oth-
erwise stated) together for 10 s, the solution changed from two
transparent immiscible liquids to a single homogenized solution
with a cloudy appearance. We note here that while 12% lipid-ink
was used in the following experiments, LHMC formation could
be achieved with as little as 5% lipid-ink could be achieved by
gradual addition of the aqueous phase. 1 mL of calcein green en-
capsulated LHMC was pipetted underwater directly onto a sub-
merged glass slide in a petri dish. By manual manipulation, the
LHMC could be patterned or covered over the glass slide in a
thin layer-like painting (Figure 1a). During deposition, no break-
age of the structure was visibly observed and the structure ap-
peared stable over several weeks at room temperature. Morphol-
ogy of the LHMC was determined by confocal microscopy, reveal-
ing the material was comprised of aqueous micro-compartments
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Figure 1. (a) LHMC, 88% aqueous calcein green fluorescent dye (100
uM), 12% hexadecane with POPC (6.5 mM) and SPAN 80 (2%), pipet-
ted onto a glass slide (32 X 22 mm) underwater. (b) Confocal microscopy
of LHMC, left: hydrophilic calcein green dye (Ex 494 nm) and right: hy-
drophobic Nile red dye (Ex 559 nm) with average compartment diameters
and volumes of 82 um (+ 66 um) and 1.4 x 107 L (+ 3.3 x 107 L)
respectively.

from 20 to 200 pm in diameter surrounded by hydrophobic thin
layer (Figure 1D, i and ii), No fusion or breakage of the micro-
compartments was observed during microscopic analysis under
standard conditions. The structures reported here have identical
morphology to our previous reports on formation from lipid sta-
bilized droplet coalescence from volatile 0ils."*3* The lipid-ink
method could easily prepare over 8 mL of LHMC per 1 mL of
lipid-based oil used against the 70 pL of LHMC produced per
1 mL of oil for the droplet coalescence. Furthermore, without
the necessity for volatile oil evaporation which the coalescence
method requires, the lipid-ink method can use non-volatile oil
such as the hexadecane used in the present study and does not re-
quire a water-air interface for assembly. The lipid-ink procedure
therefore offers vastly enhanced efficiency of formation and more
convenient application as it is already fully formed after vortexing
and can be more easily manually manipulated.

2.2. Encapsulant Release

To investigate membrane solubilization and subsequent encap-
sulant release by surfactant, LHMC (200 pL) containing Al-
lura Red (AR) dye (1 mg mL™') was encased in agarose (2%)
as described in the methods section (LHMC-agarose) and sub-
merged in aqueous solutions containing various concentrations
of sodium dodecylsulfate (SDS, 0.0-10.0 mwm). Release of the en-
capsulated AR dye was monitored at 12-hour intervals by UV-
vis spectroscopy on samples of the external aqueous solution.
Figure 2a shows AR concentration in the outer aqueous solution
as a function of time against SDS concentration. With LHMC-
agarose in only DI-H,O (SDS 0.0 mwm) no significant concentra-
tions of AR were measured after 72 h. Even after a significantly

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. (a) Allura Red release from LHMC-agarose when the external solution is SDS in DI-H,O. (b) Allura Red release from agarose with no LHMC
and only DI-H, O external solution. (c) Allura Red release from LHMC-agarose with an external solution of 10 mm SDS at different temperatures with
12% membrane lipid-ink and different percentages of membrane forming lipid-ink added at room temperature. d) Release rate of encapsulants from

LHMCs using different surfactants at 10 mm.

longer time scale of 6 months, the LHMC retained their encap-
sulated dyes and AR could not be detected in the outer solution.
When SDS was introduced in low concentration, up to 2 mm,
no significant AR concentration was detected in the outer solu-
tion after 72 h and the LHMC structure within the agarose was
visibly unchanged. At 4 mm SDS however, ~13% of total encap-
sulated AR was detected in the outer solution from 12 h and this
steadily increased up to 35% at 60 h after which the release of
AR seemed to plateau, with no further change even beyond 72 h,
this may indicate an increase in permeability of the membrane
exposed to the external solution without destruction. At 10 mm
SDS, ~33% of AR is released within the first 12 h and steadily
increases to ~100% after 72 h. These experiments showed that
LHMC-agarose is naturally stable in aqueous environments but
that a surfactant (SDS) can destabilize the membrane when the
concentration is near the CMC and solubilize the membrane at
or above the CMC point as has been reported elsewhere.3’]

For comparison, Allura Red (1 mg mL™!) without LHMC en-
capsulation was added to the agarose holders using the same
procedure but without applying the lipid-inks (Figure 2b). The
AR-agarose systems were placed in external solutions of DI-H,0O
(Figure 3b). Measurements on the external solutions were taken
every 30 m. In DI-H,O only without any surfactant, AR was
nearly all released into the environment within 6 h, these results
demonstrate that agarose did not measurably retain AR. Signifi-
cantly, the rate of release of AR from agarose without surfactant
was significantly faster than even the highest release rates from
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LHMC-agarose devices, with an approximate 95% release at 6 h
for AR in agarose versus 72 h at 10 mm SDS for LHMC-agarose.
These results indicate that while agarose plays some role in rate
of release, it is not the rate-limiting factor.

To investigate the influence of temperature on membrane
solubilization and release of encapsulants, LHMC-agarose sub-
merged in SDS (10 mm) were kept at 5, 24, and 35 °C. The
AR release after 24 h showed no significant difference between
the temperature ranges. Within practical temperature ranges,
the LHMC membrane solubilization is not susceptible to dif-
ferences in temperatures (Figure 2c). The influence of mem-
brane thickness was also assessed by changing the ratio between
the lipid-oil phase and the aqueous, 6:94, 12:88, and 24:76 re-
spectively. LHMC-agarose with different lipid phase ratios were
again added to solutions of SDS (10 mwm) at room tempera-
ture, and their release percentage after 24 h were compared.
Lipid-oil phase ratios had little to no influence on the release
rate (Figure 2c). The influence of the surfactant type was in-
vestigated by submerging LHMC-agarose containing dye (AR,
1 mg mL™" unless otherwise stated) into different surfactants
with a set concentration of 10 mm and the release rate was
monitored over 24 h (48 h for Brij 58 due to slow release)
(Figure 2d). Cationic Cetyltrimethylammonium bromide (CTAB)
was monitored through releasing encapsulated methylene blue
dye (MB, 0.4 mg mL™!) due to interactions between AR and
CTAB causing insoluble precipitates. The release rate between
anionic SDS and cationic CTAB was almost identical at 1.98%

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. (a) Allura Red release from LHMC-agarose when an external solution is SDS in PBS. (b) Allura Red release from agarose with no LHMC
and only PBS external solution. (c) Allura Red release from LHMC-agarose with an external solution of 2 mm SDS at different concentrations of NaCl,
overlayed with surface tension. (d) Allura Red release from LHMC-agarose with an external solution of Tween 20 at 0.01 mm (square), 1.0 mwm (triangle),

or 10.0 mm (diamond) in either DI-H,O (blue) or PBS (red).

per hour each, suggesting that the charge of the surfactant was
not influential to the membrane solubilization. Tween 20, Triton
X-100, and Brij 58 were selected as representatives for non-ionic
surfactants. Tween 20 and Triton X-100 showed similar release
rates at 2.83% per hour and 2.95% per hour respectively, ~40%
faster than the ionic SDS and CTAB surfactants. Brij 58 however,
although also a non-ionic surfactant demonstrated a far slower
release of ~#0.43% per hour. These results show that the choice of
surfactants can influence the release rate.

2.3. Membrane Solubilization Mechanism

Membrane solubilization by SDS experiments was repeated with
the introduction of a phosphate-buffered saline (PBS, 155.1 mm
Nacl, 2.96 mm Na,HPO,, 1.06 mm KH,PO,) solution to inves-
tigate the effect of high ionic strength solutions and physiologi-
cal conditions on membrane solubilization by SDS (Figure 3a).
When submerged in a PBS solution but no addition of SDS (SDS
0 mwm), the LHMC structure remains intact and no detectable AR
is measured in the outer solution over 72 h or even after several
weeks as observed by eye. We infer from this that ionic buffers
themselves have no detrimental effect on the LHMC lipid-hybrid
membranes. Interestingly, however, with the addition of SDS in
the presence of PBS solution, the release of AR from the LHMC
structure occurs with much lower concentrations of SDS. With
as little as 0.5 mm SDS in PBS solution, a steady release of %10
—15% of AR being released per 12 h for up to 72 h. 1 mm SDS

Adv. Mater. Interfaces 2025, 2400959 2400959 (4 of 9)

in PBS solution showed a dramatic rate increase of ~30% of AR
releases for the first 36 h and a slower release thereafter. From 2
to 10 mm SDS in PBS solution the release pattern is almost indis-
tinguishable, seemingly representing the fastest possible rate of
LHMC membrane solubilization by SDS given the other exper-
imental parameters (room temperature, surface area to volume
ratio), with ~45-50% of AR released in the first 12 h, 75— 80% of
AR released by 24 h and a gradual release up to 100% AR release
by 72 h. From these experiments, we show high ionic strength
saline solutions have a significant effect on membrane solubi-
lization and release of encapsulated contents in the presence of
SDS anionic surfactant. This effect is suspected to be due to the
high salt concentration causing electrostatic screening effects on
the ionic molecules (SDS, POPC), reducing electrostatic repul-
sion and changing the CMC value of SDS.I*®) The PBS buffer
had no effect on the agarose casing or diffusion through agarose
as shown by the rate of release of AR without LHMC encapsu-
lation (Figure 3b), which showed no significant difference than
release from DI-H,O. The effect of solution ionic strength on
dissolved charged molecules is well documented, including, in-
creased electrostatic screening (lowering repulsive and attractive
ionic associations), changing solubility, and lowering the CMC
point for surfactants.[*”38! In the case of SDS and LHMC mem-
branes, both the surfactant and the phospholipids are charged
molecules, therefore the exact effect of the high ionic strength
PBS solution on membrane solubilization by SDS is unknown as
the lipid-hybrid membrane, the surfactant CMC and surfactant-
membrane electrostatic interactions are likely all affected.
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To clarify the relationship between ionic strength and SDS-based
solubilization of the LHMC membranes, AR release rate ex-
periments were conducted against a range of concentrations of
the monovalent salt sodium chloride (Figure 3c). LHMC-agarose
(200 pL, 2 wt.% agarose) with encapsulated AR (1 mg mL™!) was
exposed to solutions of 2 mwm SDS at 10, 25, 40, 50, and 100 mm
NaCl. The rate of release of AR was found by determining the gra-
dient of AR release between 12 and 36 h, where the AR release is
approximately linear. With 10 mm NaCl, no significant release of
AR was observed over the course of the experiment. Increasing
the NaCl concentration to 25 mm showed a dramatic increase in
the release rate of AR to ~1.4% per hour, at 40 and 50 mwm this
further increased to 2.3% and 2.6% per hour respectively, after
which the release rate no longer increased with increasing NaCl
concentration. The maximal release rate at 50 mm NaCl aligns
with the reported CMC point of 2 mm SDS at 50 mm NaCL[3!
From our own experimental measurements of the surface ten-
sion by employing the Du Noily method, the surface tension of
2 mm SDS rapidly decreases with the addition of 10 mm NaCl
and begins to plateau at 25 mm NaCl, suggesting that this is at
least may be the onset of micelle formation. The presence of mi-
celles at 2 mm SDS and salt concentrations between up to 100 mm
was further investigated by dynamic light scattering (DLS), from
which a light scattering signal was detected from 40 mm NaCl at
1 nm, and progressively grew in size to ~5 nm at 100 mm NaCl,
which matched the DLS peak for 10 mm SDS in DI-H, O (Figure
S1, Supporting Information). From these results, the onset of mi-
cellization of SDS as measured by Du Notiy surface tension mea-
surements appeared to match with the onset of membrane break-
down and release of encapsulants, and the growth of micelles into
well-defined structures as determined by DLS matched with the
plateau in release rate.

To investigate the effect of high ionic strength solutions on the
LHMC lipid membrane itself, the SDS surfactant was changed
for the non-ionic surfactant Tween 20 (CMC = 0.06 mwm), thereby
reducing the ionic molecules to only the salt and the zwitteri-
onic POPC phospholipids. LHMC-agarose (200 pL encapsulated
in 2% agarose) containing AR (1 mg mL™") was exposed to solu-
tions containing Tween 20 at 0.01, 1, and 10 mwm (below, above,
and far exceeding the CMC respectively) either in H,O or a PBS
solution (Figure 3d). Again, the AR value is taken as the total
amount of AR derived from the concentration measured from
UV-vis spectroscopy and known total volume. Figure 3d shows
that for LHMC-agarose in 0.01 mm Tween 20, no significant of
ARisrecorded over 72 h. For 1 mwm a steady release of #20% every
12 h is recorded and for 10 mwm a rapid release of ~#40% per 12 h
is measured for the first 24 h followed by a slower release rate to a
full release sometime between 36 h to 72 h. Notably these trends
are indistinguishable between samples in DI-H,O or PBS solu-
tions. From these results, we infer that the high ionic solutions
have no detrimental effect on the membrane’s stability and that
solubilization is entirely dependent on the surfactant and specif-
ically on the formation of surfactant micelles.

2.4. Physical Mechanism of Release
Unlike biological multicellular tissues which are interconnected

discrete membranes, The LHMC system contains discrete in-
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ternal sections with continuous phase outer membrane. As the
surfactant molecules are not thought to pass through the mem-
branes then compartment destruction and release would occur
in order of exposure to the environment (Figure 4a). Fluores-
cence microscopy was used to observe and investigate the physi-
cal breaking mechanism of a multicellular system with a contin-
uous membrane. Microscopy observations were conducted with
fluorescent calcein and Nile red LHMC on glass slides under
water. Submerged calcein-LHMC under water when exposed to
Tween 20 (10 mwm) confirmed the release of encapsulated con-
tent occurs by individual compartment breakage with the edges
of the structures, with the highest exposure to the external so-
lution was observed to break first, releasing the encapsulated
dye (Figure 4b). While individual compartments were observed
to break within fractions of a second, major deterioration of the
overall lipid structure was observed to occur over much longer
time scales from s to m for major structural changes (Figure 4c).
We hypothesize that surfactants can insert into the exposed mem-
brane section until they reach an environmentally influenced
critical concentration to form a micelle which can solubilize the
membrane.

2.5. Spatial to Temporal Release

Exploiting the spatially restricted release of LHMC encapsulants
through directional membrane solubilization can result in tem-
poral release patterns. Two LHMC solutions containing either AR
or methylene blue (MB) could be pipetted into separated layers
without mixing of their internal contents. When these pattered
layers were made inside impermeable walls with only one side ex-
posed, the release of the encapsulants by a compartment by com-
partment destruction would be expected to be determined by the
order of the exposed interfaces resulting in sequential release of
content over time (Figure 5a). For convenience, centrifuge tubes
(0.5 mL) were used as holders for the layered LHMC systems due
to their impermeable plastic walls which were also not affected
by the LHMC, and had an open top for directional exposure. Due
to the conical shape of the centrifuge tube, the surface area to vol-
ume ratio would not be consistent throughout the tube so agarose
(2%) was first added to the bottom conical section of the tube.
MB-LHMC (200 uL, MB at 0.25 mg mL~!) was layered on top
of the solidified agarose after which AR-LHMC (200 pL, AR at
1 mg mL™") was layered on top of the MB-LHMC. Finally, the
tube was sealed with further agarose (2%) to prevent the LHMC
from leaving the tube while providing a porous matrix for dye and
surfactants to pass through. The striped MB-LHMC/AR-LHMC
was added to a solution of Tween 20 (30 mwm). The result was a
sequential release of encapsulants, with AR-LHMC at the closest
point to the external environment, AR was released first. Visually
the degradation of the LHMC’s structure could be observed over
time as the layers got gradually smaller over 8 days (Figure 5b).
The Single entry point resulted in far slower release of the en-
capsulants due to the significantly reduced exposed surface area
to volume ratio. After the first 2 days, the AR-LHMC layer had
almost completely gone but the MB-LHMC layer remained un-
changed (Figure 5b, day 2), though the MB-LHMC layer started
gradually rescuing after this time until its complete destruction
and release on day 8. Quantitively, the external solution was
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Figure 4. (a) Schematic for LHMC with encapsulated green dye with surfactant concentrations below the CMC and the membrane intact (left) or above
the CMC and the membrane being solubilized and compartment release (right). (b) Fluorescence micrographs of LHMC encapsulated aqueous phase,
showing a single compartment breaking over 0.6 s, white arrow highlights specific compartment. (c) Fluorescence micrographs of LHMC hydrophobic
membrane breaking down over 15 s, white arrows highlight deteriorating sections.
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Figure 5. (a) Schematic showing progressive directional membrane solubilization by surfactant micelles leading to pre-determined stages of release,
(b) experimental photographs from 0 to 8 days showing progressive release from layered LHMCs, (c) percentage release of AR (red) and MB (blue) from
layered LHMCs over 8 days.
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measured for release every 12 h for both AR and MB, confirming
that as predicted, the initial release was only AR, with MB not be-
ing detected in the external solution until after day 2 (Figure 5c¢).
After 48 h, ~#65% of AR had been released but no MB was de-
tected in the external solution. MB would first be detected in the
external solution at 72 h by which point the AR had released over
80% of the total amount. Despite the attempt to keep the sur-
face area to volume ratio equal between the two segments, the
release rate for AR-LHMC was higher than the release rate for
MB-LHMC at 1.15% per hour against 0.75% per hour respec-
tively. We speculate that this may be caused by a slight thick-
ening of the membrane due to molecular rearrangement after
compartment breaking, though we could not directly observe this
by fluorescence microscopy. We note that while the presence of
AR has a concentration-dependent attenuating effect on MB ab-
sorption at 668 nm, the MB is only detected when AR has al-
most fully been released. For this reason, we assume a linear re-
lationship between MB concentration and absorbance (Figure S2,
Supporting Information).

3. Conclusion

Here we have demonstrated the use of “lipid-inks” with me-
chanical agitation for the formation of lipid-hybrid micro-
compartmentalized (LHMC) systems for efficient encapsulation
of aqueous solutions. LHMC systems show high stability in aque-
ous environments over 6 months of observation and do not re-
lease their internal content without external triggers. Release of
the encapsulated material can be triggered by membrane solu-
bilization using common commercial surfactants used in food
and cosmetic industries, such as sodium dodecyl sulfate (SDS)
and Tween 20. Using SDS, an anionic surfactant, the release of
the content was also found to be highly dependent on the ionic
strength of the solution, due to the change in critical micelliza-
tion concentration (CMC) point of the SDS. The release of the
contents of LHMC-agarose devices in the presence of even high
concentrations of surfactant was found to be dramatically slower
than unencapsulated dye’s simple diffusion through an agarose
matrix. This rate of release difference indicates that the mem-
brane destruction is the rate-limiting step in release. Release of
the contents from the LHMC material was observed to occur
from compartment by compartment bursting, but only when the
membrane is directly in contact with solutions containing surfac-
tant near or above the CMC. Due to the microcellular structure,
the release of internal content from the LHMC is not continu-
ous but in fact, microliter bursts from a tightly packed array of
microcapsules as the membrane breaks in sections. This com-
partmentalized release and requirement for direct contact with
surfactants allow for temporal control of release by spatial pat-
terning and directional exposure with solubilizing solutions. The
spatial arrangement of LHMC was shown to result in temporally
controlled release by limiting the area exposed to solubilizing so-
lutions, resulting in a sequential release pattern in the order of
days. We believe that the environmental ionic strength depen-
dency for release, coupled with the rate limiting and spatial pat-
terning of the LHMC systems may have potential use in applica-
tions such as transdermal patches for delivery of polydrugs with
pre-programmed release schedules. This could offer several ben-
efits including variable release rates dependent on perspiration,
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combining drugs co-interacting drugs and patches which need
less frequent user replacement for convenience. Future work will
aim to develop this material into more practical devices.

4. Experimental Section

Materials:  Ethanol (99.5%), chloroform (99%), Alizarin Red, and
methylene blue were purchased from FUJIFILM Wako Pure Chemical Cor-
poration, Inc., Japan. Hexadecane (97%), Sodium dodecyl sulfate SDS
(98%), Tween20, sodium chloride (99.5%), and Nile Red were purchased
from Wako Pure Chemical Industries, Ltd., Japan. 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) was purchased from Nippon Oil & Fats
Co., Japan. Sorbitan Monooleate (Span80) was purchased from Tokyo
Chemical Industry Co., Japan. Calcein fluorescent green dye was pur-
chased from DOJINDO LABORATORIES, Inc., Japan. Phosphate-buffered
saline (PBS) was purchased from Thermo Fisher Scientific Inc., the United
States. The 3D printing UV-sensitive resin (Basic UV wavelength 405 nm)
was purchased from ANYCUBIC, Inc., China. Hexadecyltrimethylammo-
nium bromide (CTAB) and Brij 58 were bought from Sigma-Aldrich, USA.
Triton X-100 was bought from MP Biomedicals, USA.

LHMC Formation: LHMCs were formed by applying a “lipid-ink” com-
prised of lipid Span 80 (2 vol%), POPC (6.5 mm), Nile red (0.16 mm) in
hexadecane chloroform and ethanol (75%, 20%, and 5%, respectively).
The lipid-inks were pipetted directly onto the desired aqueous solution at
12% to 88% respectively, and vortexed for 10-15 s (Figure 6a).

Hydrogel Casing:  Agarose casings for the LHMC were formed by use
of a custom 3D printed mold to help form a hollow hydrogel structure
that could hold LHMC (Figure 6b i,c: left). The 3D mold was assembled
to form the inverted shape of the desired final form and hot liquid agarose
(2 wt.%) was poured into the mold and allowed to cool at 4 °C for 10 m to
solidify (Figure 6b ii). The 3D-printed mold was subsequently disassem-
bled and the agarose casing was gently removed from the mold (Figure 6b
iii,c: middle) enabling the desired LHMC volume to be pipetted into the
agarose cavity (Figure 6b iv). Finally, the device was sealed by pipetting
further hot liquid agarose (2 wt.%) to fill the cavity and again cooling at
4 °C for 10 m to solidify (Figure 6b v,c: right).

Drug Model Release: Agarose-LHMC devices were placed in 15-mL
tubes, and submerged in DI water (9 mL), before adding 1 mL of a 10x
concentrated PBS solution supplied by Thermo Fisher Scientific Inc, to
achieve the desired PBS buffer solution concentration by dilution. Due to
the low weight percentage agarose and small volumes of oil, for simplicity,
it did not consider displacement of the water due to the devices in the cal-
culations for the concentrations. Solutions were kept at room temperature
(24 °C) for the duration of the experiments and not moved or agitated be-
tween measurements. For quantification, at set intervals, 1 mL was taken
out, the absorbance was measured in a spectrophotometer and then re-
turned to the tube to minimize volume changes and resulting concentra-
tion differences. Absorbance measurements were taken at wavelengths of
490 668 nm for Allura Red and methylene blue respectively. Calibration
curves showing the relationship between concentration and absorbance
are given in the S| (Figure S2, Supporting Information).

Surface Tension Measurement: Surface tension measurements were
done with a Kriiss K11 (model MK4) Tensiometer using the Du Nodly ring
method (Wire diameter 0.37 mm, radius = 9.545 mm) and a Julabo F12
circulation chiller/heater (set to 24 °C). Prior to measurement the Plat-
inum ring was washed with pure deionized water using a wash bottle to
wash off any sample residue, subsequently, the ring was briefly flamed off
in a blue flame until glowing red with a flame torch to ensure any contam-
ination was burned off. The ring was then left to cool and placed back on
the tensiometer microbalance. The samples were poured into a glass dish
that had been previously cleaned and measured with pure water to en-
sure no surfactant contamination was in the dish after testing with water
the dish was air dried and the sample was put into the dish total volume
ca. 10 mL. The samples were measured until the tensiometer measured
at least 10 values with a minimum standard deviation of 0.05 mN m~!
(resulting in a ca. 40-minute sample measurement time). The immersion
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Figure 6. (a) LHMC formation by agitating a lipid-ink (pink) on an aqueous solution (green). Agarose-LHMC device creation procedure. (b) Schematic
for creating Agarose-LHMC, i assembling the mold, ii. Adding liquid agarose, iii. Agarose cooling to solidify and removal of plastic mold, iv. Adding
LHMC (containing red dye), v. sealing device by further agarose addition (c) left: 2 pieces of the 3D printed mold, left image showing side and top view

of the same piece, middle: Resulting agarose device and agarose gel, right:

depth of the probe was set to 2 mm with a measurement sensitivity of
0.003 g and the density of the sample was considered to be equal to that
of water at 0.998 g cm~3. The platinum ring was submerged in each solu-
tion and slowly lifted out (3 mm min~), measuring the force required to
detach it from the liquid surface. All experiments were performed at 24 °C.

Adv. Mater. Interfaces 2025, 2400959 2400959 (8 Ofg)

Agarose-LHMC with encapsulated Allura Red dye.

Spatial to Temporal Controlled Release: 200 pL of 2% agarose gel was
poured into a 1 mL centrifuge tube and kept at 4 °C for 10 m to cure the
agarose gel. This process was performed to fill the conical tip of the tube
ensuring a constant cross-sectional area of the centrifuge tube. Sequen-
tially, 200 pL of the prepared Methylene Blue LHMC was poured in and
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stored at 4 °C for 10 m, then the process was repeated with 200 uL of Al-
lura Red LHMC. Finally, 100 uL of 2% agarose gel was added and cooled
at 4 °C for 10 m to seal the device. The prepared samples were submerged
into 10 mL of the desired solution and analysis on the external solution
was performed by UV-vis spectroscopy to measure release of encapsu-
lated dyes over time.

Instruments:  Confocal microscopy was performed using a Zeiss
LSM980. Vortexing was performed using a Vortex Genie 2. 3D printing
was conducted using the Whale3 Ultra from NOVA3D. Photographs were
taken using a Pixel 4 phone camera. Time-lapse images were taken by ELP
Megapixel USB camera. Absorbance measurement was performed using
a V-630 BIO spectrophotometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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