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Polymer – lipid hybrid vesicles and their interaction with HepG2 cells
Edit Brodszkij, Isabella N. Westensee, Mathias Bertelsen, Noga Gal, Thomas Boesen and
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Dr. E. Brodszkij, I. N. Westensee, M. Bertelsen, Dr. N. Gal, Dr. T. Boesen, and Prof. B. Städler
Interdisciplinary Nanoscience Center (iNANO), Aarhus University, 8000, Aarhus , Denmark
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Polymer – lipid hybrid vesicles are an emerging type of nano-assemblies that show potential as
artificial organelles among others. Phospholipids and poly(cholesteryl methacrylate)-blockpoly(methionine methacryloyloxyethyl ester (METMA) – random - 2-carboxyethyl acrylate
(CEA)) labeled with a FRET reporter pair is used for the assembly of small and giant hybrid
vesicles with homogenous distribution of both building blocks in the membrane as confirmed
by the FRET effect. These hybrid vesicles have no inherent cytotoxicity when incubated with
HepG2 cells up to 1.1 x 1011 hybrid vesicles per mL, and they are internalized by the cells. In
contrast to the fluorescent signal ocoming from the block copolymer, the fluorescent signal
originating from the lipids was barely detectable in cells incubated with hybrid vesicles for 6 h
followed by 24 h in cell media, suggesting that the two building blocks have a different
intracellular fate. These findings provide important insight in the design criteria of artificial
organelles with potential structural integrity.
Bottom-up assembled (semi)synthetic entities that interact with mammalian cells and tissue is
an emerging approach, which aims to replace missing or lost cellular function as well as to
integrate non-native activity. A diversity of cellular and subcellular structural assemblies (e.g.,
artificial cells[1] and artificial organelles[2], synthetic biomolecules (e.g., nanozymes[3]) and
biological functions (e.g., locomotion,[4] fusion,[5] catalytic conversion[6] etc.) are being
considered.
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Artificial organelles are assemblies that typically exhibit intracellular catalytic activity with the
goal to substitute or add enzymatic function to mammalian cells, as recently discussed in detail
by Belluati et al.[7] In earlier reports, the focus was often on intracellular reactive oxygen species
removal in immortalized cell lines.[8] Recent examples demonstrated more diversity in terms of
function such as melanin-like nanoparticles for UV photoprotection in HEKa cells,[9] capture
of intracytoplasmic doxorubicin,[10] or intracellular hydrogen peroxide detection[11]. Further,
more advanced cells such as primary human skin fibroblasts[12] and primary human
macrophages[13] were employed as well as first efforts in zebra fish[14] and in mice[15] were
reported. While the observed intracellular catalytic conversions support the presence of the
relevant enzymes, the fate of the carrier vehicle remains often unclear. Cytosolic placement is
an important aspect, since only limited cellular activity occurs in the lysosomes/endosomes.
Further, the term ‘artificial organelle’ implies not only the presence and integrity of the cargo
(enzymes), but also its carrier. Nonetheless, the intracellular structural integrity of the carriers
made from polymers or lipids is typically not determined in detail. A rare example in this
context involves the assessment of intracellular distribution of microinjected liposomes, which
showed intracellular aggregation and size-dependent dilution during two cell cycles.[16]

Here, we illustrated the opportunity to implement Förster resonance energy transfer (FRET)
reporter groups into assemblies based on phospholipid – block copolymer hybrid vesicles with
the aim to employ them as tags for cargo carriers that are anticipated to be used as artificial
organelles.

Artificial organelles that have sizes between 50 – 300 nm can be based on porous silica,[17]
polymersomes,[18] micelles,[8c] or phospholipid – block copolymer hybrid vesicles[19]

[20]

. The

latter case is a newer type of assemblies that combine the design opportunities from amphiphilic
block copolymers with the self-assembly capability of lipids, and will be termed hybrid vesicles
2

(HVs) from now on. These HVs have diverse physicochemical membrane properties, albeit not
very well understood yet, depending on the chosen building blocks as outlined in detail by
Schulz et al.[21] HVs are an interesting alternative to liposomes and polymersomes. Liposomes
suffer from inherit stability issues. Polymersomes exhibit better stability, more control over
cargo retention and release, and offer the entire tool box of polymer chemistry for their design,
but their wider use is challenged by stringent criteria that allow for the self-assembly of
amphiphilic block copolymers into polymersome. The latter aspect is illustrated by the
surprising fact that only a very limited number of these polymers (including polyethylen glycol,
polystyrene, polydimethylsiloxane, poly(2-(dimethyl)aminoethyl methacrylate))[18,

22]

are

repeatedly used for polymersome assembly in literature. As a result, the benefits of modern
polymer chemistry can currently not be fully explored when considering polymersomes. On the
other hand, HV assembly is more flexible, facilitated by the phospholipids, which might allow
for a wider range of polymers to be considered. In addition, the membrane of polymersomes
can be impermeable to also small molecules. Consequently, for their use as artificial organelle
i.e., for encapsulated catalysis where transport of substrate and product across the membrane is
essential, the incorporation of channels (e.g., outer membrane protein F[23]) is required.
We have previously shown that amphiphilic block copolymers consisting of poly(cholesteryl
methacrylate) (pCMA) as the hydrophobic block with either poly(N-isopropylacrylamide)[24] or
poly(2-(dimethylamino)ethyl methacrylate)[19,

25]

as the hydrophilic extension could be

assembled into HVs together with phospholipids. In our current effort, we extended pCMA
with a random copolymer of methionine methacryloyloxyethyl ester (METMA) and 2carboxyethyl acrylate (CEA) as the hydrophilic part. pCEA is a promising candidate as a
membranolytic polymer to aid lysosomal escape.[26] METMA was used to provide further
possibilities for functionalization.[27] Reversible addition chain transfer polymerization (RAFT)
was employed to synthesize the pCMA macroinitiator aiming at 5 kDa and for chain extension
with the mixture of CEA and METMA with the aim of 20 kDa (Figure 1a). 1H NMR and gel
3

permeation chromatography (GPC) reveled 5.4 kDa for pCMA with a polydispersity of 1.24
(Supporting Information Figure S1a). Further, the expected block copolymer pCMA-b-p(CEAMETMA) (P) was successfully synthesized with a total MW of 17 kDa for the hydrophilic
extension (Supporting Information Table S1), evident from the 1H NMR due to the broad peak
originating from the pendant group at 4.3 ppm (Supporting Information Figure S1b). The Mn
was calculated by the ratio of the integrals of the peak at 4.3 and 5.4 (cholesterol). We estimated
from the crude 1H NMR by the integration of the peaks around 6 ppm originating from the
double bonds of the unreacted monomer that ~76 w% of the units in these chains were CEA.
The H peaks originating from the double bond in CEA and METMA did not overlap, therefore
the conversion of the two monomers could be directly calculated relating to the peak at 4.3 from
the pendant side group (Supporting Information Figure S1c).

The incorporation of FRET reporter groups is an opportunity in nanomedicine to address
questions involving nanomaterial assembly and the interaction of nanomaterial with biological
cells and tissue, as discussed in detail by Zheng and coworkers.[28] FRET reporter pairs have
previously been used to identify nanodomains,[29] the dependence on copolymer architecture
and molar mass on the assembly of large unilamellar vesicles made of poly(dimethylsiloxane)graft-poly(ethylene oxide) and phospholipids,[30] and to illustrate the co-assembly of
oligo(aspartic acid)-block-poly(propylene oxide) with phospholipids into small unilamellar
vesicles

[20]

. We conjugated Oregon Green 488 (OG) to P (POG) via EDC/NHS coupling in

tetrahydrofuran with the aim to use this fluorophore as FRET donor. We would like to note that
OG was likely attached to the carboxyl pendant groups of CEA (Supporting Information
Scheme S1). However, OG attachment to the carboxyl group originating from the RAFT
initiator was also a possibility. OG is an alternative to fluorescein that is less sensitive to the
environmental pH (changes), which is an important aspect when used inside of mammalian

4

cells. Lissamine-Rhodamine B modified 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
lipids (LRho) were used as FRET acceptor.

P and POG together with LRho and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids
were used to assemble small HV (sHV) via the film rehydration methods (Figure 1b). The LRho
amount was kept constant at 0.037 mg while either 0.4 or 0.1 mg P or POG was used and DOPC
lipids were employed to reach 1.5 mg total mass in all cases. 1 mL 4-(2hydroxyethyl)piperazine-1-ethane-sulfonic acid (HEPES) buffer (10 mM HEPES, 150 mM
NaCl, pH 7.4) was used to detach the polymer-lipid film from the round bottom flask followed
by extrusion through 400 nm and 100 nm filters. Eight types of sHV were assembled, from now
on referred to as 𝑠𝐻𝑉 , where fl indicated the type of dye, i.e., OG (originating from POG), Rho
(originating from LRho) or mix (originating from both, POG and LRho) and c refers to the amount
of polymer used (0.4 mg or 0.1 mg). Finally, extruded sHV were run through a size exclusion
column to further improve the quality of the final assemblies by removing free block copolymer
or small polymeric nanoparticles as well as remaining impurities from the polymer synthesis.
It should be noted that the latter step would be inherently present when loading sHV with
enzymes, and we therefore considered it important to include it in the current sample
preparation. In addition, while theoretically possible, we did not identify a protocol that would
allow us to assembly polymersomes using P.
First, the quality and concentration of sHV was determined using a Nanosight LM-10
instrument. The 𝑠𝐻𝑉

and 𝑠𝐻𝑉 . had an average hydrodynamic diameter of 138 and 147 nm

with standard deviation of ~50 nm, respectively (Figure 1c and Supporting Information Table
S2). As a representative example, 𝑠𝐻𝑉 .

were visualized by negative stain transmission

electron microscopy (TEM) and their vesicles nature and narrow dispersity was confirmed
(Figure 1di). In addition, cryo-electron microscopy images of 𝑠𝐻𝑉 . were used to determine
5

that the average diameter of the mostly unilamellar vesicular assemblies was ~120 nm (Figure
1dii). The membrane thickness was measured to be 4.3 nm in average (Supporting Information
Figure S2).
Next, we confirmed the co-existence of polymers and lipids in the same sHV using the
fluorescent read-out of the FRET pair (Figure 2a) in a multi-mode plate reader using 8.4 x 1011
𝑠𝐻𝑉 . mL-1 and 4.5 x 1011 𝑠𝐻𝑉 . mL-1. An excitation wavelength of ex = 488 nm was used
and the emission spectra from em = 503 nm to 650 nm was recorded. As expected, 𝑠𝐻𝑉
𝑠𝐻𝑉

and

had a single emission peak with a maximum of em = 526 nm and em = 595 nm,

respectively (Supporting Information Figure S3), while 𝑠𝐻𝑉

had both emission peaks

(Figure 2b). The energy transfer from OG to Rho was illustrated by disintegrating the sHV
assembly using 1% Triton-X-100 (TX) and comparison of the emission spectra before and after
TX addition. As anticipated, only small changes in intensity and emission maximum were found
for 𝑠𝐻𝑉

and 𝑠𝐻𝑉

, since the light emission properties were not depending on the integrity

of the sHV. On the other hand, the fluorescent intensity of the OG emission at em = 526 nm
increased 3× while the Rho emission at em = 595 nm decreased for 𝑠𝐻𝑉

after exposure to

TX, indicating the spatial separation of dyes, i.e., the loss of energy transfer. A FRET efficiency
of 27% and 19% was calculated for 𝑠𝐻𝑉 .

and 𝑠𝐻𝑉 .

, respectively, illustrating the

successful control over the amount of incorporated block copolymer. Dynamic light scattering
(DLS) measurement was carried out to confirm the TX triggered disassembly of the sHVs
(Supporting Information Figure S4), showing the before and after addition of 1 % TX. The
quality of the obtained correlograms drastically changed and the count rates dropped by 90%
when TX was added, indicating the structural disintegration of the sHVs. Furthermore, the
emission spectra of 𝑠𝐻𝑉 .

remained unchanged when exposed to cell media containing 10%

fetal bovine serum (Supporting Information Figure S5a). In addition, the stability of 𝑠𝐻𝑉 .
when subjected to a pH change was determined (Supporting Information Figure S5b), since
6

they would experience a drop in pH in the endo/lysosomal compartments following endocytosis.
The fluorescent intensities of the OG emission (em = 526 nm) decreased ~3 x and the Rho
emission (em = 595 nm) showed a ~20% decrease, compared to the original value at pH = 4.5.
Importantly, all signals recovered after the pH was adjusted back to pH = 7.4. Also, the Dh of
the assemblies along with the count rate increased ~2× at pH = 4.5 when measured by DLS,
compared to the initial values. Again both values recovered after the pH was adjusted back to
pH = 7.4. The PDI remained unchanged at all conditions (Supporting Information Figure S5c).
Finally, the determined assembly efficiency was over 85% for both building blocks, i.e., most
of the initially added lipids and block copolymers were incorporated into the sHV assemblies
and not self-assembled into micelles or similar. (Supporting Information Figure S6 and related
text).

Following on, we assembled giant HVs (GHV) via the electroformation method.[31] To this end,
17 µL of the chloroform solution used for 𝑠𝐻𝑉 . assembly was homogenously spread on an
indium tin oxide coated glass slide, dried under vacuum and rehydrated in 250 μL 300 mM
sucrose solution (300 mM sucrose in 1 mM HEPES buffer) using a VesiclePrepChamber setup. (From now on, GHV containing POG will be referred to as GHVOG, GHV with LRho will be
referred to as GHVRho and GHV containing both POG and LRho will be referred to GHVmix.).
Confocal laser scanning microscopy (CLSM) was used to visualize and analyze the assembled
GHV (Figure 2c and Supporting Information Figure S7a). Results from the multiplate reader as
outlined above for sHVs were inconclusive probably due to the presence of nano-sized polymer
micelles and liposomes that were made during the electroformation process. Therefore, we
excluded assemblies with sizes small than 1µm in diameter from the following microscopy
analysis. (We would like to note that the rehydration method used for the assembly of sHV did
not have this challenge or to lesser extent.) An average diameter of ~10 µm was found for the
7

GHVs measured when analyzing 40 GHVOG, 60 GHVRho, and 100 GHVmix (Supporting
Information Figure S7b). These GUVs were also used to determine the fluorescent signals of
their membranes. (Figure 2c and Supporting Information Figure S7a show representative
examples.) Frist, both dyes were homogeneously distributed in the membrane of the GHVs. In
order to demonstrate the presence of the FRET effect in the GHVs, the imaging parameters in
the CLSM were carefully selected and fluorescent intensities (FI) were collected in three
imaging channels (green channel (POG): ex = 488 nm and em = 500 – 539 nm; yellow channel
(FRET signal): ex = 488 nm and em = 560 – 800 nm; red channel (LRho): ex = 555 nm and em
= 595 – 800 nm). (We would like to note that the apparent lower intensities in the membrane
were likely an imaging artefact probably due to aberrations caused by refractive index
mismatches when taking images at different heights above the cover slip.) As expected, the
highest FI for GHVOG was obtained in the green channel, but lower FI was detectable in the
yellow channel and no FI was found in the red channel (Figure 2c). Also, GHVRho had detectable
FI in the red and lower FI in the yellow channel. On the other hand, higher FI in the yellow than
the red channel was observed for GHVmix. However, very low FI signal was detected in the
green channel despite the anticipated presence of POG in the GHV. In order to confirm that this
was indeed the case, the Rho dye was photo-bleached and the images were recorded again
(Supporting Information Figure S8). As the signal in the red channel started to disappear, the
green FI intensity signal became detectable. In other words, no energy transfer between the
FRET pair was possible anymore when the acceptor fluorophore Rho became unavailable and
the energy was emitted as detectable FI in the green channel. This finding strongly suggested
the presence of the FRET effect and indicated that the block copolymer and the phospholipids
were largely homogenously mixed in the membrane, although nanodomaines below the
resolution limit of the current approach might still be present.
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Finally, we aimed to illustrate the fate of sHV when incubated with HepG2 cells. We chose this
cell line since it is a widely accepted model for liver cells and our current main research focuses
on cell mimicry in the context of hepatology. First, no negative effect on the cell viability was
observed for concentrations up to 11×1010 sHV mL-1 for both tested block copolymer
concentrations used during assembly (Supporting Information Figure S9).
With the aim to follow the structural evolution of sHV in cells, the FRET pairs were employed.
First, we wanted to ensure that the signal from the FRET reporter groups could be followed by
flow cytometry. To this end, we coated 2.4 μm silica particles (C) with a layer of poly(L-lysine)
before depositing a layer of 𝑠𝐻𝑉 . resulting in CRho, Cmix and COG. The colloid mean
fluorescence (MF) was analyzed by flow cytometry in the green channel (em = 495-555 nm)
and the red channel (em = 557-609 nm) using an excitation wavelength of ex = 488 nm
(Supporting Information Figure S10). As expected, CRho was only detectable in the red channel.
Further, the MF for COG was higher than for Cmix in the green channel, while the MF in the red
channel was almost 3× higher for Cmix than for COG. These two observations together illustrated
the FRET effect for sHV immobilized on colloidal substrates and that it could be detected by
flow cytometry.
The intracellular environment is more viscous and diverse than the buffer solution. In a first
attempt to increase the complexity of the sHVs environment, sHVs were confined in alginate
beads. To this end, 8.6 mg mL-1 alginate was mixed with 4.5 × 1011 𝑠𝐻𝑉 . mL-1 (7/1 v/v%) and
an Encapsulator B-390 was used to produce Amix, AOG and ARho of ~100 µm diameter (Figure
2di). The homogenous distribution of 𝑠𝐻𝑉 . in the alginate beads was confirmed by 3D
reconstructions of z-stacks taken by CLSM (Supporting Information Figure S11a). The
structural integrity of the encapsulated sHVs was determined by monitoring the FRET signal in
the multi-mode plate reader using 1.75 × 105 Afl mL-1 before and after addition of 1% TX
(Figure 2dii and Supporting Information Figure S11b). Only a 2× and 1.5× increase in the
9

respective fluorescent emission intensity was found for AOG and ARho, respectively, due to the
addition of TX, i.e., the effect of the environmental change on the fluorophores was relatively
minor. The OG emission intensity (em = 526 nm) increased 5× for Amix. However, the Rho
emission intensity (em = 595 nm) did not show the expected decrease due to the loss of the
close proximity of the FRET pair. Nonetheless, we argue the presence of the FRET effect. First,
the increase in fluorescent emission at the Rho emission (em = 595 nm) was lower for Amix
than for ARho (10% vs. 50%) after the inhibition of the energy transfer. Second, the OG emission
peak is rather wide and the large increase in OG emission intensity at em = 526 nm for Amix
contributed to the fluorescent intensity monitored at higher wavelengths i.e., at the Rho
emission em = 595 nm. Consequently, it is reasonable to assume that the Rho emission
decreased for Amix after TX addition. Fluorescent microscopy images taken before and after the
addition of TX showed no change of the shape and size of the alginate beads. Further, most of
the POG remained entrapped in alginate beads, while the lipids diffused out. (Supporting
Information Figure S11c).

Following on, we incubated HepG2 cells with 𝑠𝐻𝑉 . , 𝑠𝐻𝑉 .

or 𝑠𝐻𝑉 .

for 6 h and 24 h

before monitoring the cell mean fluorescence (CMF) by flow cytometry in the green and red
channels as detailed for the colloid mean fluorescence (Figure 3ai). In general, the CMF was
significantly higher when the cells were incubated with 𝑠𝐻𝑉 . for 24 h than for only 6 h.
Furthermore, as anticipated, cells incubated with 𝑠𝐻𝑉 .

only had detectable CMF in the red

channel. The monitored CMF in the green channel of cells incubated with 𝑠𝐻𝑉 . and 𝑠𝐻𝑉 .
were comparable at both time points. Further, the CMF in the red channel for cells exposed to
𝑠𝐻𝑉 .

was the added-up CMF of cells incubated with 𝑠𝐻𝑉 .

or 𝑠𝐻𝑉 .

. Taken these

aspects into consideration, no clear FRET signal could be detected for the selected 𝑠𝐻𝑉 . in
this cell type for the chosen incubation times. Nonetheless, association of both building blocks
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with HepG2 cells was illustrated. CLSM images of HepG2 cells with stained plasma
membranes confirmed the internalization of 𝑠𝐻𝑉 .

(Figure 3aii). The fluorescent signal

originating from POG and LRho was located in small spots, likely endosomes/lysosomes. In
addition, the large spherical intracellular structures were most probably macropinosomes that
also contained POG and LRho as evidenced from the faint fluorescent signal in the red channel
and green channel (Supporting Information Figure S12).
With the aim to identify the intracellular location following endocytosis of the sHVs, HepG2
cells were incubated with 𝑠𝐻𝑉 . for 6 h and 24 h, and Lysotracker Deep Red (LT-DR) was
added 45 min before imaging of the cell cultures by CLSM (Figure 3aiii and Supporting
Information Figure S12). High level of colocalization of POG with LRho as well as both POG and
LRho with LT-DR was apparent from the CLSM images both for 6 and 24 h incubation of cells
with 𝑠𝐻𝑉 . . Image analysis to calculate colocalization using the Manders colocalization
coefficient (MCC) was done using the ImageJ software (Supporting Information Table S3).
However, we would like to note that these images were poorly suited for such analysis.[32] There
were very few pixels of interest due to the spot-like localization of the fluorophores that required
the use of a threshold for the image analysis. However, MCC values calculated with autothreshold had very high standard deviations making the analysis inconclusive. The apparent
colocalization suggested that POG and LRho remained locally confined, but the absent of the
FRET signal suggested that POG and LRho were spatially too separated to allow for detectable
FRET transfer. We speculate that the structural integrity of 𝑠𝐻𝑉 .

was compromised due to

the endocytosis process or that biomolecules could integrate into the membrane of 𝑠𝐻𝑉 .

and

by doing so, the FRET pair became separated i.e., the FRET transfer would be lost although
𝑠𝐻𝑉 .

might remain structurally (partly) intact.
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With the goal to get a basic understanding on the intracellular fate of the sHVs, HepG2 cells
were exposed for 6 h to 𝑠𝐻𝑉 .

followed by incubation in media for the subsequent 24 h before

the CMF was recorded by flow cytometry (Figure 3bi). The CMF did not change significantly
for POG recorded in the green channel after 6 and 24 h. However, the CMF monitored in the red
channel significantly decreased by ~50% within 24 h. These findings were confirmed by CLSM
images, where only green fluorescence originating from POG were found after 24 h (Figure 3bii).
Further, the green to red pixel ratio (Rg/r) of CLSM images was determined as a mean to semiquantitatively assess the change in fluorescence signal originating from POG and LRho. Images
of HepG2 cells that were exposed to 𝑠𝐻𝑉 .

for 6 h followed by 24 h incubation in media

revealed a higher Rg/r compared to images of cell that were continuously exposed to 𝑠𝐻𝑉 .
for 6 h or 24 h (Supporting Information Figure S13). These results suggested different
intracellular fates for the polymeric (POG) and lipid (LRho) components of 𝑠𝐻𝑉 .

i.e., the block

copolymer seemed to be retained in the cells while the lipids were degraded or exocytosed. As
a control experiment to ensure that this effect was not related to the Rho fluorophore, sHVs
were made using 1-palmitoyl-2-(12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl)sn-glycero-3-phosphocholine (LNBD) resulting in 𝑠𝐻𝑉 .

. These assemblies had a Dh of ~130

nm as measured by DLS (Supporting Information Table S4). The successful incorporation of
LNBD was confirmed by fluorescence measurements with a multi-plate reader using ex = 467
nm and em = 583 – 600 nm (Supporting Information Figure S14a). The presence of P in the
assemblies was shown by the change in Dh and count rate measured by DLS at pH=7.4 and 4.5
(Supporting Information Figure S14b). The above discussed experiments were repeated by
exposing HepG2 cells to 𝑠𝐻𝑉 .

for 6 h followed by incubation in media for 24 h before the

CMF was recorded in the green channel of the flow cytometer. The CMF significantly
decreased after 24 h rest compared to the 6 h value, similarly to sHVRho observed in the red
channel. CLCM images showed spot-like localization of 𝑠𝐻𝑉 .
12

for 6 h incubation, while the

green fluorescence of LNBD was barely visible after 24 h incubation (Figure 3biii and Supporting
Information Figure S15). It should be noted that NBD was located in the tail segment of the
lipid, while Rho was a head modification of the lipid. The signal originating from the lipids
disappeared for both types of fluorescently labeled lipids, strongly supporting the hypothesis
that the cells selectively removed the lipids from the sHV assemblies.

Taken together, polymer-lipid HVs were assembled and a FRET reporter pair was used to
confirm the presence of both building blocks in the same small or giant HVs. Further, HepG2
internalized the sHV without experiencing inherent cytotoxicity for the chosen concentrations
and incubation times. Further, the intracellular fate of the block copolymer and the lipids was
different i.e., the block copolymer was better retained in the cells, while the lipids were removed
or degraded within 24 h. The analysis of CLSM images of cells exposed to sHVs with stained
lysosomes suggested that the polymer and the lysosomes remained closely related. It is however,
interesting that the polymer was retained in the cells and a more detailed understanding of how
and where (e.g., in the void of the lysosomes, attached to the lysosomal membrane with the
hydrophilic block towards the void or the cytosol etc.) is part of an ongoing effort. Further,
implications of these findings to intoduce (catalytic) activity to cells are being explored. Overall,
the current findings are of conceptually importance when considering the intracellular fate
including the heredity pattern and eventually the performance of artificial organelles based on
sHVs.
Experimental Section
Materials: 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid, N-hydroxysuccinimide
ester (NHS-CTA, 98%), 4-(2-hydroxyethyl)piperazine-1-ethane-sulfonic acid (HEPES,
x99.5%),

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide

hydrochloride

(EDC),

2-

carboxyethyl acrylate (CEA), 2,2’-azobisisobutyronitrile (AIBN), N,N-dimethylformamide
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(DMF, 99.9 %), N-(tert-butoxycarbonyl)-L-methionine (Boc-L-methionine, 99%), dimethyl
sulfoxide (DMSO), N-hydroxysuccinimide (NHS), sepharose 2B, Triton X-100 (TX), cell
counting kit-8 (CCK-8), phosphate buffered saline, 0.25% trypsin EDTA, poly(L-lysine)
hydrobromide (PLL, Mw = 30-70 kDa) , sodium acetate, calcium chloride dihydrate (CaCl2,
purity ≥ 99.0%) and sodium chloride were purchased from Sigma-Aldrich. Oregon Green™
488 Cadaverine, 5-isomer (OG), CellMask Deep Red Plasma Membrane Stain, and
LysoTracker™ Deep Red (LT-DR) were obtained from Thermo Fisher Scientific. 1,2-Dioleoylsn-glycero-3-phosphocholine (DOPC), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N(lissamine rhodamine B sulfonyl) (LRho) and 1-palmitoyl-2-(12-[(7-nitro-2-1,3-benzoxadiazol4-yl)amino]dodecanoyl)-sn-glycero-3-phosphocholine (LNBD) were purchased from Avanti
Polar Lipids. Dialysis tubing (MWCO 3.5 kDa, Spectra/POR 3) were obtained from
Spectrumlabs. Chloroform-d + 0.03% TMS (99.80% D), tetrahydrofuran-d8 (100% D),
chloroform (99.3%), tetrahydrofuran, and diethyl ether were purchased from VWR Chemicals.
Toluene was purchased from Merck. Silica particles (2.4 µm, SiO2) were obtained from Micro
Particles GmbH (Germany). Sodium alginate (PRONOVA UP MVG) was purchased from
Novamatrix. Tert-butyloxycarbonyl-L-methionine methacryloyloethyl ester (METMA),[27] and
poly (cholesteryl methacrylate) (pCMA)[8c] were synthesized following prior published
protocols. Before use, AIBN was recrystallized in methanol. All experiments were performed
using HEPES buffer consisting of 10 mM HEPES and 150 mM NaCl at pH 7.4. Ultrapure water
(18.2 MΩ cm−1 resistance) was provided by an ELGA Purelab Ultra system (ELGA LabWater,
Lane End).
pCMA-b-p(CEA-METMA) (P) Synthesis: PCMA macro-CTA (50 mg, 0.01 mmol,
Mn_GPC=4.5 kDa, Mw_GPC= 5.8 kDa, PDI= 1.24), CEA (177 mg, 1.2 mmol), METMA (47
mg, 1,4 mmol), and AIBN (0.16 mg, 0.001 mmol ) were dissolved in a mixture of 1 ml toluene
and 0.3 ml DMF. The solution was bubbled with argon gas for 2 h, and placed into an oil bath
at 70°C for overnight. The polymer was purified by two consecutive precipitation into 50/50
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diethyl ether/hexane and re-dissolving in toluene. 1H NMR of crude and purified products were
taken by Bruken Asscedn 400, MestrNova software was used to analyze the spectra.
1

H NMR (400 MHz, CDCl3)  (ppm): 0.66-1.67 (polymer backbone), 1.44 (−C(CH3)3(BOC)),

2.11 (−S−CH3), 2.6 (br, −CH−CH2−CH2−S−), 4.4 (br, −O−CH−(CH2−)2, −O−CH2−CH2−O−
and −CO−O−CH2−CH2−COOH) and 5.34 (br, −CH=C−)
Oregon Green (OG) Labeling of P (POG): 75 mg P, EDC (4.5 mg, 0.024 mmol) and NHS (2.9
mg, 0.025 mmol) was dissolved in 0.5 mL THF and OG (5 mg, 0.01 mmol, dissolved in 0.2 mL
DMSO) was added dropwise. The solution was stirred for 12 h and purified by two consecutive
precipitations into diethyl ether, resulting in POG.
1

H NMR (400 MHz, THF−d8)  (ppm): 0.8-2 (polymer backbone), 1.46 (−C(CH3)3 (BOC)),

2.1 (−S−CH3), 2.7 (br, −CH−CH2−CH2−S−), 4.17-4.42 (−O−CH−(CH2−)2, −O−CH2−CH2−O−
and −CO−O−CH2−CH2−COOH), 5.43 (br, −CH=C−(chol)), 6.52, 6.84, 7.32, 8.34 and 8.51
(aromatic, OG)
Small Hybrid Vesicle (sHV) Assembly: Polymer-lipid hybrid vesicles were assembled using the
film rehydration method. 0.1 or 0.4 mg P or POG (5 mg mL-1 in THF), 1.1 or 1.063 mg DOPC
(25 mg mL-1 in chloroform) and 0 or 0.037 mg LRho (1 mg mL-1 in chloroform) were mixed in
a 25 mL round-bottom flask in with a total final mass of 1.5 mg. For the assembly with LNBD,
0.4 mg P (5 mg mL-1 in THF), 1.055 mg DOPC (25 mg mL-1 in chloroform) and 0.045 mg LNBD
(1 mg mL-1 in chloroform) was used. The solvent was evaporated under a nitrogen flow
followed by drying on a vacuum line for at least 3 h. The mixture was rehydrated with 1 mL
HEPES buffer. The solution was vortexed for 5-10 min and then extruded first through 400 nm
(12×) and then 100 nm (11×) polycarbonate filters at room temperature using an Avanti® Mini
Extruder followed by size exclusion chromatography (Sepharose 2B) to remove micellar
structures and impurities. In the latter step resulted in a ~3× dilution. For assemblies with LNBD,
the solutions were upconcentrated3× using Amicon® Ultra (cut off 1 kDa) spin columns (10k
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rpm for 6 min). These small hybrid vesicles (sHV) are referred to as sHV

where fl stands for

the type of fluorophore, c the amount of polymer. The details on the exact composition of the
different sHV can be found in Supporting Information Table S2 and S4.
Size and Concentration Determination of sHV: The hydrodynamic radius (Dh) of the sHVs were
determined either using dynamic light scattering (Malvern Zeta sizer Nano-590 at λ = 632 nm
laser at 25 °C) or a Nanosight LM-10 instrument. In addition, the sHV concentrations were
determined using a Nanosight LM-10 instrument. For measurement with the Nanosight LM-10
instrument the sHV solutions were diluted 200× in HEPES buffer. Each solution was measured
5× by taking a 1 min (1500 frame) static video for each measurement with a camera level of 13.
The sample was supplied manually from a 1 mL syringe. Between the measurements, the
measurement chamber was flushed with ~0.15 mL sample solution. The temperature was
manually entered for each measurement ranging 22-25 °C. The videos were analyzed by the
NanoSight NT 3.1 software, using a detection threshold 5 and auto blur size. The concentration
of the diluted solutions were between 2.2×109 and 8×109 sHV mL-1.
Visualization of sHVs – Transmission Electron Microscope (TEM): EM grids were prepared by
first depositing 4 µL PLL (1 mg mL-1, 2 s) onto a glow-discharged 300 mesh copper
formvar/carbon grid. The PLL solution was removed and 4 µL sHV stock solution was applied
and left to adsorb for 30 s. The sHV solution was removed, and the grids were stained once
with 2 µL of 2% uranyl acetate. TEM images were taken using a Tecnai G2 Spirit instrument
(TWIN/BioTWIN, FEI Co.)
Visualization of sHVs - Cryo-Electron-Microscope: Cryo-EM grids were prepared by applying
4 μL sHV stock solution onto a glow-discharged 400 mesh copper C-flat R1.2/1.3 holey carbon
grid (Protochips). The grids were plunge-frozen in liquid ethane using a Leica EM GP2 with a
blotting time of 4 s followed by a draining time of 4 s. These vitrified cryo-EM grids were
imaged on a Titan krios microscope operated at 300 kV (Thermo Fisher Scientific) equipped
with a Gatan K2 Summit direct electron camera and a Gatan Quantum 967 Special energy filter
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functioning in zero energy loss mode with a slit width of 20 eV. A nominal magnification of
165 000× and a pixel size of 0.86 Å was used. The membrane thickness was measured manually
using ImageJ software for 170 vesicles, from ~60 pictures taken.
FRET Analysis of sHV: 100 L sHV

was added to a black 96-well plate (8.4 × 1011 particle

mL-1 and 4.5 × 1011 particle mL-1 for sHV

.

and sHV . , respectively, final concentration). The

fluorescent emission spectra from λ = 503 to 650 nm was recorded using an excitation
wavelength ex = 488 nm. Then, Triton-X (1% final concentration) was added to each well and
the emission spectra was recorded again. Two technical repeats were measured for each
independent repeat.
pH effect on sHV: 50 L sHV

.

was added to a black 96-well plate and diluted with 50 µL 20

mM sodium acetate buffer (150 mM NaCl, pH=4.5). The fluorescent emission spectra from λ
= 503 - 650 nm was recorded using an excitation wavelength ex = 488 nm. Then, 1 µL 1 M
NaOH was added and the fluorescent emission was recorded again. The change in size (Dh),
PDI and the count rates of 𝑠𝐻𝑉 . were followed by DLS upon changing the pH as described
above.
Fluorescent Emission Analysis: 100 L sHV

.

was added to a black 96-well plate. The

fluorescent emission spectra from λ = 583 - 600 nm was recorded using an excitation
wavelength ex = 467 nm. Two technical repeats were measured for each independent repeat.
Core-Shell Particle Assembly: 200 L particles (2.4 μm) were washed once with HEPES buffer
(2 min, 2500 rpm) and resuspended in 300 L PLL solution (1 mg mL-1 in 10 mM HEPES
buffer, no salt) before let to incubate for 10 min. The solution was vortexed every 5 min to
avoid aggregation. The particles were washed using 300 L HEPES buffer (2 min, 2500 rpm).
Then, the PLL modified particles were incubated with 200 L of either sHV
sHV

.

or sHV

.

.

,

(8.4×1011 particle mL-1) for 30 min. The particles were washed 2× using 300
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L HEPES buffer (75 sec, 2500 rpm) and re-suspended into 200 L HEPES buffer resulting in
CRho, COG or Cmix.
FRET Analysis of Core Shell Particles: CRho, COG or Cmix stock solutions were diluted 10× in
HEPES buffer and the mean fluorescence (MF) was measured by flow cytometer (Guava®
easyCyte Single Sample Flow Cytometer, Merck) in the green channel (em = 495-555 nm) and
the red channel (em = 557-609 nm) using an excitation wavelength of ex = 488 nm. At least
5000 particles were measured.
Giant Unilamellar Hybrid Vesicle (GHV) Assembly: 0.016 mg P or POG, 0.18 or 0.174 mg
DOPC in chloroform (25 mg mL-1) and 0.061 LRho (1 mg mL-1 in chloroform) were mixed in a
vial, then the mixture was evenly spread to a thin layer of an indium tin oxide (ITO)-coated
glass coverslips (VesiclePrepChamber, Nanion Technologies GmbH, Munchen). A 16×1 mm
O-ring was placed on this coverslip and another ITO-coated coverslip was placed on top. The
space between the coverslips was filled with 250 μL buffer solution (300 mM sucrose and 1
mM HEPES) to rehydrate the lipid film. An AC electric field (3 V, 10 Hz) was applied for 2 h
at 35 °C to generate the GHVs. The GHVs were transferred to a vial and stored at 4 °C before
imaging.
Visualization of GHVs by Confocal Laser Scanning Microscopy (CLSM): Microscope cover
slides were coated with PLL by placing 0.5 mL drop of 1 mg mL-1 PLL solution onto the slides
for 2 min followed by rinsing with ultrapure water. 20 µL GHV solution was diluted with 150
µL HEPES buffer and placed onto the cover slide. The GHVs were let to adsorb onto the slide
for 5 min before visualization using a Zeiss LSM700 confocal laser scanning microscope
(CLSM) (Carl Zeiss, Germany). At least 10 images were taken from different areas for each
sample. The following setting were used for all images: 2% laser gain, 70 µm pinhole, the
detector gains were set to 700 and 600 for the 488 nm laser and the 555 nm laser, respectively.
Fluorescent intensities (FI) were collected in three imaging channels (green emission (POG): ex
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= 488 nm and em = 500-539 nm; yellow emission (FRET signal): ex = 488 nm and em = 560800 nm; red emission (LRho): ex = 555 nm and em = 595 -800 nm). 40, 60, and 100 GHVs were
analyzed for GHVOG, GHVRho, and GHVmix, respectively. Only GHVs with diameters
above1µm were considered.
Encapsulation of sHV

.

into alginate beads: Alginate and sHV

ratio for a final alginate concentration of 7.5 mg mL-1 and sHV
sHV

.

.

.

were mixed in a 1:7 v/v%
concentration of 5.63 x 1010

mL-1. The alginate beads were formed using an Encapsulator B-390 (Buchi) (1300 Hz,

800 V, 3 amplitude and a nozzle diameter of 80 μm). The mixture was fed into the encapsulator
with a speed of 1.1 mL min-1 using a 20 mL syringe. The beads were collected in a 0.1 M CaCl2
bath at room temperature and cross-linked under stirring for 5 min. The beads were collected
on a 40 µm cell strainer and re-suspended in HEPES buffer. Then, the beads were passed
through a 100 µm cell strainer to remove aggregates. The particle concentration was estimated
by manual counting on a microscope. Alginate beads with encapsulated sHV

.

were referred

to as Afl (i.e., AOG, ARho and Amix). Three independent repeats were made per sample.
FRET analysis of Afl: 100 L Afl was added to a black 96-well plate (1.75 × 105 particle mL-1
final concentration). The fluorescent emission spectra from λ = 503 - 650 nm was recorded
using an excitation wavelength ex = 488 nm. Then, Triton-X (1% final concentration) was
added to each well and the emission spectra was recorded again.
Visualisation of Afl – Light Microscopy: 2 µL freshly vortexed Afl solution was placed on a
microscope slide, covered with a cover slide and visualized by using an inverted Olympus
microscope (IX81). Images were taken with a 4.7 dB gain and a U-MNG or UMWIBA3 filter
cube (Olympus) for detecting red or green fluorescence, respectively. The concentration was
determined by counting all beads in 3 × 2 μL of solution for each assembly.
Visualization of Afl - CLSM: A drop of Afl was placed on a glass cover slide and z-stacks were
taken with a step size of 0.57 µm. The following setting were used: AOG green channel ex =
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488 nm, λ = 500 to 650 nm, laser power 5%, detector gain: 700; ARho red channel ex = 555 nm,
λ = 560 to 800 nm, laser power 2%, detector gain 450; Amix green channel and red channel same
settings as above.
Cell Experiments: The human liver cancer cell line HepG2 was purchased from European
Collection of Cell Cultures. HepG2 cells were cultured in 75 cm2 culture flasks in Minimum
Essential Medium Eagle with Earle’s Salts and sodium bicarbonate (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific), 2 mM glutamine
and 1% MEM Non-essential Amino Acid Solution (Sigma-Aldrich), 100 μg mL−1 streptomycin
and 100 u mL−1 penicillin (Thermo Fisher Scientific) at 37 °C and 5% CO2.
Cell viability in Cell Proliferation Assays: HepG2 cells were seeded in a 96-well plate (50 000
cells per well) and allowed to adhere overnight at 37 °C in 5% CO2. 𝑠𝐻𝑉 . or 𝑠𝐻𝑉 . (in
HEPES buffer) were added to the cell media not exceeding 10 v/v% per well in final
concentrations between 0 and 11.3 x 1010 particle mL-1 and let to incubate for 24 h at 37 °C in
5% CO2. Then, the cells were washed once with cell medium, and 110 μL of cell medium
containing 10 μL of cell counting kit-8 solution (CCK-8) was added to each well and let to
incubate for 2 h at 37 °C in 5% CO2 before analysis using a multimode plate reader by
measuring the absorbance at  = 450 nm. Three independent repeats were performed for all
experiments.
Uptake Experiments – Flow Cytometry: HepG2 cells were seeded in a 96-well plate (50,000 or
30,000 cells per well) and allowed to adhere overnight at 37 °C in 5% CO2. The cells were
incubated with 8.4 × 109 of either sHV
h or with 10 v/v% sHV

.

.

, sHV

.

or sHV

.

per well at 37 °C for 6 h and 24

for 6 h. After 6 h, cells were either harvested for flow cytometry

analysis or incubated for an additional 24 h in media before being measured with the flow
cytometer. 30 µL of trypsin-EDTA (5 min at 37 °C) was used to detach the cells. The trypsin
was neutralized with 125 µL cell medium before monitoring the cell mean fluorescence (CMF)
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by flow cytometry (Guava® easyCyte Single Sample Flow Cytometer, Merck) using an
excitation wavelength of = 488 nm. The autofluorescence of the cells was subtracted by
analyzing control cells where no sHV were added. Three independent repeats were performed
for all reported flow cytometry results. At least 2000 cells were measured for incubations with
sHV

.

, sHV

and sHV

.

.

or 500 cells for incubations with sHV

.

. The statistical

significance used to compare the distribution was determined using a one-way ANOVA
followed by a Tukey’s multiple comparison posthoc test (*p < 0.05).
Visualization by CLSM: 300 000 HepG2 cells in 1 mL cell media were seeded in a confocal
dish and allowed to adhere overnight at 37 °C in 5% CO2. The cells were incubated at 37 °C
for 6 h or 24 h exposed to 8.4 x 1010 particle mL-1 (𝑠𝐻𝑉 .
sHV

.

or sHV

.

, 𝑠𝐻𝑉 . 𝑜𝑟 𝑠𝐻𝑉 .

) or 10 v/v %

. After 6 h, the cells either prepared for visualization or incubated for 24 h

in media before being prepared for visualization. The cells were washed twice with PBS buffer
and the cell membrane was stained using CellMask Deep Red Plasma Membrane Stain. 120 μL
of the CellMask membrane stain solution (5 μg mL−1 in cell media, pre heated) were added to
each dish (to the glass middle) and incubated for 5 min at 37 °C, then the cells were washed
twice with PBS and 170 μL of PBS buffer was added to each dish for storage before
visualization using the CLSM. At least 5 images were taken from different areas for each
sample. The following setting were used for images with 𝑠𝐻𝑉 .

, 𝑠𝐻𝑉 . 𝑜𝑟 𝑠𝐻𝑉 .

: 2%

laser gain, 70 µm pinhole, the detector gains were set to 800, 500 and 580 for the 488 nm laser,
the 555 nm laser and the 639 nm laser, respectively. Fluorescent intensities (FI) were collected
in three imaging channels (green emission (POG): ex = 488 nm and em = 500-550 nm; red
emission (LRho): ex = 555 nm and em = 570-630 nm; deep red emission (Cell Mask or
Lysotracker Deep Red): ex = 639 nm and em = 644-800 nm). The following setting were used
for images with sHV

.

: 5% and 2 % laser gain for the 488 nm laser and the 639 nm laser,

respectively, 70 µm pinhole, the detector gains were set to 750 and 580 for the 488 nm laser
21

and the 639 nm laser, respectively. Fluorescent intensities (FI) were collected in two imaging
channels (green emission (LNBD): ex = 488 nm and em = 500-630 nm; deep red emission (Cell
Mask or Lysotracker Deep Red): ex = 639 nm and em = 644-800 nm)
Lysosomal Escape: HepG2 cells treated with sHV, as detailed above, were washed twice with
PBS buffer followed by incubation with 120 µL LysoTracker DeepRed (50 nM, in cell media
pre warmed at 37 °C) for 45 min. The cells were washed twice with PBS and 170 µL of PBS
buffer was added to each dish for storage before visualization using the CLSM as outlined
above.
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Figure 1. sHV. a) Chemical structure of pCMA-b-p(CEA-METMA) (P). b) Schematic
illustration of the assembly of sHVs from phospholipids and the block copolymer P. c)
Representative size distribution curve of sHV obtained from light scattering measurements. d)
Representative negative stain TEM image of 𝑠𝐻𝑉 . (i) and a cryo-EM image of 𝑠𝐻𝑉 . .(ii)
The scale bars are 200 nm (i) and 50 nm (ii).
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Figure 2. a) Cartoon of the sHV including an illustration of the energy transfer from the
fluorophore in POG to the fluorophore in LRho via the FRET mechanism and the structure of the
used fluorophores OG and Rho. Further, the disassembly of sHVs by TX is shown, which
results in the loss of the FRET effect. b) Fluorescent emission spectra of i) 𝑠𝐻𝑉 . and ii)
𝑠𝐻𝑉 . before (black line) and after (grey line) exposure to 1% TX. The arrows indicate the
changes in FI illustrating the FRET effect. c) Representative CLSM images of i) GHVmix, ii)
GHVOG, and iii) GHVRho. Line scans across GHVs from the green channel (POG), yellow
channel (FRET signal) and red channel (LRho) are shown. The scale bars are 5 μm. d) i)
Representative fluorescent microscopy images Amix, AOG and ARho. Scale bars are 100 μm. ii)
Illustration of encapsulated sHVs in alginate beads and their disassembly upon addition of TX
(top). Fluorescent emission spectra of Amix before (black line) and after (grey line) exposure to
1% TX (bottom). n = 3, data represent average and StD.
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Figure 3. Incubation of sHV with HepG2 cells: a) i) CMF of HepG2 cells incubated with
𝑠𝐻𝑉 . , 𝑠𝐻𝑉 . or 𝑠𝐻𝑉 . for 6 h and 24 h as monitored by flow cytometry. (n = 3-6, *p >
0.05). ii) Representative merged CLSM image of HepG2 cells incubate with 𝑠𝐻𝑉 . for 6 h
(top) and 24 h (bottom). (blue: CellMask Deep Red Plasma Membrane Stain, green: POG, red:
LRho). iii) Representative merged CLSM images of HepG2 cells incubated with sHV . (left)
or sHV . (right) for 6 h including LT-DR staining of the lysosomes/endosomes. (green: POG,
red: LRho, blue: LT-DR). b) i) CMF of HepG2 cells exposed to 𝑠𝐻𝑉 . or 𝑠𝐻𝑉 . for 6 h
followed by incubation in media for 24 h as monitored by flow cytometry n = 3, *p > 0.05). ii)
Representative merged CLSM image of HepG2 cells exposed to 𝑠𝐻𝑉 . for 6 h followed by
incubation in media for 24 h including either LT-DR staining (top) or Cell Mask Deep Red
Plasma Membrane stain (bottom). iii) Representative merged CLSM image of HepG2 cells
incubate with 𝑠𝐻𝑉 . for 6 h (left) only or followed by 24 h incubation in media (right). (blue:
Cell Mask Deep Red Plasma Membrane Stain, green: LNBD).
All scale bars are 10 μm. n = 3, data represent average and StD
28
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Figure S1. a) GPC trace of pCMA. b) 1H NMR spectra of POG in THF-d8. c) 1H NMR of PCMA
and P crude in CDCl3.

Scheme S1. Possible position of Oregon Green either by a) labeling of the pendant group of the
block copolymer or b) by attaching to the initiator via EDC/NHS chemistry.
Table S1. Characterization of hydrophilic block extension of PCMA calculated from 1H NMR
Yield

Coversion
CEA (%)

Coversion
METMA (%)

Mn (CEA)
kDa

Mn METMA
kDa

Repeat1

58

99

99

19

5.2

Repeat2

63

84

88

15.4

5.2

Table S2. Sizes of sHV measured using a Nanosight LM-10 instrument or DLS
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Namea)

Dh
[nm]

b)

SDc)
[nm]

Name

Dh
[nm]

SD
[nm]

Named)

Dh
[nm]

PDI

𝑠𝐻𝑉 .

142.5±0.7

44.9±3.1

𝑠𝐻𝑉 .

168.5±1.9

65.5±3.7

𝑠𝐻𝑉 .

150.7±3.2

0.2±0.0

𝑠𝐻𝑉 .

133.9±2.5

42.7±5.9

𝑠𝐻𝑉 .

163.2±3.3

54.4±5.1

𝑠𝐻𝑉 .

148.0±2.9

0.1±0.1

𝑠𝐻𝑉 .

142.4±0.9

49.7±2.8

𝑠𝐻𝑉 .

151.0±0.9

53.2±3.3

𝑠𝐻𝑉 .

157.5±6.2

0.2±0.0

𝑠𝐻𝑉 .

132.7±0.9

29.9±2.1

𝑠𝐻𝑉 .

142.0±2.7

37.3±3.2

𝑠𝐻𝑉 .

123.3±5.4

48.4±5.8

𝑠𝐻𝑉 .

150.1±1.1

41.7±2.9

𝑠𝐻𝑉 .

157.1±2.5

57.2±3.6

𝑠𝐻𝑉 .

133.7±1.6

48.6±5.3

𝑠𝐻𝑉 .

134.2±1.0

36.4±1.0

𝑠𝐻𝑉 .

139.0±0.3

29.3±1.2

𝑠𝐻𝑉 .

141.2±1.2

40.0±2.1

𝑠𝐻𝑉 .

150.8±1.5

56.5±3.0

𝑠𝐻𝑉 .

143.7±1.8

47.7±3.1

𝑠𝐻𝑉 .

148.7±2.1

39.5±2.9

𝑠𝐻𝑉 .

136.6±3.1

43.6±3.5

𝑠𝐻𝑉 .

154.6±1.5

65.3±2.0

𝑠𝐻𝑉 .

140.8±1.4

41.3±4.7

𝑠𝐻𝑉 .

142.5±1.8

38.4±1.7

𝑠𝐻𝑉 .

139.7±1.5

41.5±3.7

𝑠𝐻𝑉 .

140.8±1.1

39.1±2.1

𝑠𝐻𝑉 .

141.4±1.1

32.9±2.5

a)

The independent repeats are listed separately to illustrated the high level of reproducibility;
Average hydrodynamic diameter including the standard error of 5 technical repeats; c)Standard
deviation including the standard error of 5 technical repeats;
d)
DLS measurements, 4 technical repeats.
b)

Figure S2. Histograms of the membrane thickness of 𝑠𝐻𝑉 . measured from cryo-EM images.
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Figure S3. Fluorescent emission spectra of a) i) 𝑠𝐻𝑉 . , ii) 𝑠𝐻𝑉 . , b) i 𝑠𝐻𝑉 . , ii) 𝑠𝐻𝑉 .
before (black line) and after (grey line) addition of 1% TX (final concentration). n = 3.

Disintegration of sHV
Dynamic Light Scattering (DLS) measurements were carried out using a Malvern Zeta sizer
Nano-590 ( = 632 nm laser, 37 °C). Correlograms for 700 L sHV

.

and sHV

.

solutions (8.4

× 1011 particle mL-1 and 4.5 × 1011 particle mL-1 particle mL-1) were recorded, followed by the
addition of TX (1% final concentration) and the correlograms were re-measured (n = 3).

Figure S4. Correlograms obtained from DLS measurement of a) 𝑠𝐻𝑉 . and b) 𝑠𝐻𝑉 . before
(black line) and after (grey line) addition of 1% TX (final concentration). n = 3.

32

Figure S5. Fluorescent emission spectra of a) 𝑠𝐻𝑉 . in the presence of 10% FBS, and b)
𝑠𝐻𝑉 . at pH 7 (pink line), after dropping to pH 4.5 (black line) then adjusted back to pH 7
(grey line). c) Changes in hydrodynamic radius Dh (closed symbols), count rate (open symbols),
and polydispersity index (half-filled symbols) of 𝑠𝐻𝑉 . upon changing the pH from 7.4 to 4.5
and back. n = 3.
sHV Assembly Efficiency
The efficiency of phospholipid and block copolymer incorporation into sHV was determined.
The fluorescent intensities of a dilution series of non-extruded DOPC liposomes containing 2.5
wt% LRho was used as a calibration for the lipids. The fluorescent intensities of a dilution series
of micelles assembled for POG were used as a calibration curve for the block copolymer.
Assembly of Non-Extruded DOPC Liposomes: Liposomes were assembled using the
rehydration method. 37 µL LRho (1 mg mL-1) and 59.8 µL (25 mg mL-1) DOPC were mixed in
a round-bottom flask. The solvent was evaporated under a nitrogen flow followed by drying on
a vacuum line for at least for 3 h. The mixture was rehydrated with 1 mL HEPES buffer.

Micelle (MOG) Assembly: Solvent inversion method was used to assemble micelles. 2 mg POG
was dissolved in 200 µL THF and added drop-by-drop into 1 mL HEPES solution. The solution
was sonicated using a tip sonicator for a total of 20 min in intervals of 10 s active sonication
followed by 5 s breaks, while being cooled in an ice bath. Afterwards, the solution was dialyzed
against HEPES buffer (3.5 kDa MWCO) for 48 h with a change of the buffer solution twice a
day resulting in MOG. The successful assembly of MOG was confirmed by transmission electron
microscopy (TEM). TEM grids were prepared by glow discharge treatment (30 s, PELCO
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easiGlow) followed by adding 5 μL MOG stock solution, washing the grids twice with 5 μL of
ultrapure water after 1 min, and staining twice with 5 μL 2% uranyl acetate. TEM images were
taken using a Tecnai G2 Spirit instrument (TWIN/BioTWIN, FEI Co).

Figure S6. a) Schematic illustration of assembly of polymeric micelles MOG. b) Transmission
electron microscopy image of MOG. The scale bar is 200 nm and 50 nm for the inset. c)
Concentration dependent fluorescent intensity (FI) of MOG solutions used as calibration curve
to determine the amount of POG in sHV (ex = 488 nm). d) Concentration dependent FI of nonextruded liposome solutions consisting of 2.5 w% LRho and DOPC used as calibration curve to
determine the amount of LRho in sHV (ex = 488 nm). n = 1.

Figure S7. a) CLSM images of i) GHVmix, GHVOG, and GHVRho. Line scans across selected
GHVs from the green emission (POG), yellow channel (FRET signal) and red channel (LRho) are
shown. The scale bars are 10 μm. b) Size distribution of GHVs imaged for each assembly.
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Figure S8. CLSM images of GHVmix before (a) and after (b) photobleaching the Rho dye. Line
scans across selected GHVs from the green emission (POG), yellow channel (FRET signal) and
red channel (LRho) are shown (bottom). The scale bars are 10 μm. c) Direct comparison of line
scans from images in a) and b) using the green emission spectra.
Cell Experiments

Figure S9. Dose response curve of HepG2 cells when exposed to sHV0.1 and sHV0.4 for 24 h.
n = 3.
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Figure S10. a) Schematic illustration of the assembly of 𝑠𝐻𝑉 . coated silica particles (Cfl). b)
Particle mean fluorescence (MF) of CRho, COG and Cmix measured by flow cytometry in the
green and red channel with ex = 488 nm. (n = 1)

Figure S11. sHV encapsulated in alginate beads: a) Representative z-stack CLSM image of
Amix (i), ARho (ii) and AOG (iii). Scale bar is 10 µm. b) Fluorescent emission spectra of ARho (i)
and AOG (ii) before (black line) and after (grey line) exposure to 1% TX (final concentration).
(n = 3) c) Representative fluorescent microscopy images of Amix before and after exposure to
1% TX (left images: red channel, right images: green channel). The scale bars are 200 μm.
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Figure S12. Representative merged CLSM image of HepG2 cells incubate a) and b) with
𝑠𝐻𝑉 . for 6 h and for 24 h, respectively; c) and d) for 24 h with sHV . and sHV . ,
respectively (blue: Lysotracker Deep Red, green: POG, red: LRho).
All scale bars are 10 μm n = 3.

Table S3. Manders’ Colocalization Coefficent (MCC) of POG to LRho and Lysotracker Deep
Red (LT-DR) as well as LRho to LT-DR (n = 3)
6h
LRho to LTDR

POG to LTDR

POG to LRHo

LRho to POG

No threshold

0.9 ± 0.03

0.64 ± 0.05

0.80 ± 0.05

0.71 ± 0.09

Auto threshold

0.75 ± 0.20

0.63 ± 0.18

0.66 ± 0.26

0.57 ± 0.27

LRho to LTDR

POG to LTDR

POG to LRHo

LRho to POG

No threshold

0.97 ± 0.04

0.93 ± 0.03

0.93 ± 0.03

0.92 ± 0.06

Auto threshold

0.61 ± 0.39

0.67 ± 0.20

0.62 ± 0.23

0.45 ± 0.27

24 h
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6 h + 24 h rest
LRho to LTDR

POG to LTDR

POG to LRHo

LRho to POG

No threshold

0.94 ± 0.05

0.95 ± 0.03

0.78 ± 0.06

0.61 ±0.15

Auto threshold

0.46 ± 0.33

0.54 ± 0.25

0.55 ± 0.27

0.35 ± 0.26

Figure S13. Ratio of green and red fluorescent signal originating from POG and LRho in CLSM
images of HepG2 cells incubated with 𝑠𝐻𝑉 . for 6 h, 6 h and 24 h in fresh media or 24 h. n =
3, *p > 0.05.
Table S4. Sizes of NBD-labelled sHVs
Name

Dh
(nm)

PDI
(nm)

Countrate
(kcps)

𝑠𝐻𝑉 .

a)

138.1

0.21

139.2

𝑠𝐻𝑉 .

a)

141.9

0.26

151.0

𝑠𝐻𝑉 .

a)

135.0

0.18

145.7

𝑠𝐻𝑉 .

124.3

0.16

123.2

𝑠𝐻𝑉 .

115.5

0.25

77.3

𝑠𝐻𝑉 .

127.15

0.12

119.6

a

) Used for Cell experiments

38

Figure S14. a) Fluorescent emission spectra of 𝑠𝐻𝑉 . . b) Changes in hydrodynamic radius
Dh (closed symbols), count rate (open symbols), and polydispersity index (half-filled symbols)
of 𝑠𝐻𝑉 . upon chganging the pH from 7.4 to 4.5 and back. n = 3.

Figure S15. Representative merged CLSM image of HepG2 cells incubate e) and f) with
sHV . for 6 and 24 h respectively. (blue: Lysotracker Deep Red, green: LNBD). The error bars
are 10 μm.
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