Open Access Article. Published on 15 March 2022. Downloaded on 12/24/2025 11:49:33 PM.

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

(cc)

Nanoscale
Advances

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: Nanoscale Adv., 2022, 4,
1999

Received 25th November 2021
Accepted 13th March 2022

DOI: 10.1039/d1na00834j

Reversible conjugation of biomembrane vesicles
with magnetic nanoparticles using a self-assembled
nanogel interface: single particle analysis using
imaging flow cytometry

Ryosuke Mizuta,? Yoshihiro Sasaki, & *@ Kiyofumi Katagiri, ©® Shin-ichi Sawada®

and Kazunari Akiyoshi*®

Nanoscale biomembrane vesicles such as liposomes and extracellular vesicles are promising materials for
therapeutic delivery applications. However, modification processes that disrupt the biomembrane affect
the performance of these systems. Non-covalent functionalization approaches that are facile and easily
reversed by environmental triggers are therefore being widely investigated. In this study, liposomes were
successfully hybridized with magnetic iron oxide particles using a cholesterol-modified pullulan nanogel
interface. Both the magnetic nanoparticles and the hydrophobic core of the lipid bilayer interacted with
the hydrophobic cholesteryl moieties, resulting in stable hybrids after simple mixing. Single particle analysis
by imaging flow cytometry showed that the hybrid particles interacted in solution. Calcein loaded
liposomes were not disrupted by the hybridization, showing that conjugation did not affect membrane
stability. The hybrids could be magnetically separated and showed significantly enhanced uptake by Hela
cells when a magnetic field was applied. Differential scanning calorimetry revealed that the hybridization
mechanism involved hydrophobic cholesteryl inserting into the biomembrane. Furthermore, exposure of
the hybrids to fetal bovine serum proteins reversed the hybridization in a concentration dependent
manner, indicating that the interaction was both reversible and controllable. This is the first example of
reversible inorganic material conjugation with a biomembrane that has been confirmed by single particle
analysis. Both the magnetic nanogel/liposome hybrids and the imaging flow cytometry analysis method

rsc.li/nanoscale-advances

Introduction

Biomembrane-based supramolecular assemblies have recently
attracted attention in the field of advanced medicine. In
particular, extracellular vesicles (EVs), including exosomes, are
of increasing interest in the biomedical field because they play
important roles in various biological phenomena such as
immune response and signal transduction as an intercellular
communication medium.' EV is a general term for vesicles
delimited by biological membranes that are released by almost
all cells.”> It has been shown that membrane proteins and
glycolipids exist on the surface layer of EVs, and various
proteins and nucleic acids including DNA and RNA exist inside
them.? Due to their constituent elements, EVs have been shown
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have the potential to significantly contribute to therapeutic delivery and nanomaterial development.

to exhibit features such as low immunogenicity and excellent
biocompatibility, thus making them promising nanocarriers for
drug delivery system (DDS) and therapeutic agents.*® To apply
EVs to DDS, it is desirable that EVs are efficiently delivered to
target tissues and cells. For this purpose, biomembrane engi-
neering has recently been applied to develop methods of
hybridizing various materials into EVs.” Biomembrane engi-
neering continues to attract the interest of researchers in the
biomedical field because of its potential in the development of
new therapeutics.®* Reported approaches have enabled the
functionalization of biomembranes with bioactive molecules,®
ligands for targeting,' and particles for drug loading,'* to
control functions and impart new properties. The application of
biomembrane engineering to cells have been widely studied for
cell surface engineering for the development of cell-based
therapies.*>*?

On these ground, we focused on the targeted delivery of
biomembrane vesicles by hybridization with magnetic micro-
particles. Since the strength and direction of the magnetic field
can be easily controlled, it has attracted attention in the field of
drug delivery as a method for targeting specific sites and
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improving delivery efficiency." There have been reports on the
efficient delivery of various drugs such as small molecules,*
nucleic acids,' and proteins using magnetic nanoparticles.
However, there have not been many examples of delivery
methods for supramolecular assemblies with biomembrane
structures by magnetic induction. In addition, most of the
methods are based on irreversible hybridization of bio-
membrane vesicles and magnetic nanoparticles.*®

When delivering biomembrane vesicles by conjugation with
magnetic nanoparticles, it is desirable to detach the nanovesicle
cargo in the target cells to avoid potential adverse biological
effects caused by the nanocarriers. It is therefore necessary to
control the conjugation reversibility. However, to the best of our
knowledge, no conjugation strategy focusing on such func-
tionality has been established. Controlling the reversibility of
conjugation is expected to lead to the development of on-
demand, dose-controlled, repetitive drug delivery systems.
Modification of EVs by physical conjugation is one effective
approach to achieve the reversible conjugation described above.
There have been a number of reports of physical conjugation to
cell membranes.' In recent years, there have been several
studies applying these methods for modifying cell membranes
to EV modification. For instance, there have been various
reports of functionalizing EVs by inserting lipid-mimicking
compounds with alkyl chains attached to functional mole-
cules, into membranes through hydrophobic interactions.****
The functional modification of EVs using physical conjugation
can be expected add new functions while maintaining the
excellent biocompatibility of natural biological membrane
vesicles.”® In addition, we have proposed EV hybridization
methods with amphiphilic nanogels—functional polymeric
nanocarriers.” We also applied this method to hybridize EVs
with magnetoresponsive carriers. We previously reported the
hybridization of EVs with functional inorganic particles by
using nanogels formed by the self-assembly of cholesterol-
bearing pullulan (CHP)—pullulan partially grafted with cho-
lesteryl groups—as an interface between EVs and inorganic
materials.”® We found that magnetic nanogels containing iron
oxide nanoparticles encapsulated in CHP nanogels efficiently
hybridized with EVs without affecting the activity of the EVs.
This approach can be regarded as a new method for supramo-
lecular chemical conjugation of inorganic materials and bio-
membrane vesicles using nanogels.

In this study, we investigate the detailed mechanism of the
conjugation of iron oxide nanoparticles with nanosized bio-
membrane vesicles using CHP nanogel as an interface. We used
liposomes as a model for nanosized vesicles with a bio-
membrane structure and evaluated their complexation behavior
with magnetic nanogels. In addition, we developed a system to
reversibly control the conjugation of magnetic particles to
liposomes using nanogels, and extended this system to the EV
system. It has been suggested that the interaction between the
lipid bilayer and the nanogel is the driving force for the
hybridization of biomembranes and CHP nanogels. It has been
reported that CHP nanogels formed supramolecular assemblies
with giant liposomes consisting of POPC—which have a simpler
composition than biomembranes.”* We have also succeeded in
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constructing liposome-encapsulating gel materials using lipo-
somes consisting of DMPC coated with reactive nanogels as
building blocks.** However, the detailed mechanism of the
hybridization of the nanogel and the nanosized biomembrane
vesicles remains unclear. Elucidation of the mechanism of
nanogel hybridization with biomembranes is important for
establishing a completely new nanogel-based supramolecular
chemical method for biomembrane vesicle conjugation.

It is important to clarify the conjugation mechanism of
liposomes with a nanogel interface, not only as a model system,
but also for the development of new liposome-based DDS
carriers with smart functions. Liposomes are nanovesicles
comprising lipid bilayers that can encapsulate both hydro-
phobic and hydrophilic drugs owing to the hydrophobic areas
within the lipid bilayers and an internal aqueous phase, and
have been studied as drug carriers for many years.*" Liposomal
drugs have been approved for the treatment of various diseases
such as cancer, infectious diseases, and age-related macular
degeneration.®® The modification of liposomes using bio-
membrane engineering methods has led to the development of
therapeutic agents with enhanced properties. Such methods are
therefore extremely important in the field of nanomedicine and
are actively studied worldwide.*® Non-genetic engineering
approaches are considered highly appropriate for the func-
tionalization of liposomes because they do not use biological
processes. For example, it has been reported that cationic
liposomes decorated with CpG oligodeoxynucleotides conju-
gated with antigenic proteins by electrostatic interactions,** and
amphiphilic peptides conjugated with alkyl chains and cil-
engitide via peptides cleaved by enzymes highly expressed in
tumor endothelial cells, can be inserted into the liposome
surface by hydrophobic interactions.*

Based on this background, we propose an approach to
liposome modification: reversible non-covalent conjugation of
functional nanocarriers loaded with inorganic particles. This is
the first report of reversible conjugation of inorganic materials
and biomolecular assemblies by hydrophobic interaction using
a hydrophobic polysaccharide as an interface. This functional-
ization approach is based on hybridizing lipid membranes and
inorganic nanoparticles via the intermolecular forces between
them and a nanogel. In this study, we found that the cholesteryl
group of the nanogel was inserted into the biomembrane,
resulting in the hybridization of the liposome and magnetic
nanogel. In addition, we report a new imaging flow cytometry
method for confirming the hybridization of nanoparticles at the
single particle level. This new application of the analytical
technique allows us to analyze the heterogeneity of synthetic
nanoparticles on a single particle level, which has previously
been difficult. It was also found that the reversal of nanogel
conjugation was controllable.

Results and discussion
Hybridization of magnetic nanogels and liposomes

We investigated the hybridization of nanosized biomembrane
vesicles and iron oxide nanoparticles using CHP nanogel as an
interface (Fig. 1A). It has been suggested that CHP nanogel can

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Hybridization of magnetic nanogels and liposomes. (A) Sche-
matic illustration of the preparation of magnetic nanogel/liposome
hybrids. (B) Particle size distribution of magnetic nanogels and
magnetic nanogel/liposome hybrids. Statistical comparison was made
between the magnetic nanogels and hybrids. The experiments were
carried out in triplicate (n = 3) and data are presented as mean =+ s.d.
Statistical analysis was conducted using Welch's t test. ***p =< 0.001.

be complexed with giant liposomes. We therefore assumed that
the nanogel and lipid bilayer also interact in the hybridization
of magnetic nanogels and biomembrane vesicles such as EVs.
Thus, we used liposomes made from a thin lipid film consisting
of DOPC as a biomembrane vesicle model. Dynamic light
scattering measurements showed that the average particle size
of the prepared liposomes was 108 nm, with a polydispersity
index of 0.09. Magnetic nanogels were prepared using a modi-
fied version of a previously reported method.*® Specifically, iron
oxide nanoparticles coated with hydrophobic groups were
added to a self-assembled nanogel dispersion consisting of
cholesteryl group-substituted pullulan with a particle diameter
of approximately 30 nm, using a syringe pump. The added iron

© 2022 The Author(s). Published by the Royal Society of Chemistry
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oxide nanoparticles complexed with the nanogels via hydro-
phobic interactions to form magnetic nanogels. The average
particle size of the obtained magnetic nanogel was 150 nm with
a polydispersity index of 0.17 (Fig. S17).

The effectiveness of hybridization by simple mixing of the
two particles was investigated first. After mixing the particle size
distribution had clearly changed, and the average particle size
was 182 nm with a polydispersity index of 0.15 (Fig. 1B). This
suggests that the magnetic nanogels and liposomes could be
combined by simple mixing. When we mixed the magnetic
nanogels with liposomes of various particle size using the same
approach, the particle size of the prepared hybrids increased
with increasing size of the liposomes used for the hybridization
(Fig. S2t). This indicated that the method can be used to
functionalize liposomes with magnetic nanogels regardless of
their particle size. In addition, the dependence of the hybrid
size on the liposome introduced, suggests that the liposome
retained its structure while the hybridization took place.

Single particle analysis of the liposome and magnetic nanogel
hybridization

We aimed to evaluate the interaction and hybridization of the
magnetic nanogels and liposomes at the single particle level. To
date, it has been difficult to quantitatively evaluate the interac-
tion between such nanoparticles, except by applying relatively
challenging techniques. In addition, methods to statistically
analyze the interactions of particles in solution at the single-
particle level remain under development. Such techniques can
reveal the composition of nanoparticles dispersed in solution
and can be very important indicators for estimating the efficiency
of nanoparticle functionalization and the properties of the
prepared particles. Therefore, we focused on imaging flow
cytometry. Imaging flow cytometry provides the throughput and
statistical analysis of a flow cytometer and the imaging capability
of a fluorescence microscope and can detect the fluorescence and
scattered light of nanoparticles in a flow path. Previously,
imaging flow cytometry has been used to reveal the heterogeneity
of nanoparticles in extracellular vesicles*”** and liposomes*
based on their fluorescence. In this study, we applied these
techniques to the analysis of synthetic nanoparticles including
magnetic nanogels and liposome-magnetic nanogel hybrids.
Prior to analyzing the hybrids, we studied the magnetic
nanogels and liposomes used for hybrid preparation. For the
liposome analysis gating, we distinguished the nanoparticles of
the sample from the speed beads for flow control based on the
intensity of the side scatter and the area of the bright field
image, and only gated particles were analyzed. We then plotted
the results against the fluorescence of the NBD and the side
scatter and determined that the population with the highest
density of particles detected was the sample, while particles
with side scatter that was too high were considered to be
aggregates or artifacts and were removed (Fig. S37). To calibrate
the device, the size standard beads were measured using above
gating set up (Fig. S41). As a result, it was confirmed that the
beads could be distinguished and detected according to their
size and associated particle fluorescence. It has been shown
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that there were clusters of iron oxide nanoparticles in the
magnetic nanogels and it was assumed that the clusters
increased the lateral scattering intensity.** Therefore, for the
magnetic nanogels, we separated the sample from the speed
beads as described, and then analyzed the particles with no
NBD fluorescence and high SSC intensity. As a result, pop-
ulations with a particular distribution were confirmed for both
particles (Fig. S51). To confirm that the particles detected by the
instrument were not contaminating particles, but particles
derived from the sample, only the buffer was measured under
the same conditions (Fig. S6At). As a result, almost no particles
could be detected in the buffer, suggesting that the particles
detected were magnetic nanogels. In addition, when the
magnetic nanogel dispersion was serially diluted and the
particle concentration was plotted after 3 minutes of measure-
ment, a clear correlation was confirmed (Fig. S6Bt). From this
result, it was concluded that magnetic nanogels could be
analyzed as single particles using imaging flow cytometry. We
confirmed the single particle analysis of liposomes consisting of
lipid membranes containing NBD-PE in the same way
(Fig. S77). The concentration of particles was clearly higher than
that of buffer or unstained liposomes, indicating that fluores-
cent particles could indeed be detected. When a surfactant was
added to the liposomes used, the particle concentration was
clearly lowered, confirming that particles with lipid membranes
could be detected. Furthermore, an almost linear correlation
was observed between the dilution rate and the particle
concentration when serially diluted liposomal suspension was
measured. Thus, it was concluded that NBD-containing lipo-
somes can be analyzed as single particles.

The spread in the scatter plot obtained from the analysis is
considered to represent the distribution of particle size and
fluorescence modification. The distribution of liposomes was
clearly narrower than that of the magnetic nanogels. This may
reflect the narrower distribution of the particle size and the
efficiency of fluorescence modification in a single particle. This
trend was consistent with the difference in the polydispersity
indices of the two types of particle by DLS. The results showed
that the prepared nanoparticles exhibited different scattered
light and fluorescence profiles, and the gating used allowed
separate detection of each particle. In addition, the images of
each particle showed bright spots according to the fluorescence
and scattered light intensity (Fig. S81). Therefore, the estab-
lished gating was used in all measurements of the NBD-PE-
containing liposome and magnetic nanogel hybrids.

Next, we analyzed the liposome and magnetic nanogel
hybrids. Specifically, we gated for selection a population con-
taining magnetic nanogels and hybrids except for free liposomes.
Analysis of this population revealed the ratio of magnetic nano-
gels hybridized with liposomes. It was found that the distribution
of the magnetic nanogel clearly changed as the final concentra-
tion of the mixed liposomes increased (Fig. 2A-C). At liposome
concentrations of 0.01 and 0.1 mM, most of the particles were
detected in the same position as the magnetic nanogel and were
not fully hybridized. For magnetic nanogels mixed with lipo-
somes at a final lipid concentration of 1 mM, approximately 98%
of the particles in the region where the fluorescence intensity of
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NBD was similar to that of liposomes had the same scattering
light intensity as that of nanogels (denoted “Hybrid” in the
scatter plot). This indicated that the distribution of the magnetic
nanogel shifted owing to hybridization with the liposomes. These
results showed that magnetic nanogels interacted with liposomes
at the single particle level. The fluorescence images of the parti-
cles detected in the hybrid gating showed that the single particles
exhibited scattered light similar to that of magnetic nanogels and
co-localized bright spots of liposome-derived fluorescence and
the fluorescence of the rhodamine-modified nanogels (Fig. 2D).
Such particles were not observed when the component particles
were analyzed alone. This indicates that the liposome and
magnetic nanogel hybrids could be successfully analyzed at the
single particle level.

Because the analysis method used can distinguish and
detect particles in solution, it is expected to be able to reveal the
distribution of nanoparticles dispersed in solution. Changing
the number of liposomes added to the magnetic nanogels was
found to change the ratio of magnetic nanogels to hybrids
(Fig. S97). This finding indicated that the percentage of nano-
particles detected in the magnetic nanogel region decreased as
the number of liposomes increased, and the distribution shif-
ted toward the hybrid gate. Plotting the ratio of the hybrid
against the liposome concentration showed that the addition of
1 mM liposome to 100 pg mL~ ' magnetic nanogel was sufficient
for hybridization (Fig. 2E).

Single-particle analysis of the EV-magnetic nanogel hybrid
was also attempted using imaging flow cytometry. The EVs were
fluorescently labeled with Exosparkler green, and the magnetic
nanogels were conjugated with rhodamine. A 60 x lens was used
for the measurements, and 488 nm and 560 nm lasers were used
at maximum power. The size standard beads were measured
first (Fig. S107). It was confirmed that each bead could be
detected separately by particle size and fluorescence intensity.
Based on these results, the particles were gated. Specifically,
bright-field observation revealed gated regions with only
nanoparticles without artifacts (Fig. S11At). Using this gating,
gating was applied based on the fluorescence of each particle
(EV, exosparkler green; magnetic nanogel, rhodamine;
Fig. S11B and Ct). Then, each particle was measured using the
gating (Fig. S121). In addition, we measured a variety of control
samples to check whether single particle analysis was possible
(Fig. S13 and S14%). As for EVs, the number of particles was
significantly reduced in the unstained and surfactant-added
samples, as was the case for liposomes, confirming that single
particle analysis of EVs was indeed possible. Furthermore, when
each particle was serially diluted, there was a correlation
between the dilution rate and the number of particles.

Magnetic nanogels and EVs were mixed to final concentra-
tions of 100 pg mL~ ' and 50 ug mL ™" (protein concentration),
respectively, and the prepared hybrids were analyzed (Fig. 2F).
Single particle analysis was performed focusing on the EVs in
the dispersion. As a result, the distribution of EVs was clearly
changed and the fluorescence derived from magnetic nanogel
was confirmed from single EVs. The results showed that the
biomembrane vesicles and iron oxide nanoparticles were
hybridized using the nanogel as an interface, similar to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Single particle analysis of the hybrids using imaging flow cytometry. In the analysis, the particles detected in the gating region of the
magnetic nanogel were analyzed. For samples containing EVs, stained EVs were measured and their distribution were shown. (A) Distribution of
particles in a magnetic nanogel and liposome mixture at final concentrations of 100 ug mL™! and 0.01 mM, respectively. (B) Distribution of
particles in a magnetic nanogel and liposome mixture at final concentrations of 100 pg mL~tand 0.1 mM, respectively. (C) Distribution of particles
in a magnetic nanogel and liposome mixture at final concentrations of 100 pg mL~tand 1 mM, respectively. (D) Bright-field, fluorescence, and
side-scatter images of particles detected in the region of the hybrid. In liposomes, the fluorescence of NBDs in lipid membranes was shown. In
magnetic nanogels, fluorescence of rhodamine modified on the polymer was observed. NBD was excited by a 488 nm laser and detected in
channel 2. Rhodamine was excited at 488 nm and detected in channel 3. SSC was detected in channel 6. (E) Ratio of hybrids to total magnetic
nanogel at each liposome concentration (the plotted values represent the mean and standard deviation of three independent runs). (F) Single
particle analysis of magnetic nanogel/EV hybrids using imaging flow cytometry. Distribution changes of particles detected as EVs when magnetic
nanogels of 100 png mL™ were mixed with EVs of 50 ng mL™? final protein concentration. (G) Ratio of hybrids to total EVs at each magnetic
nanogel concentration.

liposome as a model system. In addition, when the final
concentration of EVs was kept constant and mixed with a series
of concentrations of magnetic nanogels, the profile of EVs
changed according to the concentration change of magnetic
nanogels. It was also found that the ratio of EVs detected as
hybrid increased with the increase in the concentration of the
added magnetic nanogel (Fig. S157). This allowed us to analyze
the saturation behavior of the hybridization by mixing some
high concentration of magnetic nanogel and EV without any
separation operation (Fig. 2G). Furthermore, when the

© 2022 The Author(s). Published by the Royal Society of Chemistry

fluorescence intensity of the nanogel in a single EV was calcu-
lated, the fluorescence was higher than that of a single magnetic
nanogel when the amount of added magnetic nanogel exceeded
250 ug mL~" (Fig. S161). This suggests that more than two
particles of magnetic nanogel are hybridized with individual EV.
The hybridization between the nanogel and EVs was confirmed
by in situ imaging flow cytometry without separating the soft
biomembrane vesicles from the nanogel.

The imaging flow cytometry analysis method was found to be
suitable for evaluating the efficiency of nanoparticle

Nanoscale Adv., 2022, 4,1999-2010 | 2003
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functionalization because it can reveal the distribution of nano-
particles based on their fluorescence and scattered light. The
magnetic nanogel used in this study is a dynamic gel particle
stabilized by physical cross-linking, and the liposome is also
a relatively soft nanoparticle. Repeated separation and purification
operations, using centrifugal force or magnetic force, on the
hybrids consisting of such nanoparticles induced morphological
changes such as aggregation, making it difficult to evaluate
interactions between them in solution. Such manipulations can be
minimized using imaging flow cytometry. Therefore, this method
is suitable for revealing the composition of soft nanoparticles in
solution while minimizing the effects on the particle structure.

Microscopy observation of binding between the magnetic

nanogel and lipid bilayer

The functionalization of liposomes with magnetic nanogel is
believed to be achieved by interaction between the lipid bilayer
and magnetic nanogel. Therefore, we attempted to evaluate the
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interaction between the magnetic nanogel and lipid bilayer by
microscopy observation. Silica particles with a diameter of 10 um
and liposomes with an approximate diameter of 50 nm fluo-
rescently labeled with NBD-PE were mixed by inversion to form
lipid bilayer-coated silica particles. The lipid bilayer-coated silica
particles were then mixed with rhodamine-labeled magnetic
nanogels (Fig. 3A). Confocal laser microscopy showed that the
magnetic nanogel fluorescence was only observed when the silica
particles were coated with a lipid bilayer (Fig. 3B). This result
indicates that there is an interaction between the lipid bilayer
and the magnetic nanogel. For a representative particle in each
microscopy image, the fluorescence of the nanogel was co-
localized with the fluorescence profile of its cross-section only
if the particle was also covered by the lipid bilayer (Fig. S177).
Therefore, the two co-localized fluorescence signals are not due
to leakage from each other, but rather indicate the hybridization
of the magnetic nanogel on the lipid bilayer. These results
indicate that interaction between the magnetic nanogel and lipid
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Fig. 3 Microscopy observation of binding between magnetic nanogels and lipid bilayers. (A) Schematic illustration of the preparation of silica
particles coated with lipid bilayers and the evaluation of the interaction between the lipid bilayers and magnetic nanogels using silica particles. (B)
Evaluation of hybridization between magnetic nanogels and lipid bilayers by confocal laser microscopy. “Lipid membrane” indicates the use of
silica particles coated with a lipid bilayer, and "Magnetic nanogel” indicates the addition of magnetic nanogel.

2004 | Nanoscale Adv., 2022, 4, 1999-2010

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00834j

Open Access Article. Published on 15 March 2022. Downloaded on 12/24/2025 11:49:33 PM.

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

(cc)

Paper

membrane could be the main driving force for the hybridization
in the modification of the biomembrane with magnetic nanogel.
This behavior was similar to that of CHP nanogels complexed
with giant liposomes, suggesting that CHP molecules in
magnetic nanogels interact with the lipid bilayers of bio-
membranes, resulting in stable hybridization.

Interaction of nanogels with membranes

The interaction of the magnetic nanogels with the lipid bilayers
was found to be the driving force for the hybridization. In this
section, we investigate in greater detail the hybridization
mechanism between the magnetic nanogel and lipid bilayer
using liposomes as a model. The findings are expected to
provide insight into the functionalization mechanism of vesi-
cles with membrane structures of biological origin—including
extracellular vesicles—by magnetic nanogels.

The hybridization mechanism was evaluated from differ-
ences in lipid membrane fluidity by measuring the change in
the endothermic peak of the lipid bilayer using differential
scanning calorimetry (DSC) (Fig. 4A). Liposomes containing
DMPC were used as a model for nanosized biomembrane
vesicles. A peak at the phase transition temperature of DMPC
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was observed for the liposomes before hybridization. We then
measured liposomes mixed with magnetic nanogels and found
that the endothermic peak became less pronounced and the
phase transition temperature decreased, even though the lipid
content was the same. This indicated that the fluidity of the
lipid bilayer was increased by hybridization of the magnetic
nanogels and liposomes. This behavior is very similar to that of
cholesterol added to monolayer liposomes composed of
DMPC.** This suggests that cholesteryl groups grafted onto
pullulan are inserted into the lipid bilayer (Fig. 4B). Therefore, it
was found that iron oxide nanoparticles with hydrophobic
surface modification and CHP nanogel and biomembranes and
CHP nanogel are mutually hybridized by non-covalent inter-
molecular forces including hydrophobic interactions. This
hybridization method is therefore a highly versatile and novel
functionalization technique that can be used to conjugate any
kind of inorganic particles and biomembrane vesicles. In
addition to liposomes, previous studies have reported hybrids
using EVs as biological membrane vesicles. In the case of
hybridization with EVs, the insertion of the cholesteryl group of
the magnetic nanogel into the EV membrane, as clarified
herein, is thought to contribute to the hybridization.
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Fig. 4 Evaluation of the interaction of magnetic nanogels and liposomes. (A) Confirmation of hybridization indicated by changes in the
endothermic peaks of the lipid bilayers. The dashed line shows the DSC measurement of liposomes made of DMPC, and the solid line shows the
DSC measurement of the liposome and magnetic nanogel hybrid. The temperature was varied at a rate of 5 K min~. The results are shown for the
second temperature increase process. (B) Schematic illustration of magnetic nanogels and liposomes hybridized by the insertion of cholesteryl
groups. (C) Single particle analysis of hybrids composed of magnetic hanogel and anionic liposomes using imaging flow cytometry. Distribution
of particles in magnetic nanogel and liposome at final concentrations of 100 pg mL~*and 1 mM, respectively. (D) Fluorescence image of particles
detected in the region of the hybrid.
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Next, we investigated the effect of surface charge on the
hybridization with magnetic nanogels using cationic and
anionic liposomes. The { potential of the liposomes was
measured to confirm the hybridization. The ¢ potentials of
cationic liposomes and magnetic nanogels were 34.9 mV and
—1.6 mV, respectively. In contrast, the { potential of the
prepared hybrid was 5.2 mV (Fig. S18A%). This result suggests
that the hybridization of cationic liposomes and magnetic
nanogels relaxes the surface charge of the liposome. The charge
on the liposome surface was also found to be relaxed in the
hybridization of anionic liposomes and magnetic nanogels
(Fig. S18Bf). Specifically, the charge of the liposomes changed
from —40.4 mV to —6.76 mV following inversion mixing with
magnetic nanogels. This result suggested that anionic lipo-
somes could be hybridized with magnetic nanogel.

Therefore, we performed single particle analysis using
imaging flow cytometry on hybrids of cationic and anionic
liposomes and magnetic nanogels (Fig. S19,7 and 4C and D).
The results showed that the liposome-derived fluorescence co-
localized with magnetic nanogel even at the single particle
level. This indicates that the magnetic nanogel and the bio-
membrane hybridize regardless of their surface charges. It is
known that the membranes of biological membrane vesicles
such as exosomes are rich in anionic lipids such as phospha-
tidylserine.”” The result that magnetic nanogels can be
combined with anionic liposomes suggests that the nanogel-
based conjugation system has an excellent feature that it can
be implemented for biomembrane vesicles such as exosomes.

Evaluation of the morphology and retention of the internal
aqueous phase of liposomes in the hybrids

The retention of vesicular inclusions is very important if func-
tionalized biomembrane vesicles are to be used in drug delivery.
In addition, when functionalizing EVs such as exosomes, it is
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essential to preserve the structure of the vesicles and minimize
the impact on their contents.

We evaluated the effect of liposome functionalization with
magnetic nanogel on the morphology and internal aqueous
phase of liposomes using transmission electron microscopy
(Fig. 5A). Observation of the hybrids showed that liposomes
consisting of lipid bilayers and magnetic nanogels were
hybridized in a conjoined morphology. The particles that made
up the hybrids maintained the morphology of the particles used
in the preparation (Fig. S20f). This suggests that during
magnetic nanogel hybridization, the liposome retains its
structure and hybridizes with the nanogel by non-covalent
bonding.

Next, liposomes with a lipid membrane of only DOPC and
loaded with calcein were prepared and functionalized with
magnetic nanogels as previously described. We confirmed that
single particle analysis could be also performed for calcein-
loaded liposomes (Fig. S211). The number of particles in the
liposome dispersion solution was clearly higher than the
particle concentration in the respective control sample, con-
firming that the particles detected were liposomes. In addition,
only the same amount of particles could be detected in the
calcein solution as in the buffer, indicating that the sample was
able to detect the inner water layer. The prepared hybrids were
analyzed using imaging flow cytometry (Fig. 5B). The profiles of
the magnetic nanogels changed and the calcein fluorescence
derived from the liposome cargo was observed for most of the
magnetic nanogels. The distribution of calcein fluorescence per
single particle detected in the hybrids was comparable to that of
the liposomes used (Fig. S227). In addition, single particle
analysis was carried out for magnetic nanogels mixed with the
same amount of calcein as encapsulated in the liposomes
(Fig. 5C). No calcein fluorescence was observed for the magnetic
nanogel in solution, and the distribution was similar to that of
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Fig. 5 Structural evaluation of magnetic nanogel/liposome hybrids. (A) TEM image of magnetic nanogel/liposome hybrid. The black arrows
indicate magnetic nanogels, and the white arrows indicate liposomes. Scale bar represents 100 nm. (B) Single particle analysis of magnetic
nanogel and calcein-loaded liposome hybrids by imaging flow cytometry. (C) Single particle analysis of magnetic nanogel mixed with calcein by

imaging flow cytometry.
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the magnetic nanogel before mixing. These observations
suggest that the liposome inclusions were retained on hybrid-
ization with the magnetic nanogel. This also suggested that the
imaging flow cytometry analysis method could be applied to
inclusions such as fluorescent substances encapsulated in
nanoparticles. Furthermore, when surfactant was added to
hybrids collected by magnetic separation, 98% of the calcein
was released into the supernatant. This observation suggested
that calcein was encapsulated in the liposomes hybridized with
the magnetic nanogel. When the magnetically separated
hybrids were redispersed in buffer and a magnetic field was
applied to the solution, 94% of the calcein present in the
solution was collected. This indicates that the separated hybrids
could be magnetically induced with minimal effect on the inner
aqueous phase.

The nanogel-based liposome modification method is there-
fore thought to be an effective and facile method for functional
modification of pre-conditioned liposomes. The findings for
these model systems suggest that the functionalization of bio-
membrane vesicles using magnetic nanogels preserves the
structure of the vesicles and retains their cargo. Thus, the
nanogel interface strategy is expected to minimize the impact
on the structure and inclusions when functionalizing bio-
membrane vesicles with various cargo.

Magnetically driven intracellular delivery of liposomes

We have achieved the modification of liposomes with magnetic
iron oxide nanoparticles while maintaining the structure and
inclusions of the liposomes by using a nanogel as an interface
between the inorganic particles and biomembrane vesicles. The
liposome and magnetic nanogel hybrid is therefore appropriate
for application as a liposome delivery system using a magnetic
field. We investigated the magnetically driven delivery of lipo-
somes by adding hybrids prepared with fluorescently labeled
liposomes to HeLa cells and subsequently applying a magnetic
field (Fig. 6A).

The hybrids consisting of liposomes with fluorescently
labeled lipid bilayers and magnetic nanogel were added to cells.
A magnetic field was then applied to the cells for 1 h with
a neodymium magnet, and the intracellular lipid membrane-
derived fluorescence was measured by flow cytometry
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(Fig. 6B). The application of a magnetic field to the hybrids
clearly increased the intensity of intracellular lipid membrane-
derived fluorescence compared with the cases where no field
was applied or only liposomes of the same concentration were
added. This indicates that the liposomes were efficiently taken
up into the target cells when a magnetic field was applied to the
hybrids. Next, hybrids of calcein loaded liposomes and
magnetic nanogel were added to the cells, and magnetic
induction delivery was carried out for 1 h. Subsequent flow
cytometry measurements revealed that the intracellular calcein
fluorescence was markedly stronger when a magnetic field was
applied (Fig. 6C). This shows that applying a magnetic field to
the liposome and magnetic nanogel hybrids led to efficient
liposome cargo delivery. These two results indicate that
magnetically induced delivery of magnetic nanogel/liposome
hybrids can deliver both membranes and encapsulated cargo.
These results suggested that this approach could be a versatile
method for efficient delivery of artificial membrane vesicles,
such as liposome preparations, and natural membrane nano-
particles, including exosomes.

Control of the interaction between magnetic nanogels and
liposomes

It has been shown that magnetic nanogels can be hybridized
with biomembranes through non-covalent hydrophobic inter-
action of cholesteryl groups. In addition, previous studies have
shown that nanogels and magnetic nanogels can efficiently
internalize proteins through hydrophobic interactions with
cholesteryl groups.'” Therefore, we anticipated that by exposing
the magnetic nanogel and liposome hybrids prepared herein to
high protein concentrations, the magnetic nanogel would
complex with the protein and the cholesteryl groups in the
nanogel would interact with the protein, separating the hybrids
into magnetic nanogels and liposomes. The hybrid of lipo-
somes fluorescently labeled with NBD and magnetic nanogels
was exposed to a high concentration of protein and then
magnetically separated. By measuring the fluorescence of the
supernatant, the ratio of liposomes released from the magnetic
nanogels was calculated (Fig. 7A). It was found that increasing
the FBS concentration increased the percentage of liposomes in
the supernatant. This could indicate that the liposomes were
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Fig. 6 Evaluation of intracellular delivery efficiency of liposome delivery system using a magnetic field. (A) Schematic illustration of intracellular
delivery of liposomes by decoration with magnetic nanogel. (B) Evaluation of intracellular delivery of liposomes with lipid membrane fluo-
rescently labeled with NBD, using flow cytometry. (C) Evaluation of intracellular delivery of liposome inclusions by flow cytometry using calcein
loaded liposomes. MF represents the magnetic field.
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of the switching of biomembrane vesicle functionalization using
magnetic nanogels triggered by the presence of proteins.

separated from the magnetic nanogels in the presence of a high
concentration of protein. This is thought to be because the
cholesteryl groups in the nanogels interacted with the protein
when it was encapsulated, and the number of cholesteryl groups
available for hybridization with the liposome decreased.

In this case, the liposomes may have detached during the
separation process as a result of the application of a magnetic
field to hybrids destabilized by the addition of protein. There-
fore, we used imaging flow cytometry to directly evaluate the
hybrids in solution when the protein was added (Fig. S237). The
number of magnetic nanogels detected as hybrids decreased as
the concentration of FBS increased. Furthermore, as the protein
concentration increased, the distribution of almost all of the
hybrids clearly changed. This indicated that the addition of the
protein did indeed separate the liposomes from the hybrids in
solution. These results suggested that the functionalization of
liposomes with iron oxide nanoparticles using a nanogel
interface could allow control of any subsequent separation of
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the modification. Therefore, we believe that our functionaliza-
tion method offers a completely new approach for bio-
membrane functionalization using switchable non-covalent
bonds.

The hybrids of magnetic nanogels and vesicles consisting
only of lipid molecules were found to be separable in the
presence of high concentrations of protein. We evaluated
whether this switching of functionalization was also possible in
biomembrane vesicles by applying it in a system comprising
hybrids of EVs and magnetic nanogels. Specifically, hybrids of
fluorescently labeled EVs and magnetic nanogels were exposed
to various concentrations of FBS. A magnetic field was then
applied to separate the magnetic particles, and the EVs sepa-
rated from the magnetic nanogel were quantified by measuring
the fluorescence of the supernatant. The ratio of EVs separated
from the magnetic nanogel to the total number of EVs used for
hybridization increased in the presence of high concentrations
of protein, as was observed for liposomes (Fig. 7B). Therefore,
the functionalization of biomembranes with magnetic nanogels
is considered a smart modification method allowing controlled
separation in the presence of proteins (Fig. 7C). Furthermore,
the functionalization with magnetic nanogel can provide
magnetic induction properties to EVs in solution, and is ex-
pected to be applied as a new extracellular vesicle separation
technology, where the EVs can be separated using a magnetic
field and then uncomplexed. Since this methodology allows
biomembrane vesicles to be complexed with magnetic nanogels
by intermolecular forces, such as hydrophobic interactions,
without the use of specific interactions, it is expected to be
applied to a broad range of technologies without specific bias to
extracellular vesicles. In other words, the technique can collect
entire EVs rather than a specific population of extracellular
vesicles.

Conclusion

We clarified the hybridization mechanism of inorganic nano-
particles and biomembrane vesicles interfaced with nanogels,
using liposomes as a model. We developed a new method for
the functionalization of liposomes where the cholesteryl groups
of magnetic nanogels are inserted into lipid bilayers via
hydrophobic interactions, resulting in non-covalent hybridiza-
tion. This functionalization method endows liposomes with
magnetic induction properties through the simple process of
inversion mixing of liposomes and magnetic nanogels. In
a series of hybridization evaluations, we adapted the imaging
flow cytometry analysis method to synthetic nanoparticles as
a new way to confirm the hybridization of the two particles. This
analysis method provides information that, to date, has been
difficult to determine, namely the distribution of synthetic
nanoparticles in solution. It also has the potential to reveal the
composition of nanoparticles at the single particle level based
on fluorescence and scattered light. The present approach, in
which liposomes and iron oxide nanoparticles are hybridized
through nanogels by intermolecular forces, is a highly versatile
method that can be used for hybridization regardless of the type
of liposomes or inorganic particles because it does not use any

© 2022 The Author(s). Published by the Royal Society of Chemistry
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specific binding. The application of this method to various
materials will lead to the development of new DDS carriers that
integrate liposome-based carriers and inorganic particles with
unique functions. The liposome-based system is a model for
exosomes and other extracellular vesicles with biomembrane
structures, and it is thought that the cholesteryl group of the
magnetic nanogel also inserts into the biomembrane of extra-
cellular vesicles to form hybrids. This hybridization mechanism
is expected to contribute significantly to the retention of func-
tion in the hybridization of biomembrane vesicles and their
inclusions. Furthermore, the functionalization of bio-
membrane vesicles using a nanogel interface was found to be
reversible. There have been few examples of synthetic polymer-
mediated conjugation of biomembrane vesicles with inorganic
materials where the reversibility of the conjugation has been
demonstrated at the single particle level. Therefore, this smart
functionalization method is expected to be applied to new
techniques for the introduction of biomembrane vesicles into
cells and separation methods for extracellular vesicle delivery.
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