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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A lipid-coated hydrogel transfer method 
was develoeped to prepare HydroGel- 
Supported Giant Vesicles (GSGVs).

• Charged hydrogel particles of uniform 
size were used as a unique template and 
internal aqueous phase.

• The size of the obtained GSGVs corre
sponded to the template hydrogel 
particles.

• The obtained GSGVs had the fluidic 
lipid membranes and retained dextran 
larger than 40 kDa.
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A B S T R A C T

In this study, we developed a preparation method for novel hydroGel-Supported GVs (GSGVs) via a modified oil- 
in-water (O/W) interface transfer method, using charged cross-linked hydrogel particles of uniform size as a 
unique template and the internal aqueous phase. The commercial charged hydrogel particles electrostatically 
adsorbed lipids with the opposite charge on their surface in an oil phase. By centrifugation, the particles were 
transferred into the lower aqueous phase through the O/W interface adsorbing the lipid molecules and were 
transformed to GSGVs. In the combination of cationic lipids and anionic hydrogel particles, the adsorbed lipid 
molecules covering the particles were detected by the fluorescent microscope observation, and the lipid layer had 
lateral diffusivity shown by the fluorescence recovery after photobleaching (FRAP) assay. The obtained particles 
had the size corresponding to the template hydrogel and retained fluorescent dextran larger than 40 kDa in the 
hydrogel core. These results demonstrated the formation of a new type of GSGVs composed of a pre-defined 
hydrogel core and lipid membrane.
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1. Introduction

Giant vesicles (GVs), which consist of a micrometer-sized internal 
aqueous core and covering a lipid bilayer membrane, have the size and 
primary membrane structure similar to biological cells, and have been 
used as models in the functional reconstruction of the cell membrane 
[1], the construction of artificial cells [2,3], microbioreactors [4,5] and 
biosensors [6]. In those applications, the size uniformity, encapsulation 
efficiency and stability of GVs are essential for the reliable construction 
and the following quantitative analysis of the systems.

The two most commonly used methods to form GVs are the gentle 
hydration and the electroformation [7]. Both methods can easily yield 
GVs using simple equipment and no organic solvents. The known diffi
culties with those methods are that the size of the obtained GVs is often 
not uniform, and the encapsulation efficiency is strongly affected by the 
molecular weight of substances to be encapsulated [8]. As an alternative 
method, an inverted emulsion method (oil-in-water (O/W) interface 
transfer method), in which water droplets dispersed in an oil phase 
containing lipid molecules are transformed to GVs by transferring the 
droplets into another external aqueous phase through a lipid monolayer 
formed at the O/W interface between the oil and the external aqueous 
phases and are transformed to GVs, has been reported [9–13]. With this 
method, high encapsulation efficiency can be achieved while the size of 
the obtained GVs still depends on that of the pre-formed W/O droplets 
[13], which are usually unstable and heterogeneous. In the past decade, 
fine microfabrication technology such as microcontact printing com
bined with the electroformation [14] or phase manipulation by micro
fluidics [15–18] has enabled the precise size control of GVs. Especially, 
the microfluidics allows GV formation with the uniform size distribution 
and highly efficient encapsulation [17], which is difficult by the con
ventional methods. However, these microfabrication methods require 
sophisticated equipment.

Meanwhile, simple GVs are composed of a self-standing lipid bilayer 
membrane and are inherently vulnerable to mechanical or chemical 
stress resulting in their short lifetime [19]. The improvement of the 
stability of GVs is desired for their practical use but still remains a 
considerable challenge. Biological cell membranes have some back
bones such as cytoskeletons and/or cell walls to support their lipid bi
layers, achieving the structure retention and high mechanical stability 
[20]. Introducing backbone mimics to GVs is efficacious in improving 
the stability [19,21,22]. To date, several studies of GVs supported on 

spherical hydrogel particles (hydroGel-Supported GVs; GSGVs) have 
been reported [10,23–28]. A GSGV has a hydrogel core particle that 
works as an internal aqueous phase and supporting hydrophilic poly
meric structure mimicking the backbone of biological cell membranes. 
Previously, GSGVs preparations by the vesicle contact method using 
commercial hydrogel particles [23–26] and the O/W interface transfer 
method combined with the in situ gelation of water-in-oil (W/O) droplets 
have been reported [10,18,27,28]. The former confirmed the adsorption 
of lipid molecules on the particle surfaces, while the detailed encapsu
lation behavior such as a variety of applicable molecules wasn’t given. 
The latter has some restrictions on the size uniformity or complicated 
preparation process. In both cases, the evidence of a planar lipid bilayer 
structure including the lipid fluidity was not confirmed sufficiently. 
Thus, the behavior of the GSGVs obtained in these previous studies was 
not necessarily satisfactory, and there still is a need for a novel approach 
to GSGV construction.

In this study, we proposed a novel preparation method of GSGVs, 
lipid-coated hydrogel transfer method, illustrated in Fig. 1. The method 
is based on the O/W interface transfer method previously reported [10]
but uses charged hydrogel particles in place of water droplets. Charged 
lipid molecules are adsorbed on the oppositely charged surface of the 
hydrogel particle in an oil phase, forming a lipid monolayer (Fig. 1A). In 
this stage, the particle assists as a template to assist the formation of the 
monolayer, which is to be the inner leaflet of the lipid membrane in the 
GSGV. And the particle also works as a template to fix the size of the 
aqueous core, so the GSGV. When the hydrogel particle sinks into the 
lower external aqueous phase by the specific gravity difference through 
the O/W interface that has another pre-formed lipid monolayer (Fig. 1B 
to C), the two monolayers are combined to form a single bilayer covering 
the particle (Fig. 1D), and the GSGV is obtained. In the present study, 
this scheme was tested using commercial cationic or anionic hydrogel 
particles of uniform size, and the effects of the electrostatic interaction 
between lipid molecules and hydrogel particles on the GSGV formation 
were investigated. Furthermore, the lipid fluidity on the particle surface 
and the encapsulation of a water-soluble substance into the internal 
aqueous phase were evaluated to confirm the formation of a lipid bilayer 
structure on the particle surface.

Fig. 1. Schematics of the formation of hydrogel-supported giant vesicles (GSGVs) via the lipid coated hydrogel transfer method, a modified oil-in-water (O/W) 
interface transfer method used in this study.
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2. Experimental section

2.1. Materials

All chemicals were purchased from Fujifilm-Wako Pure Chemical 
Industries (Osaka, Japan) unless specified otherwise, and used as 
received without further purification. Aqueous solutions were prepared 
using Milli-Q water (>18.2 MΩ cm; Merck; Darmstadt, Germany). 
Chloroform and hexane were selected as an oil phase because they were 
commonly used to solubilize lipids. Q Sepharose High Performance and 
SP Sepharose High Performance (GE Healthcare, Chicago, USA; median 
diameter = 34 μm, exclusion limit = 4 x 103 kDa) were used for cationic 
and anionic template hydrogel particles of GSGVs, respectively. The 
specific gravity of these hydrogel particles was higher than that of any 
aqueous phase used in this study. 1-Palmitoyl-2-oleoyl-sn-glycero-3- 
phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphoglycerol so
dium salt (DOPG), and 1,2-dioleoyl-3-trimethylammonium propane 
chloride (DOTAP) were purchased from NOF (Tokyo, Japan) and used as 
zwitterionic, anionic, and cationic lipids, respectively. To visualize lipid 
adsorption onto the particles, 1,1’-dioctadecyl-3,3,3’,3’-tetramethy
lindocarbocyanine perchlorate (DiI) and N-(fluorescein-5-thio
carbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, 
triethylammonium salt (Fluoresceine-PE) were obtained from Biotium 
(Fremont, USA) and Setareh Biotech (Eugene, USA), respectively. Cal
cein was purchased from Nacalai Tesque, Kyoto, Japan. Fluorescein 
isothiocyanate-labelled dextran (FITC-dextran; molecular weight = 3–5, 
10, 40, 70 kDa) was obtained from Merck and used to evaluate the 
encapsulation capability as a model of water-soluble polymer.

2.2. GSGV formation via an O/W interface transfer method

Hydrogel particles were collected on a hydrophilic PTFE filter 
(Omnipore JCWP; 10 μm pore size; Merck) from their commercially 
obtained suspension by vacuum filtration using an aspirator and re- 
dispersed in a Tris buffer (10 mmol/L tris(hydroxymethyl)amino
methane and 150 mmol/L NaCl; pH adjusted to 7.0 by HCl) to equili
brate the internal aqueous phase of the particles with the buffer. When 
necessary, 0.2 mmol/L calcein was in the buffer to visualize the internal 
aqueous phase of the template particles. Next, 60 μL of the particle 
dispersion was vacuum-filtrated again to remove most part of the 
external aqueous phase, and about 8–9 mg of the particles were ob
tained. Then, 1.0 mL of an oil solution containing 70 μmol/L lipids and 
0.35 μmol/L fluorescent lipids in chloroform/hexane (1/4 by vol.) or 
hexane was added to the particles in a 2 mL microtube. Cationic DiI was 
used with the cationic hydrogel and anionic Fluoresceine-PE with the 
anionic ones to prevent the interaction of the fluorescent lipids with the 
gel from being electrostatically preferred over other membrane lipids. 
The mixture was sonicated for 5 min using a sonication cleaner (2510; 
Branson; Brookfield, USA) and vortexed at 1200 rpm for 2 h to disperse 
the particles into the oil solution. The obtained dispersion was gently 
poured onto a layer of 0.4 mL of another oil solution of the same 
composition in 2 mL microtube, which was placed on 0.4 mL of the Tris 
buffer and left for 2 h in advance to allow adsorption of the lipid mol
ecules at the oil/water (O/W) interface. To the upper oil layer in the 
microtube, the obtained particle dispersion was gently poured. Then, the 
hydrogel particles in the upper oil solution were transferred into the 
lower Tris buffer through the O/W interface by centrifuging for 10 min 
at 300 G for the cationic hydrogel particles or at 120 G for the anionic 
ones, respectively, using Centrifuge 5430 R (Eppendorf; Hamburg, 
Germany). Most of the upper supernatant oil solution was manually 
removed, and the residual oil phase was eliminated entirely from the 
obtained aqueous dispersion by evaporation using a vacuum pump for 
1 h. To wash the particles, 0.15 mL of the obtained suspension was 
mixed with 1.25 mL of the Tris buffer and centrifuged for 30 s at 240 G, 
and 1.0 mL of the supernatant was removed. This washing process was 
repeated five times.

2.3. Observation of lipid membranes

To confirm the adsorption of the lipid molecules on the particles, the 
obtained dispersion was poured into a flat quartz cell with a 1-mm light 
path (Type 20/C/Q/1, Starna scientific, UK), and observed with on an 
inverted optical microscope (IX50; Olympus, Tokyo, Japan) equipped 
with a fluorescent observation module (IX-FLA; Olympus). U-MWIG and 
U-MNIBA (Olympus) were used as the filter sets to detect DiI and 
Fluorescein-PE, respectively. To detect the lipid molecules on the par
ticles, the dispersion was also inspected with a confocal laser scanning 
microscope (CLSM; FV1000; Olympus).

2.4. Evaluation of ζ-potential

The ζ-potential of the particles was measured by using electropho
retic light-scattering apparatus (Zeta sizer Nano ZS, Malvern Pan
alytical, UK).

2.5. Evaluation of particle diameter distribution

The particle diameter distribution was evaluated by measuring the 
diameters of randomly selected 100 particles on the microscopic images. 
The diameters were categorized every 2.5 μm.

2.6. Evaluation of lipid fluidity

The fluidity of the lipid molecules on the particles was evaluated by a 
fluorescence recovery after photobleaching (FRAP) assay using the 
CLSM [29]. The focus was adjusted to the cross-sectional center of the 
particles. The fringe of the particle was photobleached with 495-nm or 
543-nm laser beam of 7-μm diameter, and fluorescent field images were 
taken. The fluorescence intensities of the circular bleached area (Ib) and 
the circular unbleached area (Ir), which is the area far from the bleached 
area, were obtained from the fluorescent field images using Image J 
software (NIH, Bethesda, MD, USA). The relative fluorescence intensity 
(RI = Ib/Ir), and fluorescence recovery ratio (FR = (RI - RI0)/(1 - RI0)), 
were calculated.

2.7. Evaluation of encapsulation

To evaluate the encapsulation capability and the possible defect in 
the lipid membrane of the obtained GSGVs, calcein or fluorescent dex
trans of various molecular weights were tried to be encapsulated in the 
GSGVs. The GSGVs were similarly prepared using a 0.7 wt% FITC- 
dextran dissolved in the Tris buffer as the internal aqueous phase of 
the hydrogel particles. The encapsulated FITC-dextran was detected 
using the IX50 with the U-MNIBA filter set.

Fig. 2. Microscopic images of the calcein-containing template gel particles 
dispersed in lipid containing chloroform/hexane. Bars indicate 50 μm.
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3. Results and discussion

3.1. Confinement of the aqueous phase in gel particles

Fig. 2 shows the microscopic images of the calcein-containing tem
plate particles dispersed in chloroform/hexane. From Fig. 2A and B, the 
template particles containing calcein were observed in the lipid- 
containing oil phase like dispersed W/O droplets obtained by sonicat
ion. Although the particles were subjected to the sonication and vor
texing, no coalescence of the aqueous phases of multiple particles or no 
deterioration of the particle morphology was visible. The aqueous phase 
was well confined in the particle. This provides mechanically robust and 
physicochemically stable aqueous cores that are required in the first step 
of our GSGV formation process as illustrated in Fig. 1A.

3.2. Effects of the organic solvents

We tested our GSGV preparation method with two different organic 
solvents, chloroform/hexane and hexane. Many ionic lipids including 
the ones used in this study show higher solubility to relatively polar 
chloroform than non-polar hexane, and a chloroform/hexane mixture 
has been widely used as a solvent for ionic lipids.

When our GSGV preparation method was used with the cationic 
hydrogel particles dispersed in the chloroform/hexane solution of 
zwitterionic POPC, they hardly showed fluorescence from the mem
brane marker DiI (Fig. 3A and B) on the particles and had no lipid layer. 
When we changed the organic solvent used in the preparation from 
chloroform/hexane to hexane, the strong fluorescence was seen from the 
whole particles indicating the adsorption of the lipid molecules onto the 
particles (Fig. 3C and D).

The lack of the lipids on the particle with chloroform/hexane sug
gests the failure in the last stage of the GSGV preparation (Fig. 1D). In 
the present scheme, the affinity of relatively polar chloroform to ionic 
lipids could rather have worked as a disadvantage by preventing suffi
cient monolayer formation at the oil/water interface. In non-polar 
hexane with less affinity to ionic lipids, the lipid molecules would 
more likely to be concentrated at the interface than in the bulk hexane 
phase, facilitating the monolayer formation and the success in the last 
stage of the GSGV formation.

The results indicate that hexane is suitable for the presented concept. 
In the following experiments, hexane was used as the organic solvent.

3.3. Effect of the electrostatic interaction between hydrogel particles and 
lipid molecules

In our methods, the lipid-coated hydrogel transfer method, lipid 
molecules adsorb on the surface of hydrogel particles via electrostatic 
attraction. Fig. 4 shows the microscopic images of the particles obtained 
by the O/W interface transfer method using the various combinations of 
the lipids and hydrogel particles. When combining the lipids with the 
hydrogel particles of the opposite charge, the obtained particles showed 
fluorescence from the fluorescent lipids (Fig. 4C and D). Significantly, 
the fluorescence on the particle surface was stronger than that from the 
inside of the particles, indicating the adsorption of the lipids on the 
surface and the GSGV formation. On the other hand, the particles pre
pared with the combination of the lipid and the particles of the same 
charge had very little fluorescence (Fig. 4A and F); therefore, few lipid 
adsorbed. POPC, which is a zwitterionic lipid but possesses a negative 
charge due to the orientation of polar heads of phospholipid [30], gave 
the images similar to anionic POPG (Fig. 4B and E), suggesting that the 
effective charge should determine the GSGV formation. Although the 
structures of the polar head groups among the three lipids examined are 
largely different, the results can be explained simply in terms of the 
electrostatic charge. Table 1 shows the ζ-potential of the template 
hydrogel particles and GSGVs. The positive surface charge of the 
cationic hydrogel particles changed to a negative value by the O/W 
interface transfer method with zwitterionic POPC or anionic POPG, 
indicating the coating of the particle surface with oppositely charged 
lipids. In the case of the anionic hydrogel particles, the absolute value of 
the surface charge decreased to a neutral value. The cationic DOTAP 
neutralized the surface charge of the anionic particles. These facts 
strongly suggest that the electrostatic attraction should mainly cause the 
adsorption of the lipid molecules on the particle surface and be essential 
for the GSGV formation by the present method.

Fig. 5 shows the particle diameter distribution of the prepared GSGVs 
using DOTAP and the anionic hydrogel particles obtained from the 
fluorescent image partially shown in Fig. 4D. The distribution for the 
GSGVs agreed well with the template hydrogel particles. The average 
diameter and standard deviation also had the same value. These facts 
indicate the size of the obtained GSGVs reflected that of the template 
particles In the case of the conventional O/W interface transfer method 
using aqueous droplets as templates, the optimization of the centrifu
gation condition requires to obtain the size corresponding templates, 
and the size of GVs tends to show broad distribution and/or to change 
over time by growth or coalescence because of the low mechanical/ 
physicochemical stability of the W/O droplets [10,28]. In this study, the 
rigid and uniform hydrogel particles can determine the shape of the 

Fig. 3. Microscopic images of the GSGVs obtained by the lipid-coated hydrogel 
transfer method using POPC, cationic template particles, and chloroform/hex
ane (A and B) or hexane (C and D) as organic solvents. Bars indicate 50 μm.

Fig. 4. Microscopic images of the gel particles obtained by the lipid-coated 
hydrogel transfer method using the various combinations of the lipids and 
hydrogel particles. Cationic DiI (red) and anionic Fluorescein-PE (green) were 
used as fluorescent lipids for cationic and anionic hydrogel particles, respec
tively. Bars indicate 50 μm.
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internal aqueous phase and keep the morphology during the trans
formation to the GSGVs in the present O/W interface transfer process, 
resulting in the superior size control of GSGVs to the conventional 
transfer method.

The GSGVs prepared by the present method are robust. Both the 
shape of the aqueous core and the lipid membrane of the GSGVs were 
maintained even after a five-times washing process using centrifugation. 
The robustness originates from the mechanical stability of the hydrogels 
and the electrostatic attraction between the hydrogels and the lipid 
membrane. This clearly demonstrates the advantage of our present 
method over the conventional one.

3.4. Lateral diffusivity of lipid molecules on surface of hydrogel particles

When planar lipid bilayers form on hydrogel particles, the lipid 
molecules have lateral diffusivity[31]. To clarify the state of the lipid 
molecules adsorbed on the surface of the prepared particles, the lateral 
diffusivity of the lipid molecules was evaluated by the FRAP assay. 
Fig. 6A to C shows the CLSM images from the FRAP experiment. The 
prepared particles before the photobleaching had strong fluorescence at 
the circular rim in Fig. 6A, indicating the lipid molecules adsorbed 
specifically on the particle surface. After the photobleaching, the fluo
rescence was entirely disappeared (Fig. 6B) and then recovered over 
time (Fig. 6C). The fluorescence outside the laser spot also slightly 
bleached, probably due to the laser scattering in the particles. The re
covery of the fluorescence was also visible in this region. Fig. 6D shows 
the time course of FR analyzed from the CLSM images. The value of FR 
increased with time. These results suggest that part of the lipid mole
cules adsorbed on the surface should be in the laterally diffusive state, 
namely, the planar lipid bilayer.

The lateral diffusion coefficient of lipid molecules (D, cm2/s) was 
briefly calculated with the equation D = 0.22 w2/t1/2, where w and t1/2 

are the bleached radius and the time of which FR reach 50 % of the 
equilibrium value, respectively [29]. Assuming that the lipid molecules 
entirely diffused and that the bleached area reached equilibrium at 
15 min after the photobleaching, t1/2 was about 3 min, and the calcu
lated D was 1.5 × 10− 10 cm2/s. This value is much lower than the re
ported one for a POPC SLB on flat glass surface [32]. The apparently low 
lateral diffusion coefficient suggests that the lateral diffusivity of the 
lipid molecules on the inner leaflet of the lipid bilayer could likely be 
restricted by the electrostatic attraction with the particle surface 
[33–35].

The observed maximum value of FR was 23.8 % after 15 min. In 
theory, if a planar lipid bilayer is formed on the surface and all lipid 
molecules in the inner leaflet of the lipid bilayer are immobilized by the 
strong electrostatic interaction with the charged gel surface, only all the 
lipid molecules in the outer leaflet can diffuse laterally and then FR 
ultimately reaches 50 %. The maximum value of FR observed in this 
assay was lower than the theoretical one. This result suggests that the 
lipid layer on the particle surface partially contained non-lamellar 
structures, such as aggregates or reverse micelles which could not 
diffuse laterally.

3.5. Encapsulation of a water-soluble polymer into the internal aqueous 
phase of GSGVs

When the prepared particle is entirely covered with defect-free lipid 
membrane on the surface, the internal aqueous phase is a closed space 
and can keep water-soluble molecules from freely leaking to the external 
aqueous phase [8]. Fig. 7 shows the encapsulation of FITC-dextran, 
model water-soluble molecules, in the GSGVs prepared with the 
anionic particles. When cationic DOTAP was used as the lipid, the 
fluorescence of FITC-dextran was mainly detected in the interior of the 
particles (Fig. 7B). This indicates the FITC-dextran in the hydrogel at the 
first step of the GSGV preparation process (Fig. 1A) was still held in the 
particles. On the other hand, no fluorescence was detected from the 
particles prepared without lipid (Fig. 7A), with POPC (Fig. 7C) or POPG 
(Fig. 7D). The results are consistent with the presence/absence of the 
lipids on the hydrogel particle surface shown in Fig. 4. The combination 
of template particles and oppositely charged lipids enables the forma
tion of the lipid membrane which restricts the diffusion of the 
FITC-dextran from the interior to the exterior of the particles.

To further evaluate the integrity of the GSGVs obtained with the 
above combination of the lipid and the gel particles, the effect of the 

Table 1 
ζ-potential of the template hydrogel particles and GSGVs.

Template hydrogel Lipid ζ-potential [mV]

Cationic - 20.3
Anionic - − 31.7
Cationic POPG − 12.2
Cationic POPC − 4.8
Anionic DOTAP − 5.8

Fig. 5. Particle diameter distribution of the GSGVs obtained with cationic 
DOTAP and the anionic hydrogel particles. The particle diameters of 100 par
ticles randomly selected were counted. The average diameters and standard 
deviation of the template hydrogel particles (dotted line) and GSGVs (solid line) 
were 33.0 and 34.0 μm, and 5.2 and 5.8 μm, respectively.

Fig. 6. Fluorescence recovery after photobleaching (FRAP) assay of the GSGVs 
obtained with cationic DOTAP and anionic hydrogel particles. (A to C) Confocal 
laser scanning microscopic (CLSM) images before (A), 0 min (B) and 15 min (C) 
after the photobleaching. Dotted circles mark the laser spots. Bars indicate 
10 μm. (D) Time course of the fluorescence recovery ratio (FR) after the 
photobleaching.
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molecular weight of the FITC-dextran on the encapsulation was inves
tigated (Fig. 8). When FITC-dextran of larger than 40 kDa was used, the 
fluorescence from the FITC-dextran was mostly confined in the interior 
of the prepared particles (Figs. 7B and 8A). The results suggest that 
relatively large biological molecules, such as proteins and nucleic acids, 
could be encapsulated. FITC-dextran and hydrogel particles used in this 
study are anionic, indicating FITC-dextran was encapsulated into the 
particles not via the electrostatic attraction reported previously [23] but 
via the physical barrier of lipid membranes. The presented method is 
also applicable to the encapsulation of enzymes used in the in situ 
gelation method [18,28]. Meanwhile, with FITC-dextran of 10 or 
3–5 kDa, the GSGVs showed no fluorescence (Fig. 8B and C). The lipid 
membrane of the prepared particles had some defects permeable to 
small molecules less than 10 kDa. The hydrodynamic diameters (d, nm), 
calculated from the equation d = 0.066 x Mw0.463 [36], of 10 and 40 kDa 
of dextrans correspond to 4.69 and 8.92 nm, respectively. The defect 
size of the lipid membrane of the prepared GSGVs is estimated to be in 
this range, which is much smaller than the pore size of the hydrogel 
particles, 75.2 nm, calculated from the exclusion limit of the particles 
using the same equation. A large part of the lipid membrane likely 
covered the pores or openings on the surface of the hydrogel particle as a 
self-standing membrane.

The defects in the bilayer membrane covering the particles are likely 
to be present as non-bilayer structures, and this is consistent with the 
result of the FRAP study indicating the existence of the lipids that lacked 
the lateral diffusivity. One possible explanation for the cause of the 
defect formation is that the lipid bilayer formation is incomplete in the 
last step of the O/W interface transfer process (from Fig. 1C to D). In this 
step, the hydrogel particle covered with a lipid monolayer is transferred 
into the external aqueous phase through another lipid monolayer pre- 

formed at the O/W interface between the oil and the external aqueous 
phases, pushing out the oil phase and combining the two monolayers 
into a planar lipid bilayer (Fig. 1C). A part of the pre-formed monolayer 
at the interface is consumed to be the outer leaflet of the lipid bilayer 
covering the particle, while the extra lipids in the oil phase are provided 
to the interface to regenerate the monolayer (Fig. 1D). When the rate of 
the regeneration is slower than the consumption, the particle fails to 
obtain enough amount of the monolayer to complete the bilayer for
mation. This may result in defects in the bilayer membrane. For 
instance, if the rate for the particle to pass through the O/W interface 
was fast and the adsorption of the lipid to the interface was slow, defects 
in the lipid bilayer could occur.

Another possible explanation is that a self-standing part of the lipid 
bilayer covering the large pores of the template particles may collapse 
during and/or after the GSGV formation process. Due to the lack of 
sufficient support from the hydrogel network, the part of the bilayer 
membrane may be fragile as that is the case for the GVs prepared using 
the water-droplets[9].

At the present moment, the defect formation may restrict the appli
cation of the GSGVs. Previously, with a similar concept of using pre- 
prepared template particles, Grossutti et al. obtained GSGVs by con
tacting commercial hydrogel particles for gel permeation chromatog
raphy with small vesicles via electrostatic attraction [24–26]. Although 
the coated lipid layer on the particles acted as some barrier against 
terbium ions, the layer showed leakage [25,26] and had no lipid fluidity 
[26]. Also, Helwa et al. reported the vesicle contact method using 
hydrogel particles that polymerized themselves as templates, but the 
lipid membrane of their GSGVs had defects [23]. These previous studies 
illustrate the difficulty in obtaining a defect-free bilayer membrane on 
GSGVs. Although this study shows that the GSGVs prepared by the 
presented method are no exception and still have some defects of several 
nanometers and partial non-bilayer structures in their membrane, the 
study also provides the direction to the possible remedies. Our further 
investigation includes, for example, optimizing the operation conditions 
such as the rate for the particles to pass through the interface, using 
hydrogel particles, specialized for this presented method, with lower 
exclusion limits or denser surfaces to reduce the size of the pore and the 
self-standing part of the bilayer membrane, and so on.

The presented method has advantages on the simplified preparation 
process and size uniformity over the in situ gelation method [10,27,28]. 
In addition, the obtained GSGVs showed lipid fluidity, which is essential 
for incorporating membrane proteins into lipid membranes and 
expressing their function, unlike the other studies of the 
particle-templating method [23–26]. These would give GSGVs signifi
cant potential as a biomimetic spherical space and lipid membrane 
scaffold.

4. Conclusions

By modifying the conventional O/W interface transfer method, we 
designed the lipid-coated hydrogel transfer method and prepared novel 
GSGVs with commercial charged hydrogel particles as the aqueous core. 
The obtained GSGVs demonstrated both the robustness and the size 
control surpassing those of GVs prepared by the conventional O/W 
interface transfer method. The closed lipid membrane of the GSGVs had 
partially the bilayer membrane structure, and the GSGVs retained 
molecules larger than 40 kDa in their hydrogel core.

The lipid-coated hydrogel transfer method is a promising way to 
prepare GSGVs with their morphology and stability pre-defined by the 
template hydrogel particles. The robustness and the superior size control 
of the GSGVs demonstrated in this study break the limitation imposed by 
the fragility and instability of simple GVs composed of only a lipid 
membrane. Furthermore, the present method may be used with various 
pre-designed, functionalized hydrogel particles[37]. This can open a 
convenient way to add extra functions to GSGVs to create advanced GVs 
with advanced features.

Fig. 7. Encapsulation into the GSGVs prepared with the anionic hydrogel 
particles. FITC-dextran of 70 kDa was in the aqueous phase of the hydrogel 
particles in the GSGV preparation. Bars indicate 50 μm.

Fig. 8. Effect of the molecular weight of FITC-dextran on the encapsulation 
into the GSGVs prepared with cationic DOTAP and anionic hydrogel particles. 
Bars indicate 50 μm.
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[26] M. Grossutti, R. Seenath, J.A. Noël, J. Lipkowski, Infrared and fluorescence 
spectroscopic studies of a phospholipid bilayer supported by a soft cationic 
hydrogel scaffold, J. Colloid Interface Sci. 473 (2016) 162–171, https://doi.org/ 
10.1016/j.jcis.2016.03.055.

[27] A. Campbell, P. Taylor, O.J. Cayre, V.N. Paunov, Preparation of aqueous gel beads 
coated by lipid bilayers, Chem. Commun. (2004) 2378–2379, https://doi.org/ 
10.1039/B406941B.

[28] A. Llopis-Lorente, M.J.G. Schotman, H.V. Humeniuk, J.C.M. van Hest, P.Y. 
W. Dankers, L.K.E.A. Abdelmohsen, Artificial cells with viscoadaptive behavior 
based on hydrogel-loaded giant unilamellar vesicles, Chem. Sci. 15 (2024) 
629–638, https://doi.org/10.1039/D3SC04687G.

[29] D. Axelrod, D.E. Koppel, J. Schlessinger, E. Elson, W.W. Webb, Mobility 
measurement by analysis of fluorescence photobleaching recovery kinetics, 
Biophys. J. 16 (1976) 1055–1069, https://doi.org/10.1016/S0006-3495(76) 
85755-4.

[30] K. Makino, T. Yamada, M. Kimura, T. Oka, H. Ohshima, T. Kondo, Temperature- 
and ionic strength-induced conformational changes in the lipid head group region 
of liposomes as suggested by zeta potential data, Biophys. Chem. 41 (1991) 
175–183, https://doi.org/10.1016/0301-4622(91)80017-L.
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