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ABSTRACT: Bottom-up synthetic biology aims to integrate artificial Hybrid Vesicle\ [ o0
moieties with living cells and tissues. Here, two types of structural scaffolds <K : :
for artificial organelles were compared in terms of their ability to interact
with macrophage-like murine RAW 264.7 cells. The amphiphilic block
copolymer poly(cholesteryl methacrylate)-block-poly(2-carboxyethyl acryl-
ate) was used to assemble micelles and polymer—lipid hybrid vesicles
together with 1,2-dioleoyl-sn-glycero-3-phosphocholine or 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) lipids in the latter case. In
addition, the pH-sensitive fusogenic peptide GALA was conjugated to the
carriers to improve their lysosomal escape ability. All assemblies had low
short-term toxicity toward macrophage-like murine RAW 264.7 cells, and
the cells internalized both the micelles and hybrid vesicles within 24 h.
Assemblies containing DOPE lipids or GALA in their building blocks could escape the lysosomes. However, the intracellular
retention of the building blocks was only a few hours in all the cases. Taken together, the provided comparison between two types of
potential scaffolds for artificial organelles lays out the fundamental understanding required to advance soft material-based assemblies
as intracellular nanoreactors.

pH-Responsive
Interaction

B INTRODUCTION stability.”""””> However, they often exhibit low inherent
permeability that requires the incorporation of membrane
channels or the use of external triggers to facilitate access of
substrates to the encapsulated enzymes.”> Micelles remain
largely unexplored as artificial organelles probably because they
do not allow for the association with protein cargoes. However,
with the advent of small organic catalysts as enzyme mimics
instead of using natural enzymes, this is likely to change.
Micelles are easy to assemble in monodisperse populations
with inherent small sizes in the range of sub-100 nm, making
them ideal candidates as artificial organelles. We recently
demonstrated that EUK, a catalase and superoxide dismutase
mimic, associated with micelles could protect host cells from
hydrogen peroxide induced pressure.'* Liposomes are popular
in nanoformulations as recently outlined by Crommelin et al.”*
but are not often considered for the assembly of nanoreactors
likely due to their inherent low stability and low permeability
that hinders efficient encapsulated catalysis. Lipid—polymer
hybrid vesicles (HVs) are assemblies that have a membrane

Nanoparticle-based assemblies are an essential part of bottom-
up synthetic biology that aims to integrate synthetic materials
with cells and tissues."”” Artificial organelles are an example in
this context that are envisioned to equip mammalian cells with
nanoreactors to substitute for missing function or even to
impose non-native activity as discussed in several recent
reviews.” > The first reports in this context emerged over 12
years ago and were typically focused on producing fluorescent
molecules in artificial organelles for facile detection, as
summarized in an early review by Peters et al.” Recent efforts
enriched the spectrum to more biologically relevant functions,
such as the intracellular catalytic production of the biologically
important molecule nitric oxide,” the intracytoplasmic
capturing of doxorubicin in noncancerous cells,’ and the
intracellular production of cyclic guanosine monophosphate
using encapsulated inducible nitric oxidase synthase and
soluble guanylyl cyclase” as well as the scavenging of reactive
oxygen s.pecies.lo_15 In addition to immortalized cell lines,
artificial organelles were also explored in primary fibroblasts,"®
zebrafish,'” rabbits,'® and mice.'”* Received:  October 27, 2021
Conceptually, artificial organelles consist of the active unit, Revised:  December 22, 2021
typically enzymes, and a carrier that provides the compartment. Published: January 12, 2022
For the latter, polymersomes are currently the preferred
polymeric assemblies likely due to their vesicular nature, which
allows for the encapsulation of enzymes, and their structural
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consisting of both lipids and amphiphilic block copolymers as
outlined in earlier reviews*>*° or in sections of more recent
reviews.”””® They offer an alternative to polymersomes and
liposomes that benefits from modern polymer chemistry and
the inherent self-assembly capability of phospholipids, resulting
in stable vesicles with sufficient permeability to be used for
encapsulated catalysis. Amphiphilic block copolymers that are
used in this context include poly(dimethylsilane)-block-poly-
(ethylene oxide)*”™*' and poly(butadiene)-block-poly-
(ethylene oxide).””**> We have focused our efforts on block
copolymer with a poly(cholesteryl methacrylate) as the
hydrophobic part while varying the types of hydrophilic
extensions. For instance, HVs prepared from 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and an amphiphilic block
copolymer with poly(2-(dimethylamino)ethyl methacrylate) as
the hydrophilic block were able to induce lysosomal escape via
the proton sponge effect.’® On the other hand, when the pH-
responsive monomer 2-carboxyethyl acrylate (CEA)* was
copolymerized with methionine methacryloyloxyethylester as
the hydrophilic extension of the block copolymer, the retention
of the HVs in the Iysosomes of the HepG2 cells was found.*®
In general, the intracellular fate, for example, lysosomal escape,
of these different carriers remains largely underexplored,
whereas some advances have been made by employing cell
penetrating peptides, such as the positively charged TAT or
the negatively charged GALA, for increased cellular uptake and
lysosomal escape.'”*”** Admittedly, the ensured cytosolic
placement is an important aspect, but intracellular retention
and association with other organelles are additional character-
istics that need to be considered. In the former case, we
recently demonstrated that the two different building blocks in
the HVs had different cellular retentions in the HepG?2 cells.*
In the latter case, Zelmer et al. recently explored polymersomes
modified with nuclear localization sequences toward the
delivery of encapsulated cargo to the nuclei as an example
toward organelle targeting.*”

Here, we explore the use of the amphiphilic block copolymer
poly(cholesteryl methacrylate)-block-PCEA (P1) for micelle
assembly or as the polymeric building block in the HVs
followed by the biological evaluation of these moieties in
macrophage-like murine RAW 264.7 cells (Scheme 1).
Specifically, we (i) assemble micelles using P1 including their
modification with the pH-sensitive amphiphilic peptide GALA,
(il) characterize the HV assembly using P1 and either DOPC
or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) as
the lipids, and (jii) evaluate the short-term toxicity, the uptake
efficacy, and the lysosome escape ability of the HVs and the
micelles in macrophage-like murine RAW 264.7 cells.

B MATERIALS AND METHODS

Materials. 4-(2-Hydroxyethyl)piperazine-1-ethane-sulfonic acid
(HEPES; 99.5%), 5(6)-carboxyfluorescein (CF), 6-dodecanoyl-N,N-
dimethyl-2-naphthylamine (Laurdan), cell counting kit-8 (CCK-8),
Dulbecco’s Modified Eagle’s Medium, hydrochloric acid (HCI), N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride (EDC),
phosphate-buffered saline (PBS), pyrene, Triton-X-100 (TX),
Sepharose CL-2B, sodium pyruvate, sodium bicarbonate, sodium
acetate, sodium chloride (NaCl), sodium hydroxide (NaOH), and
sucrose were purchased from Sigma-Aldrich. Dialysis tubing with a
molecular weight cutoff (MWCO) of 3.5 kDa (Spectra/por 3),
dimethyl sulfoxide (DMSO), membrane filters Nuclepore track
etched (0.4 and 0.1 ym; Whatman), N-hydroxysuccinimide (NHS),
poly(ether sulfone) membrane filters (0.4S ym), and tetrahydrofuran
(THF) were purchased from VWR Chemicals. CellMask Deep Red
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Scheme 1. (a) Chemical Structure of Poly(cholesteryl
Methacrylate)-block-Poly(2-carboxyethyl Acrylate) (P1);*
(b) Simplified Schematic of the Uptake and Interaction of a
Representative Assembly with RAW 264.7 Macrophages
Including the Intracellular Fate
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“Schematics of the used lipids 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) and the GALA peptide and the assembled micelles (i, M,
and Mg,p4) and polymer—lipid hybrid vesicles (ii, HVpz, HVpc, and
HVpc.gara) are also shown.

plasma membrane stain and Oregon Green 488 Cadaverine S-isomer
(OG) were obtained from Thermo Fisher Scientific. Fetal bovine
serum (FBS), LysoTracker Red DND-99, and LysoTracker Deep Red
were purchased from Invitrogen, and penicillin—streptomycin (10 000
U/mL) was purchased from Gibco. 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE), 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-amine-
N-(lissamine rhodamine B sulfonyl) ("*°PE), and cholesterol (Chol)
were purchased from Avanti Polar Lipids. GALA peptide
(WEAALAEALAEALAEHLAEALAEALEALAA) was obtained from
GenScript.

HEPES buffer consisted of 10 mM HEPES and 150 mM NacCl at
pH 7.4. Ultrapure water (18.2 MQ cm resistivity) was provided by an
ELGA Purelab Ultra system (ELGA LabWater, Lane End).

Poly(cholesteryl methacrylate)-block-poly(2-carboxyethyl acrylate)
(P1) and the Oregon Green-labeled P1 were synthesized as
previously described. The poly(cholesteryl methacrylate) block and
the poly(2-carboxyethyl acrylate) block had a molecular weight of §
and 20 kDa, respectively.*’

Micelle Assembly. P1 (4 mg) was dissolved in 40 uL of THF and
added to 2 mL of HEPES buffer while stirring vigorously. The
suspension was placed in an ice bath and subjected to a tip sonicator
to sonicate for 40 min (10 s on, S s off, 10% amplitude). The obtained
clear solution was centrifuged for 10 min (13.4 X 10° rpm) to remove
impurities, and the supernatant was filtered through a syringe filter
with a 0.45 pm poly(ether sulfone) membrane to remove large
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aggregates. The solution was then transferred to a dialysis tubing
(MWCO 3.5 kDa) and dialyzed against PBS buffer for 3 days with the
buffer changed twice a day, resulting in M,. Fluorescently labeled
micelles (M,) were assembled the same way by using the Oregon
Green-labeled P1 instead. The conjugation of the peptide GALA was
performed by dissolving EDC (9.6 mg, 0.05 mmol) and NHS (2.9
mg, 0.025 mmol) in 100 uL of PBS followed by a dropwise addition
to the M, or ‘M solution (~2 mL). The solution was slightly shaken
and left to react for 15 min at room temperature. Afterward, GALA
peptide (3 mg) in 200 uL of PBS was added dropwise, and the
reaction was continued overnight at room temperature without
stirring. The mixture was transferred to a dialysis tubing and dialyzed
against PBS buffer for 3 days with the buffer changed twice a day,
resulting in Mgaps or ‘Mgaa. The micelle solutions were collected
and stored in the fridge (4 °C) before use.

"H NMR was used to confirm the GALA conjugation. To this end,
Mgara was dialyzed against ultrapure water to remove the salt and the
sample was freeze-dried before dissolution in deuterated DMSO. 'H
NMR spectra were taken by a Bruker Ascend 400. The MestReNova
software was used to analyze the spectra.

Micelle Characterization. Transmission electron microscopy
(TEM) images were recorded on a Tecnai G2 spirit using 300 mesh
copper Formvar/carbon grids (Ted Pella). The grids were made
hydrophilic using glow discharge (45 s, air 10—15 mA), and S L of
sample was allowed to absorb on the grid (1 min) before excess liquid
was blotted off. Negative staining was done twice with 3 uL of uranyl
formate. The diameter of at least 120 micelles was measured in
Image] to obtain size distributions. A Gauss curve was fitted to obtain
the histogram, where the results are presented as mean + std. dev. X 2
for 95.4% of the population.

Nanoparticle tracking analysis (NTA; Nanosight LM-10 instru-
ment) was used to determine the hydrodynamic diameter (D;,) and
particle concentration of the micelles. The micelle solutions were
diluted (up to 200x) in PBS buffer before the measurements. Four
measurements were conducted of each sample by taking a 1 min
(1500 frame) static video with a camera level of 11—14. The
measurement chamber was flushed with double distilled water and
parts of the sample before advancing the sample manually from a 1
mL syringe. Additionally, the respective temperature was entered for
each measurement ranging from 21.6 to 22.0 °C. NanoSight NT 3.1
software was used to analyze the videos using a detection threshold of
2—7 and auto blur size. Alternatively, Dy, and the polydispersity index
(PDI) of the micelles were determined by dynamic light scattering
(DLS; Malvern Zeta sizer Nano-590 at a A of 632 nm at 25 °C). The
correlograms at pH 4 and 7.4 were recorded by diluting the sample
1:1 with HEPES buffer and adding S yL of HCI (1 M) to reach pH 4
and S uL of NaOH (1 M) to neutralize the pH to 7.4 again. Three
measurements of three independent repeats were conducted.

The critical micelle concentration (CMC) of M, was determined
by dissolving pyrene in a THF/HEPES solution (1:3, v/v) to prepare
a 200 uM stock solution. Ten uL of the stock solution was added to
90 4L of micelle solutions with concentrations ranging from 0 to 2 mg
mL™". The fluorescent intensities at A, = 374 nm (I;) and A,,, = 383
nm (I;) were subsequently measured with A,, = 337 nm. The I,/I;
coeflicients were plotted against the concentrations of the micelles
followed by linear fitting of the two parts of the graph to generate an
inflection point. The corresponding concentration at the inflection
point was determined as the CMC. Three independent repeats were
conducted.

Hybrid Vesicle Assembly and Characterization. Hybrid
vesicle (HV) assembly was performed using the film rehydration
method. 0.4 mg of P1 or 'P1 (5§ mg mL™! in THF) and 1.1 mg of
lipids were combined (keeping a total mass of 1.5 mg). Either DOPC
or DOPE (25 or 10 mg mL™" in chloroform) was used, and 0.037 mg
RepE (1 mg mL™! in chloroform) was added, if applicable. The
polymer and lipids were mixed in a 25 mL round-bottom flask and
dried using constant rotation and a steady stream of nitrogen before
attaching the flask to the vacuum line overnight for further drying.
The rehydration step was performed by adding 1 mL of HEPES buffer
and heating the flask to 37 °C in a water bath for 30 min for
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detachment followed by vortexing. The pH for rehydrating DOPE
containing HVp was adjusted to 9 to ensure that a vesicular nature
was favored. The solutions were extruded through a 400 nm
membrane (21X) first and then a 100 nm membrane (21X) at
room temperature. The extruded solutions were purified by size
exclusion chromatography (SEC; Sepharose CL-2B) to separate the
HVs from micelles and other small components. The resulting
solutions of the HV or double-labeled ‘HV were collected and stored
in the fridge (4 °C) before use. Additionally, liposomes were
assembled as controls using 1.364 mg of DOPC and 0.099 mg of
cholesterol (1 mg mL™ in chloroform), and 0.037 mg of "'°PE was
added before drying the film, resulting in Rhop .

Emission spectra analysis of the 'HV was performed by adding 50
L of the HV solution to a black 96-well plate, and the emission
spectra of three independent batches of each sample were recorded at
Aem = 503—650 nm using A., = 488 nm.

GALA Functionalization. It was not possible to directly conjugate
GALA to the preformed HV)¢. Therefore, we first assembled Mga; 5
and recovered the polymer the same way as for the 'H NMR
measurements to use this polymer (Plgs.,) for the HV formation.
Specifically, 1.1 mg of DOPC lipid (and 0.037 mg of ™°PE (1 mg
mL™" in chloroform) if required) was added in a round-bottom flask
and dried using a rotary evaporator (Heidolph GS) for 10 min
followed by further drying on the vacuum line overnight. One mL of
HEPES buffer was used for rehydration followed by S min of
vortexing to support detachment. Then, 0.4 mg of P1g,;, dissolved
in DMSO (5 mg mL™") was introduced, and the mixture was dialyzed
(3500 MWCO) for 2 days against HEPES buffer at room
temperature, replacing the HEPES buffer daily to remove DMSO
while P1gy;4 was incorporated with the DOPC lipids. The solution
was then extruded and purified by using SEC as outlined above,
resulting in HVpc_ gara or HVpe.cara

Vesicle Membrane Permeability. The carboxyfluorescein (CF)
quenching assay was used to validate the alternative HV formation
approach and to compare to pristine DOPC liposomes. To this end,
CF (25 mM final CF concentration) was added to the samples
between the dialysis and extrusion step. It should be noted that the
pH had to be raised to 12 to ensure the complete dissolution of CF.
The following purification by SEC was conducted in HEPES buffer at
pH 7.4 to change the pH of the eluted fractions to pH 7.4. CF leakage
measures of HVpc ga s were performed at room temperature and
compared to pristine DOPC liposomes. 100 uL sample was added to
a black 96-well plate, and the CF emission was measured before and
after TX (1% final concentration) addition every 24 h for S days. The
data was normalized to the maximum release after disrupting the
vesicles with TX on day 0.

pH Sensitivity. D,, PDI, and the concentration of the micelles/
vesicles were determined using DLS and NTA as described above. Dy,
and PDI of HVyg; upon a stepwise decrease of the pH were obtained
from DLS measurements by adding HCI (0.1 or 0.01 M) to reach pH
values between 7.4 and 4. The correlograms upon pH cycling and
TEM images were obtained as described above. In the former case,
only 4.5 uL of HCl and NaOH were added, and in the latter case, at
least 120 vesicles were measured in Image] to obtain the size
distributions. A Gauss curve was fitted to obtain the histogram, where
the results are presented as mean =+ std. dev. X 2 for 95.4% of the
population.

Membrane Packing. The HVs’ general polarization (GP) values
were determined as an indication of membrane packing. To this end,
the fluorescent membrane probe Laurdan was employed. 50 uL of
sample, 50 uL of HEPES buffer, and 1 L of Laurdan (0.25 mg mL™"
in DMSO) were added to a well in a black well plate and incubated
under mild shaking for 45 min. Fluorescent spectra were recorded on
a multiplate reader (PerkinElmer Ensight) at a 4., of 340 nm, and the
emission spectra were recorded between a A, of 400 and 600 nm.
The Laurdan spectra were normalized to the intensity peak at 490 nm.
The GP was calculated following the equation below with the
intensity at 440 nm (I,4) and 490 nm (I g,) being the blue- and red-
shifted peak of the spectra, respectively. Three independent repeats
were conducted.

https://doi.org/10.1021/acs.biomac.1c01403
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Giant Unilamellar Vesicle (GUV). GUVs were assembled by
electroformation. Ten yL of DOPC (25 mg mL™") and 1 yL of Rhopg
(1 mg mL™"), if required, were mixed in a vial, and the mixture was
evenly spread to a thin layer on an indium tin oxide (ITO)-coated
glass coverslip (VesiclePrepChamber, Nanion Technologies GmbH,
Miinchen). The film was dried overnight in a vacuum chamber. A 18
X 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 290 uL of buffer solution (300 mM sucrose and 1 mM
HEPES, pH ~ 6.5) to rehydrate the lipid film. An AC electric field (S
V, 10 Hz) was applied for 2 h at 26 °C to generate the GUVs or
RbeGUVs. The GUVs were transferred to a vial and stored at 4 °C
before imaging.

Visualization of GUV: Micelle/Vesicle Interaction. In order to
image the interaction of micelles or vesicles with GUVs, 2—5 uL of
GUYV solution was added into a drop of 25 uL of HEPES buffer
placed on a glass coverslip. Then, 5—18 uL of micelle ("M or Mgara)
or vesicle (‘HVpg, THVpe, HVpe gara, of M°Lpc) solution was added
to the drop. Confocal laser scanning microscopy (CLSM; Carl Zeiss,
Germany) images of three to five different areas were recorded. Then,
the pH was lowered to 4—S5 by the addition of 25—40 uL of sodium
acetate buffer (40 mM, 150 mM NaCl), and at least three different
areas were imaged. One to two L of NaOH (0.5 M) was added to
increase the pH, and again, at least three different images were
recorded. At least two different batches of each sample were
investigated this way. The gain of the images has been artificially
enhanced afterward in the image analysis for better visualization
without any influence on the shown line scans.

Cell Work. Macrophage-like murine RAW 264.7 cells were
obtained from the European Collection of Authenticated Cell
Cultures and cultured at 37 °C and 5% CO, in 25 cm? culture flasks
in Dulbecco’s Modified Eagle’s Medium with 4500 mg L™" glucose,
sodium pyruvate, and sodium bicarbonate (passage window of the
cells: 12—25). The medium was supplemented with 10% FBS and 1%
streptomycin/penicillin.

Cell Viability. 40 000 RAW 264.7 cells were seeded per well in 96-
well plates and incubated at 37 °C and 5% CO, overnight. A range of
concentrations of micelles or vesicles diluted in media (including
FBS) was added to the wells with a maximum concentration of 10 vol
% in 100 uL of media, and the samples were incubated for 24 h at 37
°C and 5% CO,. It should be noted that the HV}’s were previously
shown to be stable for at least 48 h in media.** The concentration of
the stock solutions of the micelles and vesicles was adjusted according
to the concentration obtained from the NTA measurements to ensure
exposure of the cells to similar amounts of particles. Three different
types of viability assays were performed. First, the wells were washed
twice with PBS buffer, and 100 yL of media containing 10 vol %
CCK-8 was added to each well; then, the samples were incubated for
2 h at 37 °C and 5% CO, before the absorbance at the 1 of 450 nm
was read in a multimode plate reader (PerkinElmer EnSight). Second,
the media was removed, and 100 uL of fresh media and 10 uL of
MTT reagent were added, followed by an incubation for 4 h at 37 °C
and 5% CO,. Then, 100 yL of formazan solubilization solution was
added, and the well plates were incubated for 18 h at 37 °C and 5%
CO,. The absorbance at 4 = 570 nm was measured using a multimode
plate reader, and the background consisting of only media treated
with the reagents was subtracted from all the measurements. Third, a
LDH cytotoxicity assay was performed by removing 50 xL of media
from the wells and adding SO uL of reagent mixture to each well
followed by incubation at room temperature for 10 min. Then, S0 L
of stop solution was added, and the fluorescent intensity (A /em =
560/590 nm) was measured using a multimode plate reader. The
background fluorescence of only media was subtracted from all the
measurements. The cell death was calculated using

compound treated LDH — spontaneous LDH

cell death % = X 100

maximum LDH — spontaneous LDH
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where spontaneous LDH corresponds to the signal of nontreated cells
and maximum LDH corresponds to the signal of lysed cells. The cells
were lysed by the addition of 10 L of 10X lysis buffer and incubation
at 37 °C and 5% CO, for 45 min, followed by the addition of reagent
mix and stop solution. At least three independent repeats for each
sample were conducted.

Uptake Experiments. RAW 264.7 cells were seeded in a 96-well
plate (50 000 cells per well) and allowed to adhere overnight at 37 °C
in 5% CO,. The fluorescently labeled micelles and vesicles (12 X 10°
mL™! and 10 X 10° mL™’, respectively) in 100 uL of media were
added to each well and incubated at 37 °C in 5% CO, for 3, 6, or 24 h
or for 6 h followed by 18 h of incubation in pristine cell media. Cells
without any treatment were used as a reference. Then, each well was
washed twice with PBS buffer, and the cells were scraped off the plate
and suspended in 100 uL of PBS. The cell mean fluorescence (CMF)
was recorded by flow cytometry (Guava easyCyte Single Sample Flow
Cytometer, Merck) using a A, of 488 nm. Between 1200 and 2000
cells were analyzed in triplicate for each sample, and three
independent repeats were conducted. The autofluorescence of
untreated cells was subtracted from all values, and the CMF was
normalized to the fluorescence intensity of the respective concen-
trations of the micelles or vesicles, measured by the plate reader, to
account for variations between the batches of micelles or vesicles. The
statistical significance employed to compare the means was
determined using a one-way analysis of variance (one-way
ANOVA) followed by a Tukey’s multiple comparison post hoc test.

The exocytosis of M, was assessed by measuring the fluorescent
intensity of the media. To this end, RAW 264.7 cells were seeded and
incubated overnight as outlined above, followed by incubation with 90
x 10% or 179 X 10° ‘M, mL" for 6 h and resting in M,-free, phenol-
red free media for an additional 18 h. Then, 100 yL of media was
transferred to a black 96-well plate, and the fluorescent intensity was
measured by using the plate reader (A/em = 488/526 nm). For
comparison, 90 X 10° or 179 X 10° ‘M, mL™! was diluted in 100 gL of
phenol-red free media, and the fluorescent intensity was measured
(Aex/em = 488/526 nm). This latter fluorescent intensity was
considered the maximum attainable value. Three independent repeats
were performed using the same batch of M,

Lysosomal Escape. RAW 264.7 cells (300000 cells in 1 mL cell
media) were seeded in a cell culture imaging dish (u-Dish 35 mm,
ibidi; or 35 mm confocal dish, VWR) and allowed to adhere overnight
at 37 °C and 5% CO,. Then, the cells were incubated with the
fluorescently labeled micelles (12 X 10° mL™") for 6 h before being
washed twice with PBS buffer and left in fresh media overnight. The
fluorescently labeled vesicles, on the other hand, were left to incubate
with the cells for 24 h before washing twice with PBS buffer.
LysoTracker Red DND-99 in the case of the micelles or LysoTracker
Deep Red in the case of the vesicles was diluted in prewarmed media
to a final concentration of 50 nM. The area containing the cells was
covered with 120 uL of the lysotracker-containing media, followed by
45 min of incubation at 37 °C and 5% CO,. The cells were washed
twice with PBS and in the case of the samples with micelle exposure
incubated with CellMask Deep Red Plasma membrane stain (S ug
mL™" in 120 L of cell media) for § min. The cells were washed twice
with PBS, and 170 uL of PBS was added for storage. The cells were
visualized using a Zeiss LSM700 confocal laser scanning microscope.
Five images at random locations with the same settings were taken per
sample, and three independent experiments were performed. The gain
of the images has been artificially enhanced afterward for better
visualization without any influence on the colocalization calculations.
The colocalization of the micelles or vesicles with the lysosomes was
determined via the Manders’ colocalization coefficient (MCC) using
the Coloc 2 plug-in for Image]. Subtraction of the background (50
pixel ball pen size) and adjustment of the lower threshold level to 35
were performed before the analysis for all of the images.

B RESULTS AND DISCUSSION

Micelle Assembly. The amphiphilic block copolymer P1
chosen here consisted of a S kDa poly(cholesteryl
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methacrylate) (PCMA) as the hydrophobic block and a 20
kDa poly(2-carboxyethyl acrylate) (PCEA) as the hydrophilic
extension.*” The latter block is a pH-responsive polyanion with
a hydrophilic-to-hydrophobic phase transition at pH 4.*° In
agreement with our previous results,”” the self-assembly of P1
at pH 7.4 resulted in monodisperse micelles M, with an
average diameter of the long axis of 21 + S nm (Figure 1a), a
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Figure 1. Micelle (M,). (a) Cartoon representing M, and a
representative TEM image of M, (scale bar 200 nm). (b)
Determination of the CMC of M. (c) Correlograms obtained from
DLS of M, when cycled from pH 7.4 to 4 and back to pH 7.4. Inset:
Representative TEM image of M, after pH cycling (scale bar 100
nm). (d) Representative CLSM images of M, incubated with the
ReGUVs at pH 7.4 (left image) and after lowering the pH to 4 (right
image) (scale bars 10 um). Line scans across the selected "°GUVs
from the green channel (P1) and the red channel (*™PE) are shown
at pH 7.4 (i) and after lowering the pH to 4 (ii).

hydrodynamic diameter (D,) obtained from NTA measure-
ments of 184 + 41 nm (Figure Sla). (We would like to note
that D, was typically larger than sizes measured on TEM
images that were recorded under high vacuum.) The critical
micelle concentration (CMC) was 224 ug mL™" (Figure 1b).
This CMC value was comparable to the value reported for
micelles made from polymers with the same hydrophobic
PCMA block but with poly(Z—(dimethzlamino)ethyl meth-
acrylate) as the hydrophilic extension'” and slightly larger
compared to micelles with poly(2-methacryloyloxyethyl
phosphorylcholine) or polyethylene glycol methacrylate®' as
the hydrophilic part. Correlation curves of M, obtained from
DLS at pH 7.4 and 4 as well as after neutralizing the sample
back to pH 7.4 were rather similar (Figures lc and S1b). A
slight increase in size at pH 4 was observed compared to pH
7.4 due to the phase transition toward more hydrophobicity of
the pH-sensitive PCEA, which was partially reversed when the
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pH was increased back to pH 7.4. TEM images of the samples
after the pH cycle confirmed the structural integrity of M,
(Figure lc, inset) with a preserved size distribution (Figure
Slc). Fluorescently labeled giant unilamellar vesicles
(R*°GUVs) were used to get the first insight into how Oregon
Green-labeled M, (‘M,), obtained by using P1 for their
assembly, interacted with a simple model lipid bilayer when
incubated at pH 7.4 and after lowering of the environmental
pH to 4 (Figure 1d). Confocal laser scanning microscopy
(CLSM) images revealed that the polymer integrated into the
lipid bilayer of the ®°GUVs at pH 7.4 after a short incubation
time, illustrated by the overlapping intensity peaks of the red
("*PE) and green (‘P1) channels in the line scan (Figure 1di).
It should be noted that the green signal of ‘P1 fainted upon the
decrease in pH due to the dye’s pH sensitivity. Nevertheless,
the green signal could still be located in the membrane of the
RheGUVs when the pH dropped to 4 since the red and green
signals still overlapped (Figure 1dii). Additionally, the number
of intact "**GUVs was reduced at pH 4. We concluded that
this observation was due to the interaction of the pH
responsive ‘M, with the lipid bilayers and not due to the
drop in pH itself because the "*°GUVs remained unaffected
when the pH dropped in the absence of M, (Figure S1d).
Moreover, ‘M, did not seem to cross the lipid bilayer of the
RhoGUVs at any of the tested pH values, since no fluorescent
signal was observed in the aqueous void of the **GUVs.

Nanoformulations were previously equipped with the pH-
sensitive amphiphilic peptide GALA, and their lysosomal
escape ability was confirmed.””** At a pH below 6, the
abundantly present glutamic acids in the GALA peptide are
protonated, provoking a switch to a helix formation and
thereby making hydrophobic interactions with lipid mem-
branes, such as the lysosomal membrane, possible.43 Therefore,
in order to implement a lysosomal escape strategy, GALA was
covalently conjugated to the premade M, using an EDC/NHS
coupling reaction, resulting in Mgas. The NTA analysis
revealed a minor aggregation of Mga, compared to M,
(Figure S2a), which was also reflected in a slightly higher
PDI but similar hydrodynamic diameter (D)) compared to
those of the DLS measurements (Table S1). The successful
GALA conjugation was confirmed by desalting and freeze-
drying Mgy » followed by "H NMR analysis in DMSO-d,. The
peaks in the downfield region (Figure 2b, inset) originating
from the aromatic amino acids histidine and tryptophan
confirmed the presence of GALA peptide (Figure 2b). TEM
images of M¢ar 4 showed similar micellar assembles as My; i.e.,
the conjugation step did not affect the structural integrity of
the micelles (Figure 2c). Similar to My, CLSM images showed
that P1 integrated into the lipid bilayer when Mgu 4 was
incubated with ®°GUVs at pH 7.4 and 4 (Figure 2di/ii). A
noticeable difference in the interaction of Mgy, with
RheGUVs compared to M, with ®°GUVs was that a higher
amount of aggregated ""*GUVs already existed at pH 7.4,
which increased at pH 4. The presence of GALA seemed to
introduce stronger interactions between the "'GUVs and
fMgara and the conformational change as well as the more
hydrophobic nature at low pH*’ resulted in a higher number of
aggregated RhoGUVs. Nevertheless, ‘Mga 4 did not visibly
cross the lipid membrane of the ®°GUVEs.

Hybrid Vesicle Assembly. The goal was to compare the
same amphiphilic block copolymer P1 in micelles and as part
of the HVs. We have previously successfully used P1 to
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Figure 2. GALA-modified M, (Mgaa). (a) Cartoon illustrating
Mgara- (b) "H NMR spectrum of freeze-dried Mgy, dissolved in
DMSO-d. (c) Representative TEM image of Mga s (scale bar 200
nm). (d) Representative CLSM images of Mgara incubated with
RheGUVs at pH 7.4 (upper image) and after lowering the pH to 4
(lower image) (scale bars 10 um). Line scans across the selected
RboGUVs from the green channel ('P1) and the red channel (*"°PE)
are shown at pH 7.4 (i) and after lowering the pH to 4 (ii).

assemble the HVs with DOPC lipids.** Since we have shown
that the HVs made with a similar amphiphilic block copolymer
that had a hydrophilic extension of methionine methacryloy-
loxyethylester and 2-carboxyethyl acrylate did not have
lysosomal escape abilities,*® it was reasonable to assume that
the pristine PCEA extension used here has a similar behavior.
Therefore, we explored two options to integrate lysosomal
escape properties by using either GALA-conjugated P1 or 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) lipids for
the HV assembly.

DOPC Lipid Containing HVs. HVs made of 0.4 mg of P1
and 1.1 mg of DOPC lipids were assembled on the basis of a
prior reported protocol 0 using the film rehydration method,
followed by extrusion through a 100 nm membrane and
running over a size exclusion column to remove smaller
polymeric assemblies and impurities. The obtained HVs are
referred to as HVpe. Their Dy, and PDI from DLS and NTA
measurements at pH 7.4 as well as the TEM images showed
similar results to the previously reported hybrid vesicles
(Figure 3a, Table S1, and Figure $3a,b).* The presence of
both building blocks (P1 and *PE lipids) was confirmed by
the two distinct peaks in the emission spectrum of HVipe
(Figure S3c). Next, we tested the pH responsiveness of HV .
The correlation curve of HVp at pH 4 obtained from DLS
indicated an increase in size and PDI due to the same reason
outlined for M. This change was almost completely reversible
when the pH was increased back to 7.4 (Figures 3a and S3d).
We speculated that this observation was more likely due to the
change in the optical density of the membrane as a result of the
collapsed PCEA rather than vesicular aggregation. A
comparison of the slopes of the correlograms at pH 7.4 and
4 revealed a slightly steeper slope for the latter, meaning that
the polydispersity of the sample did not increase at the lower
pH. This result supported the assumption that no major
aggregates were formed, which would have yielded in a
dramatic increase of the polydispersity. Moreover, the
reversibility of aggregated samples would be expected to be
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Figure 3. HV). (a) Cartoon of HVp¢ and the correlograms of HVpe
when cycled from pH 7.4 to 4 and back to pH 7.4 obtained from DLS.
Inset: Representative TEM image of HVyp after pH cycling (scale bar
200 nm). (b) Representative CLSM images of fHVype incubated with
the GUVs at pH 7.4 (left image) and after lowering the pH to 4 (right
image) (scale bars 10 ym). Inset: A close-up of a single GUV. Line
scans across the selected GUVs from the green channel (P1) and the
red channel (""°PE) are shown at pH 7.4 (i) and after lowering the
pH to 4 (ii).

less successful. TEM images of HVj¢ after the pH titration
confirmed the structural integrity of HV (Figures 3a, inset
and S3e). Additionally, the interaction of ‘HVpe with the lipid
bilayer of the GUVs was examined at pH 7.4 and 4 and after
returning to pH 7.4 (Figures 3b and S3f). CLSM images at pH
7.4 revealed that 'HV,p interacted with the membranes of the
nonlabeled GUVs, indicated bgf the yellow color originating
from the overlap of the green ("P1) and red (RepE) signals of
HVpe, highlighting the membrane of the GUVs, which could
also be observed in the line scans (Figure 3b). However,
fluorescent signals of both P1 and *°PE were less
homogeneously distributed in the membranes compared to
when M, or ‘M, were used, suggesting the existence of p1
and ®°PE patches in the lipid bilayer. A decrease in the pH to
4 resulted in fewer GUVs, where the bigger GUVs
disintegrated and smaller GUVs with a less patchy appearance
of the lipid bilayer were maintained. This observation
suggested that the pH-responsive polymer interfered with the
structural integrity of the GUVs. However, the pH-dependent
brightness of the Oregon Green dye might overexaggerate this
effect. Nonetheless, the GUVs showed interesting aggregation
behaviors at pH 4 due to the presence of 'HVj represented by
the GUVs seemingly fusing (Figure 3b, inset right image).
Interestingly, only fluorescent signals originating from "PE
were found in the membrane where the GUVs touch,
suggesting that only the lipids were able to distribute in the
membranes between the GUVs. Some of these events were
also observed at pH 7.4 but not in the same abundancy as at
pH 4. Therefore, we hypothesized that this was a pH-induced
behavior mediated by the lipids’ same nature in the GUVs and
the HVs that allowed for mixing via lateral diffusion. Upon an
increase of the pH back to 7.4, a higher amount of patches
could be observed again, also due to the increased fluorescent
intensity of ‘P1 at neutral pH (Figure S3f). The presence of the
fused GUVs was preserved as well as the presence of "PE in
the connectin‘g lipid bilayer. No crossing of the GUV
membrane by 'HVp was observed at any of the pH values.
GALA-Conjugated HVpc (HVpc.gaia)- Next, we aimed to
equip HVp with the GALA peptides to obtain a comparable
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vesicular assembly to Mgapa. In the first attempt, we
conjugated the GALA peptide to the preformed HVp¢. This,
however, led to disintegrated morphologies and aggregates, as
shown in the NTA and TEM images (Figure S4a).
Consequently, we decided to employ Plga;, for the assembly
of HVpc.gara- However, since Plgy 4 was only soluble in
DMSO, we could not use the rehydration method for the
assembly as DMSO cannot be evaporated like THF due to its
high boiling point. Therefore, an alternative HV assembling
route was explored on the basis of the observations from the
above outlined experiments where Mgy, was added to the
GUVs and Pl , integrated in the lipid bilayer of the GUVs.
Additionally, the interaction and the incorporation of
amphiphilic triblock copolymers with large unilamellar lipid
vesicles had been investigated and shown.** The alternative
HV assembly started with mixing DOPC liposomes with
Plgara (dissolved in DMSQ), followed by dialysis to remove
DMSO while P1ga 4 could integrate with the lipid bilayers
before extrusion and purification. These HVs are referred to as
HVpe.caza. TEM images of HVpc.gaa confirmed  their
vesicular nature and the absence of micelles (Figure 4a). The
size distribution obtained from the NTA measurements and
the TEM images was similar to that of HVp (Figure S4b,c).
The fluorescence spectrum of HVpc gaa confirmed the
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Figure 4. HVpc gara- (2) Cartoon of HVpc gapa and representative
TEM image of HVpc_gara (scale bar 200 nm). (b) Normalized 5(6)-
carboxyfluorescein (CF) release from “FHV,c.gara and “FLpe over
120 h. (c) Correlograms of HVpc_gara When cycled from pH 7.4 to 4
and back to pH 7.4 obtained from DLS. Inset: Representative TEM
image of HVpcgara after pH cycling (scale bar 200 nm). (d)
Representative CLSM images of HVpc.gar incubated with the GUVs
at pH 7.4 (left image) and after lowering the pH to 4 (right image)
(scale bars 10 pm). Line scans across the selected GUVs from the
green channel (*P1) and the red channel (""*PE) at pH 7.4 are shown.
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presence of both building blocks, although the peak for
'Plgara was relatively low (Figure S4d). To ensure the
formation of the HVs and that this alternative fabrication
method still allowed for the encapsulation of cargo, we added
5(6)-carboxyfluorescein (CF) in a self-quenching concen-
tration after the dialysis and before the extrusion, resulting in
“FHVpc.gara- For comparison, CF loaded DOPC liposomes
(“FLpc) were prepared and the CF release from both vesicles
was monitored over 120 h. The data were normalized to the
maximum release upon disruption of the vesicles with Triton X
(TX) at day 0. The initial higher release of CF from
FHVpc.gara compared to “FLpc was another indication for
the integration of P14 into the vesicles, which resulted in a
higher permeability compared to a pristine lipid bilayer (Figure
4b), as shown in other examples.”* Next, the pH responsive-
ness of HVpc gapa Was investigated by taking DLS correlo-
grams at pH 7.4 and 4 and after an increase to pH 7.4 again.
The curves only exhibited a slight shift toward increased time
upon the pH decrease, which was almost reversed after cycling
back to pH 7.4 (Figures 4c and S4e). The presence of GALA
did not detectably change the pH behavior of the HVs. This
observation was supported by the resemblance of the vesicles
and their sizes in the TEM images before and after the pH
drop and rise (Figures 4c and inset and S4f). The rather low
fluorescence intensity of HVpe gaa in the green channel led
to a low intensity of green fluorescence in the CLSM images
when investigating the interaction of HVpe.cara with the
GUVs (Figure 4d). However, the behavior of the GUVs upon
addition of 'HVpc.gara could be observed throughout the pH
cycling, focusing on the fluorescent signal originating from
RhopE. The GUVs already aggregated at pH 7.4 upon the
addition of 'HVpe qaps with the integration of mostly ""PE in
the membranes of the GUVs without crossing the lipid
membranes. A higher number of closely attached GUVs was
observed upon the decrease of pH to 4, which was assumed to
be a result of the enhanced interaction of the lipid bilayer with
fP1 and the GALA peptide. The attraction between 'HVpc_gara
and the GUVs was so strong that the spherical GUVs
deformed to some extent without rupturing; additionally, there
was potential partial fusion of their lipid bilayers. As expected,
an increase in the pH back to 7.4 did not show any changes/
reversibility (Figure S4g). It should be emphasized that there
was a distinctly different interaction between HVpc gara or
‘HV,c and the GUVs, confirming the presence of different
types of HVs.

For comparison, liposomes consisting of DOPC lipids and 9
mol % cholesterol were assembled and referred to as Lpc. This
amount of cholesterol was chosen because it corresponded to
the quantity of cholesterol incorporated in HVpc. The Dy, from
DLS and NTA and the size distribution from the TEM images
of Lpc were similar to those of HVyc (Figure SSab). As
expected, due to the absence of any pH-responsive groups,
there was no shift in the correlograms when cycling the pH
from 7.4 to 4 and back to 7.4, which was also confirmed by the
structural integrity of the vesicles in the TEM images and their
size distribution after pH cycling (Figure SSc and inset). When
Rho-labeled ™°L, was added to the unlabeled GUVs, black
round shaped areas appeared in the red background of the
signal originating from *'PE of "L, (Figure S$5d). This
observation indicated that the presence of P1 favored the
integration or interaction with the lipid bilayer of the GUVs
while pure lipid—cholesterol vesicles only showed this
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association weakly after some time. Upon lowering the pH to
4, more of the R°PE integrated into the membranes of the
GUVs, revealing homogeneously red colored GUVs. The Rho
label fainted due to pH sensitivity; but at the same time, the
GUVs were largely unaffected in number and no severe
aggregation was observed. This appearance did not change
further when the pH was increased back to around 7.4 (Figure
S5f). Consequently, the earlier findings of the interactions and
the incorporation of polymer into the lipid bilayer of the GUVs
were mediated by the pH-responsive P1 and/or the GALA
peptide.

DOPE-Containing HVs (HVp). DOPE lipids are often
incorporated in lipid-based formulations as helper lipids for
intracellular DNA or mRNA delivery in lipoplexes.”> The
smaller headgroup of DOPE compared to DOPC increases the
tendency of DOPE to form inverted hexagonal structures,
whereas a formation of vesicles is only possible at a pH above
8. This phase transition can be further tuned to lower pH
values by the addition of either other lipids or a block
copolymer, as in our case. The switch in the integrity of the
vesicles promotes the destabilization of the endosomal/
lysosomal membranes and can therefore be used as an
endosomal/lysosomal escape strategy.> ™"

Here, HVs were assembled by the film rehydration method
using 0.4 mg of P1 and 1.1 mg of DOPE lipids followed by
extrusion through 100 nm membranes and running through a
size exclusion column. The obtained HVs are referred to as
HVpe. The TEM images of HVpg revealed the vesicular
morphology with a fraction of small-sized micelle-like
assemblies (Figure Sa) and a size distribution of 245 + 129
nm determined from the TEM images (Figure S6b). The NTA
measurement illustrated a narrow population of assemblies
with a Dy, of ~177 nm (Figure S6a), and the emission
spectrum confirmed the presence of both building blocks
(Figure S6c¢). It should be noted that DOPE lipids with 9 mol
% cholesterol (corresponding to the amount of cholesterol in
P1) did not yield vesicles but only aggregates (Figure S6d),
illustrating that the presence of P1 facilitated and stabilized the
assembly of the HVs. The ability of polymers to stabilize
DOPE-containing vesicles has previously been observed when,
for instance, the temperature-responsive polymer poly(N-
isopropylacrylamide-co-N,N’-dimethylaminopropylacrylamide)
was conjugated to DOPE."® The pH responsiveness of HVypg,
was an important aspect to consider since structural changes in
the HVs, due to the acidification in the lysosomes, are expected
to contribute to the escape from these organelles. The
correlograms obtained from DLS for HVpg shifted to longer
times that corresponded to an increase in size and PDI when
the pH was lowered from 7.4 to 4 (Figures Sb and S6e). Unlike
HVy, no recovery was observed upon increasing the pH back
to 7.4 for HVpg suggesting a structural change of the
assemblies, which was not caused by the reversible pH-
induced collapse of PCEA. DLS data of a stepwise decrease of
the pH from 7.4 to 4 revealed that the loss of the structural
integrity of HVpg occurred at a pH of around 6 in the form of
increased D;, and PDI (Figure S6f). This transition pH
corresponds to the environmental pH in the early endosome
during the process of endocytosis. Further, the membrane
permeability and consequential cargo retention and release are
important characteristics of vesicle-based carriers. Therefore,
Laurdan was used as a fluorescent probe to assess the packing
of the membrane of HV}; (Figure Sc). The calculated general
polarity (GP) of HVy; was 0.1 + 0.03, which was ~0.35 larger
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Figure S. HV};. (a) Cartoon of HVyg and representative TEM image
of HVyg, (scale bar 200 nm). (b) Correlograms obtained from DLS of
HVpg when pH was lowered from 7.4 to 4 and increased back to pH
7.4. Inset: representative TEM image of HVypy, after pH cycling (scale
bar 200 nm). (c) Fluorescent emission spectra (4., = 340 nm, A, =
380—600 nm) of HVp using Laurdan as a probe for membrane
polarity (normalized to F.I at A,, = 490 nm). (d) Representative
CLSM images of 'HV}y incubated with the GUVs at pH 7.4 (left
image) and after lowering the pH to 4 (right image) (scale bars 10
um). Line scans across the selected GUVs from the green channel
(P1) and the red channel ("™PE) are shown at pH 7.4 (i) and after
lowering the pH to 4 (ii).

comfared to previously reported GP values for HVp and
Lpc, ™’ indicating a stiffer membrane. This result could be
explained by the more dense packing and higher association of
DOPE lipids with P1 in order to maintain a vesicular
morphology, resulting in a decreased lateral diffusion and
lower water penetration.*® Finally, when exposing ‘HVyy to the
GUVs at pH 7.4, CLSM images revealed no visible interaction
of either P1 or ®°PE with the lipid bilayers of the GUVs
(Figure 5d). The GUVs could be observed as round shaped
black areas with no highlighted outline as that seen for HVyp.
However, when the pH was decreased to 4, an obvious red
signal, as well as a faint green signal, could be observed in the
GUVs’ lipid bilayers. Both signals formed patches in the GUVSs’
membrane at the time of the observation, suggesting the
incorporation of ‘P1 and "™°PE when the amphiphilic nature of
the block copolymer turned to a mostly hydrophobic state and
DOPE destabilized the vesicles. Additionally, the GUVs with
homogeneously distributed ™ PE and minimal ‘P1 were found.
Overall, the GUVs were less aggregated compared to the
exposure to HVpc.gara indicating the different types of the
HVs interact diﬁerentlpr with the GUVs as expected. No
reversibility of "™°PE or 'P1 incorporation in the lipid bilayer of
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the GUVs was observed when the pH was increased to 7.4
(Figure S6g).

Biological Evaluation. We aimed to compare the short-
term toxicity, the uptake efficacy, and the intracellular fate of
the different assemblies in macrophage-like murine RAW 264.7
cells (RAW cells for short) to understand the effect of the same
building block made into different assemblies on the cells, i.e.,
P1 assembled as micelles or as the polymeric building block in
the HVs. Lpc was used for comparison. Although not human
derived, RAW cells are a model for the initial screening of
diverse (nano)materials and compounds to help predict their
toxicity or bioactivity in primary cells. Macrophage-like cells
were chosen since they are typically the first cells that
encounter non-native moieties entering an organism.

Interaction of Micelles with RAW Cells. First, we evaluated
the 24 h short-term toxicity of My and Mgy, in RAW cells
that confirmed the preserved viability of the cells for the tested
concentrations and time (Figure 6a). Interestingly, the cell
viability seemed to increase to a higher level in the presence of
M,, suggesting more metabolically active cells when incubated
with the micelles due to a higher cellular dehydrogenase
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Figure 6. Interaction of M, and Mg, 5 with RAW cells. (a) Viability
of the RAW cells after incubation with My or Mgapa for 24 h. (b)
Normalized cell mean fluorescence (nCMF) of the RAW cells after
exposure to M, and Mgy, for 3, 6, or 24 h (n = 3, *p < 0.077: (1)
Mgara compared to M, at 24 h; *p < 0.05: (2) Mgpa at 24 h
compared to itself at 6 and 3 h and (3) M, at 24 h compared to itself
at 6 and 3 h). (c) nCMF of the RAW cells after incubation with ‘M,
or Mgup4 for 6 h and followed by incubation for 18 h in media (n = 3,
*p < 0.05 comparing the two different points within the same
sample). (d) Representative CLSM images of the cells incubated with
M, (i) or Mgaa (ii) for 6 h (green: M, or Mgy, blue:
LysoTracker Red DND-99 stained lysosomes; light gray: CellMask
Deep Red Plasma Membrane Stain) (scale bars 10 ym).
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activity that was assessed using CCK-8. Similarly, the viability
of RAW cells seemingly increased when the mitochondrial
dehydrogenase activity was detected using the MTT assay
(Figure S8a). Complementarily, when using the LDH assay, no
differences were observed as compared to the untreated cells,
suggesting no interference with the cell membrane integrity
(Figure S8b). Mgars had a similar trend when using the CCK-
8 assay, but the higher micelle concentration suggested an
onset of minor toxicity indicated by a decrease in the detected
cell viability followmg the initial increase to ~180%. Second,
the uptake efficacy of ‘M, and ‘Mg, 4 after 3, 6, and 24 h was
assessed by flow cytometry (Figure 6b). As expected, the
normalized cell mean fluorescence (nCMF) increased
significantly over time due to the associated M, and Mgapa.
While after 6 h of incubation, no difference in nCMF was
found between ™M, and ™Mga, a 24 h incubation time
resulted in a statistically significant higher nCMF for Meara
Third, the intracellular fate of the two assemblies was evaluated
by replacing the micelle-containing media after 6 h with
pristine media, and the cells were incubated for an additional
18 h before monitoring the CMF by flow cytometry (Figure
6¢). For both micelles, the nCMF dropped significantly down
to 75% of the starting value within the 18 h of resting time,
suggesting that the cells processed the micelles and/or they
were exocytosed. The latter aspect was supported by
measuring the fluorescent intensity of phenol red free cell
media after the 18 h of resting time without ‘M, (Figure S8c).
Higher fluorescent intensities originating from ‘P1 were found
in the cell media when increasing amounts of ‘M, were initially
added to the RAW cells, suggesting exocytosis. However, only
below 10% of the maximum attainable fluorescent intensity,
i.e.,, the fluorescent intensity measured when the corresponding
amount of ‘M, was added to phenol red free cell media, was
detected. It should be noted that this comparison might have
been affected by ‘M, sticking to the surface of the wells.
Finally, the ability of ™M, and ‘Mg, to escape the
endosomes/lysosomes was compared. To this end, the cells
were incubated with the micelles for 6 h followed by 18 h in
fresh media before staining of the lysosomes and cell
membranes for visualization by CLSM (Figures 6d and S8d,e
for split channels). M, and Mg, 4 were internalized by the
cells during the incubation time as indicated by the origin of
the entire fluorescent signals from inside of the stained cell
membrane (light gray). Moreover, the cyan color in the
images, a result of the overlappmg of green M, and blue
lysosomes, suggested that ‘M, remained trapped in the
lysosomes (Figure 6di). In contrast, the green signals from
fMgara were less confined and only associated with more faint
blue lysosome signals (Figure 6dii). The lower intensities of
the lysotracker signal suggested impairment of the lysosomes
and probable leakage, resulting in a less acidic environment
due to a partial escape of the micelles from the endosomes/
lysosomes facilitated by the GALA peptide. A more
homogeneous distribution of Meara throughout the cytosol
compared to ‘M, was observed when considering only the
green channel, which supported the indication of lysosomal
escape (Figure S7a). In order to semiquantify the escape
efficacy, the Manders correlation coefficient (MCC) was
calculated.” The resulting MCC of ~0.7 (0.69 + 0.21 and
0.72 + 0.12) for both M, and Mg, colocalized with the
lysosomes did not reflect the differences observed in the
images of the two samples. However, an MCC of 0.79 + 0.26
and 045 =+ 0.14 was calculated when considering the
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Figure 7. Interaction of the HVs with RAW cells. (a) Cell viability of RAW cells after incubation with HVpg, HVpe, HVpc_gara, or Ly for 24 h. (b)
Normalized cell mean fluorescence (nCMF) of RAW cells after exposure to ‘HVpg, ‘HVpe, THVpc gara, or ™°Lpc for 3, 6, or 24 h (P1: green
channel; ®°PE: yellow channel; n = 3, *p < 0.05 comparing in the green channel: (1) HVj to the others at 3 h, (2) all the samples compared to
each other at 6 h, (3) HVyy at 6 to 3 h within the same sample, and (4) HVpc_gara at 24 to 3 h within the same sample; comparing in the yellow
channel: (5/6) HVy; to the others at the same time point, (7) HVyg at 6 to 3 h within the same sample, and (8) HVpc.gara at 24 h to the other
time points of the same sample). (c) nCMF of RAW cells after exposure to HVpg, HVpe, HVpe.gara or M°Lyc for 6 and 18 h with fresh media
(*P1: green channel; "*°PE: yellow channel; n = 3, *p < 0.05 comparing the two different time points within the same samples). (d) Representative
CLSM images of RAW cells incubated with THVpe, M°Loc, HVpc.gara, or HVpg for 24 h (green: P1; red: M°PE; blue: LysoTracker Deep Red)

(scale bars 10 pum).

colocalization of the lysosomal fraction with ‘M, and Mg 4,
respectively. This result supported our assumption that,
generally, higher amounts of empty or disrupted and thus
more diffused lysosomes were present in cells that were
incubated with Mg, , compared to M, due to the interaction
of 'Mgapa with the lysosomal membranes.

Interaction of Vesicles with RAW Cells. First, the absence
of 24 h short-term toxicity of the RAW cells incubated with
HVypg, HVpe, HVpe_gara OF Lpe was confirmed (Figure 7a). In
contrast to the incubation with micelles, the RAW cell viability
seemed to increase with higher concentrations of vesicles,
probably due to enhanced metabolism. Complementary, the
RAW cells exposed to HVpc were assessed using the MTT
assay and LDH assay, and no differences to the untreated cells
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were found (Figure S9a,b). This observation supported the
assumption that the internalization of the vesicles affected the
cellular dehydrogenases, but neither the performance of the
mitochondrial dehydrogenases nor the cell membrane integrity
was changed. The uptake efficacy of the fluorescently labeled
HVs ("HVpe, 'HVpc.gara, and FHVy) and R°Ly,c after 3, 6, and
24 h was assessed by monitoring the green and yellow channels
to follow P1 and R'PE, respectively (Figure 7b). Since the
same particle concentrations of micelles/vesicles were
incubated with the RAW cells and the read-out was normalized
to the fluorescent intensity of the assemblies, a comparison
between them was possible. As expected, the nCMF had an
increasing trend over time due to the associated HVs and
Rhop . Only RAW cells incubated with HVpy showed a

https://doi.org/10.1021/acs.biomac.1c01403
Biomacromolecules 2022, 23, 1052—1064


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01403/suppl_file/bm1c01403_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01403?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01403?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01403?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01403?fig=fig7&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

statistically significant increase over 6 h in the green and yellow
channels. Incubation with the other vesicles resulted in a
statistically significant lower increase in the green channel and
especially in the yellow channel at 3 and 6 h compared to
HVpg, leading to the assumption that HVpp possesses the
highest uptake efficacy of these assemblies. "HVpcgapa also
showed a significantly higher association with the RAW cells
than HV, in the green channel, supporting the difference in
the uptake for Mgapa versus ‘M, and the suggestion that
fP1gara increases uptake efficacy compared to P1. ‘HV;c and
Rhop . had the lowest association with the RAW cells, which
was not surprising since the slightly negative or the zwitterionic
nature of the hybrid vesicles or the liposomes limited their
interaction with the RAW cells.>’

The intracellular fate of the vesicles was evaluated by
replacing the vesicle-containing media with pristine media after
6 h, and the RAW cells were incubated for an additional 18 h
before monitoring the CMF by flow cytometry in the green
and yellow channels (Figure 7c). For all types of vesicles, the
nCMF in the yellow channel dropped to between 17% and
27% of the starting value within the 18 h resting time,
suggesting that the cells processed the lipids. On the other
hand, the fluorescent signal originating from P1 (green
channel) remained at a comparable level when HV,: and
HVpc.gara were used but statistically significantly dropped in
the case of HVy. This observation illustrated that the same
block copolymer formulated with different types of lipids alters
how the cells processed the assemblies.

Finally, the ability of the vesicles to escape the endosomes/
lysosomes was compared. To this end, RAW cells were
incubated with the vesicles for 24 h before staining the
lysosomes for visualization using CLSM (Figures 7d and S9c—f
for split channels). The CLSM images showed that both ‘HV;p
and ML, remained trapped in the lysosomes due to the
overlapping signals originating from the fluorescent labels in
HV,c (green: P1; red: M°PE) or MLy (red: "'°PE) and the
stained lysosomes (blue). (The colocalization of the two
building blocks of the HVs resulted in a yellow color
(overlapping green and red), while the green P1 signal and
the red ""°PE signal overlap with blue lysosomes to form cyan
and violet, respectively.) In other words, all fluorescent signals
were overlapping apart from the occasional lysotracker signals
(blue), indicating empty lysosomes. Similarly, the dominant
color in the images of cells exposed to Rhop - was violet,
confirming the inability of pristine liposomes to escape the
endosomes/lysosomes. The few spots with only red signals
from R'°PE were in close proximity to the cell membrane,
which were assumed to be internalized "L, but before the
acidification of the endosomes. In contrast, the fluorescent
signals from "HVpc gapa and 'HVyg were less confined and
more delocalized from the blue lysosomes. A similarly
dispersed green Plgy, signal was found for cells incubated
with HVpc cara of Mgara, which was obvious when
considering the green channel only (Figure S$7aiibii).
Interestingly, patches of green fluorescence were observed in
the cell membrane when 'HVy; was used, suggesting that (part
of) 'P1 ended up in the cell membrane presumably when the
early endosomes were formed, while ""°PE was trapped in the
endosomes/lysosomes. Further, lysosomes in RAW cells
incubated with THVp; or 'HVpe.gaa were seemingly larger
compared to the smaller and confined fluorescent signals from
the lysosomes of RAW cells exposed to 'HVpc or MLy as well
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as M, and Mg,pa. This was an unexpected observation that
pointed toward differences in the cellular process depending
on the composition of the vesicles. The MCC was calculated to
obtain a semiquantitative lysosomal escape eflicacy. However,
the resulting MCC of the colocalization of ‘P1 or *°PE with
the lysosomes was between 0.6 and 0.9 in all the cases (details
in Table S2), which insufficiently reflected the observed
differences in the CLSM images. We speculated that this
mismatch might be due to the fact that many images with more
diffused signals originating from ‘P1 also had a seemingly more
diffused and faint signal from the lysotracker, resulting in the
algorithm considering them as colocalized. This situation was
most severe for RAW cells incubated with HVp; or
HVpecarn suggesting that the escaping polymer might have
been associated with the lysotracker. Nevertheless, the MCC of
the fraction of lysosomes colocalized with either P1 or *°PE
was between 0.3 and 0.6 with typically lower values for *"°PE,
especially in the case of 'HVpc_gara (details in Table S2). This
observation pointed toward a higher number of lysosomes
colocalized with ‘P1 than with *°PE, which could be explained
by assisted escape or the faster degradation of "'°PE.

B CONCLUSIONS

We report the assembly and characterization of pH-responsive
polymeric micelles and polymer—lipid HVs as different model
systems for structural scaffolds as artificial organelles and their
interaction with RAW 264.7 cells. Their individually differing
pH-dependent incorporation and interaction with the GUVs
demonstrated that the interaction of zwitterionic lipid bilayers
with pH-responsive assemblies was dependent on their
compositions. No short-term cytotoxicity was observed in
RAW cells for all the assemblies. GALA peptide conjugated to
the amphiphilic block copolymer indicated increased uptake
efficacy, higher retention rates, and increased lysosomal escape
capabilities in the RAW cells compared to the alternatives.

This effort provides insight into how cells interact with the
different building blocks as potential scaffolds for artificial
organelles; i.e., the intracellular retention and the intracellular
structural integrity of the assemblies were very low.
Consequently, further studies need to address these challenges
in order to obtain structurally intact and functional soft
material-based artificial organelles. Cross-linking of the
assembled building blocks would give more insights into the
possibilities of the cytosolic placement of intact vesicular
assemblies in mammalian cells. The improvement of intra-
cellular retention is a rarely explored challenge since the
accumulation of carriers in nanomedicine is typically not
desired. Modifications that will make the synthetic moieties
more acceptable by the cell will be required, taking the
observed improvement for the GALA-conjugated assemblies as
a starting point.
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