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Cellular Uptake of Phase-Separating Peptide Coacervates

Anastasia Shebanova, Quentin Moana Perrin, Kexin Zhu, Sushanth Gudlur, Zilin Chen,
Yue Sun, Congxi Huang, Zhi Wei Lim, Evan Angelo Mondarte, Ruoxuan Sun, Sierin Lim,
Jing Yu, Yansong Miao, Atul N. Parikh, Alexander Ludwig, and Ali Miserez*

Peptide coacervates self-assembling via liquid-liquid phase separation are
appealing intracellular delivery vehicles of macromolecular therapeutics
(proteins, DNA, mRNA) owing to their non-cytotoxicity, high encapsulation
capacity, and efficient cellular uptake. However, the mechanisms by which
these viscoelastic droplets cross the cellular membranes remain unknown.
Here, using multimodal imaging, data analytics, and biochemical inhibition
assays, we identify the key steps by which droplets enter the cell. We find that
the uptake follows a non-canonical pathway and instead integrates essential
features of macropinocytosis and phagocytosis, namely active remodeling of

delivery agents, including intracellular
delivery.[!] Both complex coacervates (when
at least two oppositely charged macro-
molecules make the droplets) and simple
coacervates (composed of single compo-
nents) are being explored.?] Promising
examples recently developed by our team
are the histidine (His)-rich beak peptides
—~HBpep!*! and HBpep-SPI¢l— derived from
His-rich proteins of the Humboldt squid
(Dosidicus gigas) beak,”] which undergo

the actin cytoskeleton and appearance of filopodia-like protrusions.
Experiments using giant unilamellar vesicles show that the coacervates attach
to the bounding membrane in a charge- and cholesterol-dependent manner
but do not breach the lipid bilayer barrier. Cell uptake in the presence of small
molecule inhibitors — interfering with actin and tubulin polymerization —
confirm the active role of cytoskeleton remodeling, most prominently evident
in electron microscopy imaging. These findings suggest a peculiar
internalization mechanism for viscoelastic, glassy coacervate droplets
combining features of non-specific uptake of fluids by macropinocytosis and
particulate uptake of phagocytosis. The broad implications of this study will
enable to enhance the efficacy and utility of coacervate-based strategies for

intracellular delivery of macromolecular therapeutics.

1. Introduction

Coacervates, or dense liquid droplets formed by liquid-liquid
phase separation (LLPS), are gaining increasing interest as novel

LLPS to form simple coacervates at physio-
logical conditions. The ability of HBpep and
HPpep-SP coacervate microdroplets to re-
cruit a wide range of low molecular weight
(MW) drugs and large biomacromolecules,
their high transfection rates, and their
low cytotoxicity at the concentration used
for cell delivery represent valuable alter-
natives to traditional lipid-based delivery
systems.l®] However, mechanistic details
of the cellular uptake process are still not
understood. Acquiring a comprehensive
understanding of the mechanistic details
involved in the cellular uptake of peptide
coacervate systems is pivotal for the de-
sign and development of highly optimized
peptide coacervate delivery platforms.
Cellular uptake of sub-micron cargos is generally achieved
by a variety of specialized endocytic mechanisms.[>!% In con-
trast, larger objects (>1 pm) have limited entry routes into the
cell. The two most common routes include macropinocytosis!!!]
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Table 1. Amino acid sequences of HBpep and HBpep-SP peptides.

www.advancedscience.com

I.D Sequence Number of Residues Modification
HBpep GHGVY GHGVY GHGPY GHGPY GHGLYW 26 none
HBpep-SP GHGVY GHGVY GHGPY Kx GHGPY GHGLYW 27 Lysine e-amine (residue # 16)

and phagocytosis.['2] Phagocytosis mainly occurs in specialized
cells (phagocytes), whereas macropinocytosis relates to the non-
specific uptake of fluid and solutes, which in general is stimu-
lated by external stimuli, such as growth factors.!'3] Additionally,
cell pathogens, viruses, and bacteria, whose size can vary from
tens of nanometers to several micrometers, can hijack cellular
uptake pathways and enter cells after engaging with the cell sur-
face. Relevant examples include a macropinocytosis-like mech-
anism, surface mimicry, and hijacking of receptor-mediated
endocytosis.'"*1%] Such non-canonical pathways share some fea-
tures with common entry routes but are distinctly regulated.!°!
Because of their mesoscopic dimensions, viscoelastic de-
formability, and supramolecular characteristics, peptide coacer-
vates represent a distinct class of cargo for the cell. Previous
studies suggest that the cellular uptake of coacervates does not
follow a singular pathway. Indeed, depending on the chemical
nature, both macropinocytic routel’’! and direct fusion with the
plasma membranel'®] have been proposed. Of note, the above re-
ports involve complex coacervates, for which charge-charge in-
teractions can lead to complete internalization into liposomes
under certain conditions.['! Another report has demonstrated a
co-assembly of a phase-separated peptide with a transmembrane
enzyme directly on the cell membrane which led to membrane
leakage.[?%! In contrast, the cellular uptake of single-component
peptide or protein coacervates remains largely unknown. While
a recent study suggested that the uptake of coacervates made
from a short arginine (Arg) -containing peptide is cholesterol-
dependent and might involve lipid rafts due to sensitivity to
methyl-g-cyclodextrin (MPCD), the exact mechanism has not
been studied in detail.[?!l HBpep and HBpep-SP peptides are sim-
ple coacervates that are enriched not only in His but also in tyro-
sine (Tyr) residues (Table 1), in addition to bearing one trypto-
phan (Trp) at the C-terminus.l’! The difference between HBpep
and HBpep-SP is that the latter has one additional lysine (Lys)
residue conjugated with a side chain containing a disulfide bond
and a self-immolative moiety. The side chain plays a central role
in the therapeutic release as upon interaction with endogenous
glutathione, it is cleaved from the backbone resulting in the dis-
assembly of the coacervates and, thus, payload release.l’] Ow-
ing to its terminal benzoate group at the end of the pendant
side chain, HBpep-SP is more hydrophobic than HBpep. In addi-
tion to electrostatic interactions, other types of interactions may
be involved to bind to the cell membrane. In particular, aro-
matic residues often enriched in simple coacervates tend to be
present in the interfacial region of lipid membranes(??! and are
usually involved in protein/lipid bilayer interactions!?*] includ-
ing the interaction with cholesterol?*! and peptide/protein mem-
brane anchoring.[®] Accordingly, tuning the properties of aro-
matic rings has increased the cellular uptake of peptides.[l A
recent study of HBpep interacting with lipid bilayer at physio-
logical pH indicates that the peptide tends to associate with the
membrane surface without disturbing the bilayer, and that the

Adv. Sci. 2024, 11, 2402652 2402652 (2 of 16)

aromatic amino acids such Tyr and Trp, as well as His, can in-
teract with f-hydroxy group of cholesterol.’] This suggests that
cholesterol-peptide interactions might play a key role in coacer-
vate membrane association, and thus cell uptake, although fur-
ther investigations are needed to confirm this.

In the work reported here, we show that HBpep and HBpep-SP
coacervates are taken up by a mechanism combining defining
features of both macropinocytosis and phagocytosis. Our stud-
ies with simple model membrane systems such as Giant Unil-
amellar Vesicles (GUVs) revealed that coacervates attach to the
membrane surface but do not enter the lumen. Live cell time-
lapse imaging experiments showed dynamic progressive mem-
brane engulfment during the uptake process. Further experi-
ments exploiting direct visualization of cellular uptake of coac-
ervates by transmission and scanning electron microscopy (TEM
and SEM) allowed us to directly visualize the membrane engulf-
ment and endocytosis of coacervates in two different cell lines,
Hela and HepG2. We captured different stages of HBpep and
HBpep-SP coacervates internalization, from attachment to mem-
brane wrapping to complete membrane engulfment. At the at-
tachment stage, the involvement of the cell’s filopodia in captur-
ing the coacervates was observed, which is likely a critical step
toward their subsequent internalization. Quantitative Fluores-
cence Activated Cell Sorting (FACS) analysis in the presence of
chemical inhibitors targeting cell cytoskeleton revealed the criti-
cal role of formin-mediated actin polymerization during cell up-
take. In addition, modulating the adhesion of coacervates to the
cell membrane by recruiting cholesterol-binding peptides within
the coacervates enhanced cell uptake. This study provides a new
understanding of the interaction of His- and aromatic-rich phase-
separating peptide coacervates with model membranes and their
subsequent cell uptake via actin and cholesterol-dependent, non-
classical endocytosis.

2. Results and Discussion

2.1. Interaction Between HBpep and HBpep-SP Coacervates and
GUVs: Roles of Membrane Charge and Fluidity

Cellular uptake of most nano- or microparticles begins with
their adhesion to the outer leaflet of the plasma membrane
and is often dictated by electrostatic interactions. To determine
whether membrane lipid charge influences the initial step of
HBpep coacervates adhesion, HBpep coacervates entrapping En-
hanced Green Fluorescence Protein (EGFP) were mixed with
GUVs prepared from the zwitterionic phospholipid 1-palmitoyl-
2-oleoyl-glycero-3-phosphocholine (POPC), as well as with an
increasing amount of positively or negatively charged phos-
pholipids (Figure 1A, chemical structure). GUVs are simplified
model membrane systems with tunable physio-chemical prop-
erties, making them a convenient tool for studying membrane-
coacervate interactions.!?®] HBpep is a zwitterionic peptide with
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Figure 1. Interaction between HBpep and HBpep-SP coacervates and GUVs. A) Schematics of the experimental setup for studying the attachment of
coacervates to GUVs with varying lipid composition. The attachment was monitored using fluorescent imaging. B) Zeta-potential of HBpep and HBpep
coacervates loaded with EGFP. C, D) Plots of HBpep coacervate attachment to POPC GUVs with increasing amounts of negatively charged POPG (C)
and positively charged DOEPC (D) showing that coacervate attachment increases when the content of charged lipids increases in GUVs. E) Plot of
attachment of HBpep coacervates to POPC GUVs with and without 20% cholesterol indicates that coacervate attachment is higher for POPC GUVs with
20% cholesterol. Data are presented as the mean + SD, N = 10, (N: number of GUVs). F) Plot of attachment of HBpep-SP coacervates to POPC GUVs
with and without 10% POPS and 20% cholesterol indicating higher attachment with 20% cholesterol. Data were normalized against baseline attachment
to POPC GUVs and are presented as fold increase, mean + SD, N = 8 (N: number of fields of view). One-way ANOVA was used to compare the groups,
*=P<0.05 *=P<0.01,**=P<0.001.
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charge contributions from five His residues in its sequence and
two oppositely charged termini (Table 1), resulting in a theoreti-
cal pI of 7.97. Thus, the coacervates should be partially positively
charged at pH 7.5. The measured zeta-potential was slightly pos-
itive, 5.9 + 0.6 mV, but turned slightly negative, —7.1 + 0.2 mV,
after loading the coacervates with EGFP (Figure 1B). Mixing
HBpep coacervates with POPC GUVs containing increasing
amounts of either positively or negatively charged phospho-
lipids showed that HBpep coacervates bound more to GUVs with
higher content of charged lipids, but never crossed the GUV
lumen (Figure 1C, D; Figures S1 and S2, Supporting Informa-
tion). In general, we observed that coacervate adhesion to mem-
branes increased with the charged lipids regardless of the type
of charge. Coacervate attachment increased with an increasing
amount of negatively charged 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phospho-rac-(1-glycerol) (POPG), attaining a maximum of 3.4
(21.3) fold increase in attachment when the POPG concentration
was 50 mol% (Figure 1C). Notably, coacervate attachment also in-
creased with an increasing amount of 1,2-dioleoyl-sn-glycero-3-
ethylphosphocholine (DOEPC), with a 2.28 (+ 0.69) fold increase
at the DOEPC concentration of 20 mol% and 1.97 (+ 0.8) fold in-
crease in attachment at the DOEPC concentration of 50 mol.%
(Figure 1D). Despite the coacervates loaded with EGFP having
a negative zeta potential (due to the net charge of EGFP), they
could bind to both positively and negatively charged GUVs. While
electrostatic interactions are obviously important, aromatic-rich
peptides add complexity to membrane/peptide coacervate inter-
actions. Andreev et al.[?! showed that hydrophobic interactions
might govern the adhesion of aromatic-rich peptoids to charged
lipid bilayers, with high aromatic content or membrane charge
leading to a stronger interaction with the bilayer and even its dis-
ruption. Therefore, in the case of HBpep coacervates, their pref-
erence for charged membranes might also be related to their
high aromatic content (23 mol.%). Note that the outer layer of
the mammalian cell plasma membrane mainly consists of zwit-
terionic lipids,1*% which may not result in interactions as strong
as that with the highly charged GUVs.

To evaluate the role of membrane cholesterol level on coacer-
vate attachment, POPC GUVs containing 10 to 50 mol.% choles-
terol were incubated with HBpep coacervates (Figure 1A). Choles-
terol is an integral component of eukaryotic cell membranes
and is a key molecule controlling membrane fluidity. Choles-
terol concentration within the cell membranes can range any-
where from <5 mol% in mitochondrial membranes to >25 mol%
in plasma membranes.*) Interestingly, HBpep coacervates ex-
hibited an appreciable increase in attachment only for POPC
GUVs containing 20 mol% cholesterol (1.44 + 0.36 fold increase
in attachment, Figure 1E; Figures S3 and S4, Supporting In-
formation), whereas the attachment to POPC GUVs containing
10, 30, 40 and 50 mol% cholesterol decreased (Figure S4, Sup-
porting Information). At higher cholesterol levels (above 30%),
coacervate attachment decreased to below 0.7-fold, suggesting
that excessive membrane rigidity was unfavorable for coacer-
vate attachment. In a study on large unilamellar POPC vesi-
cles, no significant changes in bending rigidity were observed
up to 20 mol% cholesterol, whereas higher cholesterol levels
resulted in a meaningful stiffness increase.®!! Thus, at higher
cholesterol levels, the energy cost of membrane bending might
be too high and not counterbalanced by the increase in adhe-
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sion energy of coacervates. Additional experiments with lipid
rafts spontaneously induced on GUVs using a 40% POPC/40%
sphingomyelin (SM)/20% cholesterol lipid composition did not
show a preferred attachment of coacervates to a more ordered
phase. Indeed, they were mostly attached to the less-ordered
parts of GUVs (Figure S5, Supporting Information). It is also
possible that a specific range of fluidity modulated by choles-
terol is favorable to anchor the aromatic amino acids to the cell
membrane, thus facilitating coacervate attachment, or that they
even have some affinity to cholesterol. We also assessed the in-
teraction of HBpep-SP coacervates on GUVs and confirmed en-
hanced attachment (2.95 + 0.81 fold increase) with 20% choles-
terol content in GUVs (Figure 1F; Figure S6, Supporting Infor-
mation). The addition of negatively charged 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine (POPS) — a component presented
in native cell membranes®*” and used here at a physiologically
relevant concentration —to POPC GUVs did not significantly alter
the coacervate attachment, showing only 0.9 + 0.3-fold change.
In contrast, incorporating 20% cholesterol to POPC/POPS con-
taining GUVs markedly enhanced the attachment, with an in-
crease of 2.4 + 0.6-fold (Figure 1F). While the above results in-
dicate that a certain cholesterol content is preferred for coac-
ervate attachment, the latter did not cross the membrane into
the GUV lumen independent of the cholesterol concentra-
tion.

2.2. Cellular Uptake of HBpep and HBpep-SP Coacervates
Visualized by Live Cell Imaging

To directly visualize the initiation of internalization of HBpep
and HBpep-SP coacervates at the plasma membrane, we per-
formed live cell imaging experiments using a high-speed spin-
ning disk confocal microscope. First, we investigated the up-
take of mCherry-loaded HBpep coacervates in GFP-expressing
cells to visualize the internalization. In the time-lapse image se-
ries, we observed that upon addition to cells, the coacervates
were floating around and randomly settled on the cell surface
(Figure 2A, arrowheads). In some cases, cell protrusions that
extended from the cell surface were observed (Figure 2A, posi-
tion 1) and seemed to be involved in the capture of coacervates
(Figure 2B, position 1, Figure S7, Supporting Information). Upon
settling on the cell surface, many coacervates were internalized
by the cells (Figure 2A, position 2), moved toward the intracellular
space (Figure 2B, position 2, panel 2), and co-existed with coac-
ervates attached to the plasma membrane but that did not move
inwards even 50 min after adding the coacervates (Figure 2B, po-
sition 2, panel 3). To visualize the coacervate-plasma membrane
interactions in more detail, we observed the cellular uptake of
EGFP-loaded coacervates in HeLa cells stained with the Cell Mask
Deep Red membrane dye (Figure 2C-E). The uptake process be-
gan with the attachment of the coacervate to the cell surface,
followed by progressive engulfment, and culminated with com-
plete cell uptake, as shown in our acquired images taken every
5 mins (Figure 2C, upper panel, and 2D, coacervates 1-4). Many
coacervates were fully engulfed and internalized during the ob-
served period, although some showed signs of partial engulfment
(Figure 2D, coacervate 5).

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. Live cell imaging of HBpep and HBpep-SP coacervate uptake. A) Interaction of GFP-expressing Hela cells with mCherry-loaded HBpep coacer-
vates demonstrates the attachment of coacervates (yellow arrowheads) to the cell, their colocalization with cell protrusions during uptake, and inward
movement after the internalization. The cross-section of the reconstructed stack in the yz plane (panel A, position 2) confirms the internalization. B)
Enlarged vie ws of areas selected on images from panel A. C) Time-lapse confocal images of cellular uptake of HBpep-SP coacervates incubated with
Hela cells stained with cell mask membrane dye without (top) and with (bottom) MACD treatment, demonstrating the progressive engulfment only
without MACD. D, E) Closeup views of coacervates selected on the images from panel (C) for the control (D) and in the presence of 5 mM MACD (E).
Magenta — Cell Mask Deep Red dye, green — EGFP. F) FACS analysis of HBpep-SP coacervate uptake in the presence or absence of 5 mM MBCD (for
cells in the presence of MBCD, 50 min of MBCD pre-treatment was applied).

Next, we monitored the association and internalization of
coacervates in cholesterol-depleted cells, which was achieved by
treating the cells with the cholesterol-depleting molecule MBCD
(5 mM for 50 min prior to the addition of coacervates). Strikingly,
this treatment completely abolished uptake, with the membrane
unable to fully engulf the coacervates (Figure 2C,E). Some coac-
ervates (=1 in 10) changed their shape and partially wetted the
cell surface (Figure 2E, coacervates 1,2). It should be mentioned
that the cell mask dye was partially adsorbed by the coacervates,
resulting in irregular fluorescent signal pattern at the plasma
membrane/coacervates interface. Nevertheless, the inability of
coacervates to cross the cell membrane remained clearly visible.
To quantify and compare the efficiency of uptake of coacervates
with and without MBCD, we conducted FACS experiments after
washing away non-internalized coacervates. The uptake rate in

Adv. Sci. 2024, 11, 2402652 2402652 (5 of 16)

the presence of MBCD was only 2.3 + 0.2% compared to the up-
take without MFCD, showing that the latter essentially abrogates
coacervate uptake (Figure 2F).

2.3. TEM Studies of Cellular Uptake of HBpep and HBpep-SP
Coacervates in HeLa and HepG2 Cells

To visualize the coacervate/membrane interaction and inter-
nalization process at higher resolution, ultrathin (70-100 nm)
sections of fixed and resin-embedded Hela cells treated with
HBpep coacervates for 3 h were imaged using the High-Angle
Annular Dark-Field Scanning TEM (HAADF-STEM) tech-
nique. Figure 3A-D is a panel of HAADF-STEM images that
show micron-sized spherical droplets, representing HBpep

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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15 min

Figure 3. The uptake of HBpep and HBpep-SP coacervates in HelLa and HepG2cells visualized by TEM. A-D) Ultrathin sections of fixed and resin
embedded Hela cells showing HBpep coacervates during different stages of cell uptake. (A,B) Different stages of membrane engulfment around the
droplet. (C,D). Fully internalized coacervate in the cell cytoplasm. E-G) Ultrathin sections of fixed and resin embedded Hela cells showing HBpep-SP
coacervates during the various stages of cell uptake after 15 min (E) and 3 h (F,G) of incubation. H-J) Ultrathin sections of fixed and resin embedded
HepG2 cells showing HBpep-SP coacervates during the various stages of cell uptake after 15 min (H) and 3 h (l,)) of incubation. N — nucleus, M —
mitochondrion, G — Golgi complex. The observed membrane around the coacervates is indicated with arrows. Additional images are provided in Figures

S9 and S10 (Supporting Information).

coacervates, at various stages of the uptake process: partial
membrane engulfment (Figure 3A), at an advanced stage of
cup-shaped extensions whose leading rims appear to close over
the coacervates (Figure 3B), and internalized coacervates in the
cell cytoplasm (Figure 3C,D). Since HAADF-STEM is a dark-field
technique where the objects containing electron-dense elements
appear brighter on the image, cell membranes stained with
osmium tetroxide (OsO,) appear bright on a darker background.

Adv. Sci. 2024, 11, 2402652 2402652 (6 of 16)

The high electron density observed for the coacervates is likely
due to the high peptide concentration within the coacervates and
heavy metal enrichment during staining. For this experiment, we
also loaded the coacervate with ferritin(3?! in addition to EGFP.
Ferritin iron cores appeared as bright dots within the coacervates
(Figure 3A-D) and helped us to distinguish them from other
electron-dense structures like lipid droplets. Notably, coacervates
exhibited an inhomogeneous and porous internal structure

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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which might be explained by the presence of gel-like domains
within the coacervates. Liquid-solid coexistence has been shown
for other types of protein coacervates and is attributed to
aging,[**3* which may also occur in HBpep and HBpep-SP coac-
ervates. The gel-like nature of coacervates was further confirmed
by Fluorescence Recovery After Photobleaching (FRAP) exper-
iments in which HBpep coacervates demonstrated only 20%
recovery 10 min after addition of coacervates to the Optimem
media, and no recovery after 1 h (Figure S8A-C, Supporting
Information). Besides being electron-dense, some coacervates
were slightly elongated (Figure 3C), which is expected given
their deformability. Additionally, fully membrane-enclosed coac-
ervates were identified within the cytoplasm (Figure 3A,C,D,
yellow arrowhead). The cup-shaped plasma membrane struc-
tures identified in Figure 3A,B are a characteristic feature
of macropinocytosis and phagocytosis!®! that involves actin
polymerization and reorganization. In general, the process of
macropinocytosis is morphologically very similar to that of
phagocytosis. However, there are notable differences. The en-
gulfment process during phagocytosis is driven by the protrusive
force generated by actin polymerization. It is initiated by the
adhesion of cargo particles to the membrane through specific re-
ceptor interactions and works against the surface tension related
to membrane and cortical tension.!*3¢] Macropinocytosis, on the
other hand, relies on flat membrane protrusions that occasion-
ally fold back to form circular ruffles, even in the absence of any
particular cargo. The resulting macropinosomes usually contain
some liquid surrounding internalized particles. By contrast,
a tight sleeve is formed around an internalized object during
phagocytosis. In the case of HBpep coacervates, we observed a
connection between the membrane and the surface of internal-
ized coacervates, which is more characteristic of phagocytosis
(Figure 3D). Specifically, the tighter adhesion of coacervates to
the lipid bilayer may be because the microdroplets are enriched
in aromatic amino acids and their interaction with lipids.

We further extended our studies to HBpep-SP peptide coacer-
vates to HeLa and HepG?2 cells (Figure 3E-]). Unlike HBpep coac-
ervates, the HBpep-SP coacervates undergo disassembly once in-
side the cells, triggered by the reduction of the disulfide bond
located in the moiety attached to the Lys residue, with con-
comitant release of the payload.l®! Similar to HBpep coacervates,
multiple electron-dense coacervates were observed, demonstrat-
ing membrane engulfment and endocytosis in both cell lines
(Figure 3E-]). Micrometer-sized droplets attached to the cell
membrane, as well as fully internalized droplets within the cells,
could be seen after 15 min (Figure 3E,H; Figure S9, Support-
ing Information) and 3 h (Figure 3F,G,L]) of incubation. Since
HBpep-SP coacervates disassemble once inside the cell, we ob-
served some signs of this disassembly process (Figure 3G; Figure
S10, Supporting Information) in the form of incipient pores
in the internalized coacervates. Additionally, some droplets ap-
peared to be “sinking” into the cell, thereby bending the cell
membrane (Figure 3]; Figure S9, Supporting Information). The
inward movement of an engulfed object has been observed for
phagocytosis, and its nature is still debated. It has been suggested
to result from a balance between tension in the membrane (lead-
ing to cell rounding) and the resistance of cytoplasmic viscos-
ity to the cell shape change.*”] On the other hand, the phago-
cytic cup formation and sinking behavior might also be related
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to distinct regulation mechanisms. Walbaum et al. showed that
deletion of the tyrosine protein kinase SYK in macrophages did
not impair the sinking complement-mediated phagocytosis, but
abolished the Fcy receptor-mediated uptake through phagocytic
cup formation.[*®) Interestingly, a recent study demonstrated a
sunken morphology for the phosphatidylserine (PS)-mediated
phagocytosis of apoptotic cells.*?] In the case of coacervates, we
observed the combination of sinking and protrusive behavior in
both HeLa and HepG2 cells.

Some thin filaments around the coacervates could be observed
(Figure 3E,H; Figure S9A-F, Supporting Information), which
probably represent filopodia. We could not visualize filopodia
for HBpep and Hela cells (Figure 3A-D) because the sections
were prepared from a cell monolayer sectioned parallel to the
substrate surface. In contrast, HBpep-SP cell samples were pre-
pared as a pellet, resulting in multiple cell orientations from the
section that could be imaged. In comparison to HBpep coacer-
vates, HBpep-SP looked less deformed by the cytoskeleton. As
mentioned above, HBpep-SP is more hydrophobic due to the con-
jugated sidechain, and more hydrophobic peptides have been
shown to exhibit a higher storage modulus G’, making them
less deformable.[*! Additionally, HBpep-SP coacervates demon-
strated no recovery in FRAP experiments performed in Optimem
media (Figure S8D, Supporting Information) suggesting their
fast gelation. We attempted to perform nanoindentation by lig-
uid cell Atomic Force Microscopy (AFM) to assess the viscoelas-
tic properties of HBpep and HBpep-SP coacervates. For HBpep
coacervates, moduli measurements could not be performed since
the coacervates fully spread onto the mica surface owing to their
high wettability (Figure S11A, Supporting Information). In the
case of HBpep-SP coacervates, although the coacervates were
slightly flattened on the mica surface (Figure S11B, Supporting
Information), their shape was partially preserved, enabling to
obtain force-displacement curves (Figure S11C, Supporting In-
formation) that were subsequently fit with the Hertzian model.
Interestingly, the average Young modulus of 10.31 + 6.78 kPa
(Figure S11D, Supporting Information) is well within the pro-
posed mechano-sensitivity range of living cells,*”] suggesting
that mechano-sensing could also influence coacervate uptake.

2.4. Characterizing the Spatial Relationship between HBpep and
HBpep-SP Coacervates and Plasma Membrane with SEM

Since TEM is not suitable for providing high-resolution topo-
logical information of the cell surface, we opted for SEM to
gain further insights into the attachment and internalization
process. Figure 4 is a panel of representative SEM images
that show HBpep coacervates attached to the surface of Hela
cells (Figure 4A-H) and HBpep-SP coacervates on the sur-
face of HepG2 cells after 15 min of incubation (Figure 4I,L).
Multiple coacervates were observed interacting with the cell
surface (Figure 4A-D,I), and some were attached to the cell
and surrounded by filopodia (Figure 4A,B,E,F L ]; Figure S12,
Supporting Information). We also observed flat membrane ex-
tensions wrapping coacervates (Figure 4L) as well as cup-shaped
structures surrounding the coacervates (Figure 4H). Closer
inspection of SEM images for both HBpep and HBpep-SP
in Hela and HepG2 cell lines revealed different stages of
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Figure 4. SEM images of HBpep and HBpep-SP coacervates interacting with HelLa and HepG2 cell surface showing various stages of uptake. A-D)
Representative SEM micrographs of Hela cells with multiple HBpep coacervates after 15 min of incubation. E-H. Close-up views from A-D illustrate the
three main types of coacervates/cell interaction topologies. Adhesion and filopodia capture E, F), sinking G), and ruffle/cup H). I) Representative SEM
micrograph of HepG2 cell with multiple HBpep-SP coacervates after 15 min of incubation. J-L) Close-up views illustrating the three main coacervates/cell
interaction topologies of coacervates from (l). Additional images are provided in Figures S12-S14 (Supporting Information).

membrane engulfment (Figure 4; Figure S13A-L, Supporting
Information), in agreement with our TEM data. We classified the
observed coacervate/cell interaction topologies as “adhesion”,
“sinking” (Figure 4C,G,K; Figure S14, Supporting Information)
and “ruffle/cup”. The wrapping of coacervates by filopodia has
an intriguing parallel with filopodia capture of some pathogens
during the initial stages of attachment to the cell.['! SEM did not
allow us to visualize fully internalized coacervates, although we
could see some bumps on the cell surface (Figure S15, Support-
ing Information) that may represent fully engulfed coacervates
that are in the process of being internalized. In addition, since
filopodia are mechanosensitive structures,[**?! these observa-
tions suggest that the uptake process is mechanosensitive.

2.5. Actin Cytoskeleton-Coupled Morphogenesis Mediates
Coacervates Uptake
Having confirmed that membrane engulfment and filopodia play

a role in coacervate capture (Figure 2A,B; Figure 4; Figures
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S9, S10 and S12-S14, Supporting Information), we hypothe-
sized that the uptake process is cytoskeleton-dependent. In our
previous experiments, disrupting actin filaments by the actin
barbed-end inhibitor cytochalasin B did not appear to affect
uptake.’ISimilarly, theoretical predictions supported by experi-
ments with cytochalasin D-treated cells indicate that membrane
engulfment during phagocytosis is possible, although not en-
tirely efficient, in the absence of a fully functional actin cytoskele-
ton, and can result in the formation of half-engulfed cups.[*’!
Moreover, cytochalasin D also showed subsequent effects in al-
tering cell membrane cortical tension* and can facilitate the
diffusion of receptors.[*’] To avoid the potential underestimation
of F-actin in coacervates uptake when using specific barbed-end
inhibitors, we used well-known small molecule inhibitors target-
ing various steps of actin cytoskeleton assembly. We focused on
HBpep-SP peptide for these studies owing to its potential appli-
cation as a drug delivery agent and quantified coacervates uptake
using FACS.

In previous studies, the pinocytosis inhibitor amiloride did not
significantly affect the cellular uptake of coacervates.*>] Here,
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we used its more potent derivative EIPAI*?l (100 uM), which
inhibits macropinocytosis, and observed a decrease in cellular
uptake of coacervates loaded with the red fluorescence protein
mCherry (Figure S16, Supporting Information), chosen in order
to differentiate coacervates from EGFP-expressing cell in asso-
ciated imaging experiments. Of note, the filopodia capture phe-
nomenon was also observed for the chosen conditions (Figure
S17, Supporting Information). We next thought to delineate
which effectors of actin polymerization play a role in coacervate
uptake. Applying 20 uM of SMIFH2[*! significantly reduced the
uptake of coacervates in both EGFP-expressing HeLa (Figure 5A)
and Hela cells (Figure S16, Supporting Information). SMIFH2
inhibits formin-mediated actin polymerization*’! as well as
dimer-dimer interactions of formins,*! which generate un-
branched (linear) actin filaments in filopodia-like protrusions.[*’!
This mechanism thus appears to be consistent with the involve-
ment of protruding structures surrounding coacervates during
initial invagination observed by both fluorescent imaging and
SEM (Figure 4). Compared to the formin inhibitor, treating HeLa-
GFP cells with 100 pM CK666,55°! which blocks the nucleation of
branched actin networks by inhibiting the Arp2/3 complex, did
not seem to affect coacervate uptake (Figure 5A; Figure S16, Sup-
porting Information). However, a combination of SMIFH2 and
CK666 reduced even further the uptake compared to SMIFH2
alone, indicating that branched actin may amplify the dominant
role of linear actin polymerization during capture and internal-
ization of coacervates (Figure 5A), Formins and the Arp2/3 com-
plex have been shown to play distinct roles in actin polymeriza-
tion during phagocytosis in macrophages.>!l Inhibition of the
Arp2/3 complex with CK666 decreases surface ruffling, resulting
in particle uptake reminiscent of the sinking behavior, whereas
blocking formins with SMIFH2 has been linked to excessive
ruffling.l>!] Possibly, both the Arp2/3 complex and formins are in-
volved in specific aspects of actin polymerization during cellular
uptake of coacervates in non-phagocytic cells. Treating the cells
with nocodazole (10 pg ml™!), a drug that inhibits microtubule
polymerization,®?! slightly affected coacervate uptake in EGFP-
HelLa cells according to FACS data (Figure 5A), an effect that was
more pronounced and significant in HelLa cells (Figure S16, Sup-
porting Information). The influence of nocodazole might be re-
lated to the function of microtubules as delivery tracks for essen-
tial components (e.g., endomembranes) to the uptake site, which
is consistent with TEM images where membrane vesicles were
seen to fuse at the uptake site (Figure 5B; Figure S18, Support-
ing Information).

The difference in cell uptake between Hela and GFP-Hela
cells may be explained by the inability of FACS to unambiguously
distinguish between attached, partially engulfed and fully inter-
nalized coacervates. Therefore, a complementary method was de-
veloped to discriminate whether the coacervates were localized
outside the cell, bound to the membrane (both the outside and
the inner cell membrane), or fully internalized (Figure 5C-E;
Figure S19, Supporting Information). The method consisted
of incubating EGFP-Hela cells with mCherry-loaded HBpep-SP
coacervates, thus allowing to distinguish between the red-labelled
coacervates from green-labelled HeLa cells using a custom-made
image analysis pipeline employing the Cell profiler softwarel>>>*]
(see methods). After 30 minutes of incubation in the presence
of inhibitors, the cells were fixed and observed using confocal
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z-stack, which enabled segmenting the volume of the cells and
the coacervates separately (schematically shown in Figure 5C,D).
Coacervates localized in different regions (extracellular space,
bound to the outside or the inner cell membrane, or the intra-
cellular space) could then be counted (Figure 5E,F). Cells incu-
bated with SMIFH2 exhibited a significantly lower number of
fully internalized coacervates compared to the control, confirm-
ing the role of linear actin in the uptake mechanism. In contrast,
CK666 did not significantly reduce uptake, in agreement with
FACS results. We also observed a significant increase in coac-
ervates bound to the external side of the membrane compared
to the control, notably for CK666 (183%) and nocodazole (275%).
Notably, nocodazole significantly decreased the internalization of
coacervates while increasing the number of coacervates attached
to the plasma membrane (Figure 5E). On the corresponding flu-
orescent images of EGFP-HelLa cells, most coacervates were con-
firmed to remain located on the external side of the cell mem-
brane (Figure 5F). This effect of nocodazole is reminiscent of
the emerging phenomena of cross-talking and high-order inter-
actions between actin and microtubules, which controls diverse
intracellular processes, including cytoskeleton remodeling, force
generation, cell morphogenesis, and cargo transport.[>>>¢! These
results indicate that even if coacervates adhere to the cell mem-
brane, inhibiting actin and tubulin polymerization hinder subse-
quent internalization.

Overall, the results suggest that unbranched actin filaments
play a predominant role in facilitating coacervate uptake, in par-
ticular through filopodia-like structures, whereas branched actin
networks and supported surface morphologies make minor con-
tributions. In addition, microtubules significantly contribute to
coacervates uptake, which might be related to high-order associ-
ation between actin filaments and microtubules.

2.6. Modulating Coacervate Adhesion to the Cell Membrane
Increases Their Cellular Uptake

We next sought to understand how the recognition and associ-
ation of coacervates at the plasma membrane facilitates inter-
nalization. Since our findings from GUV data indicated that the
adhesion of coacervates was cholesterol-dependent, we hypothe-
sized that adding a cholesterol-binding molecule within the coac-
ervates would enhance their uptake. We designed coacervates
containing recruited cholesterol-binding peptide (Figure 6A) and
examined their uptake and progressive internalization with high-
temporal resolution. We chose a CRAC peptide (with sequence
L/VX 1.5 YX 15 K/R,7) where X5, represents a motif contain-
ing 1 to 5 of any residues)®® because it has been reported
to bind cholesterol with a high affinity, does not disrupt lipid
packing, and is not cytotoxic (Figure 6A). The CRAC peptide
was added to the stock HBpep-SP in a 1:25 mass ratio be-
fore inducing coacervation with EGFP. To verify the presence
of CRAC peptide in the coacervates, we recruited CRAC la-
belled with the red fluorophore TAMRA within HBpep-SP and
HBpep-SP-EGFP loaded coacervates, and visualized its encap-
sulation by fluorescence microscopy. As shown in Figure S20
(Supporting Information), the TAMRA-labelled CRAC peptides
were uniformly distributed within the coacervates. FACS anal-
ysis of cells treated with EGFP-loaded HBpep-SP coacervates
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Figure 6. Cellular uptake of HBpep-SP coacervates with the addition of a cholesterol-binding peptide bearing the CRAC motif. A) Schematic of cholesterol-
mediated adhesion of coacervates with added CRAC peptide. B) FACS analysis of EGFP-loaded HBpep-SP coacervate with the addition of CRAC peptide
and peptide with scrambled CRAC sequence, showing an increase in coacervate uptake only with the correct CRAC sequence. The data were normalized to
control (no CRAC peptide added) and shown as a mean + SD, N = 3. Two sample t-test was used two compare the groups. * = P < 0.05, ** = P < 0.01,
*%% = P < 0.001. C) FIB-SEM z-stack images, showed in series, of cell uptake of HBpep-SP coacervates with the addition of CRAC peptide, showing
internalized and dissolving coacervates (yellow arrowheads). Two locations are shown, showing pores in the dissolving coacervates. Top dark area:
extracellular space. D,E) Live cell imaging of cellular uptake of HBpep-SP coacervates with the addition of CRAC peptide. Time-lapse confocal maximum
intensity z-projection images of cells with coacervates (D, left) and close-up vertical cross-sections confirming the internalization (D, right). Time-lapse

confocal images of coacervates that underwent internalization and movement inside the cells (E). Red — Spy650-tubulin, green — EGFP.

after a 30 min incubation time showed an accelerated uptake
with the CRAC peptide. In a control experiment where the CRAC
sequence was scrambled (Table S1, Supporting Information),
no effect on cell uptake was observed, confirming that choles-
terol binding plays a key role in mediating coacervate uptake
(Figure 6B).

Furthermore, the CRAC peptide did not affect the uptake of
Alexa 488-transferrin, which is known to enter cells by clathrin-
dependent endocytosis (Figure S21, Supporting Information).
These results indicate that cholesterol-mediated adhesion to the
bilayer —which can have an additive effect to specific adhesion
caused by ligand-receptor interactions!®’’~ improves coacervate
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uptake and that enhancing binding to the cell membrane may be
an efficient strategy to optimize cell uptake for therapeutic appli-
cations. To further confirm the internalization of HBpep-SP coac-
ervates with the added CRAC peptide, we used Focus Ion Beam
(FIB)-SEM (Figure 6C and Movie S1, Supporting Information).
FIB-SEM combines the benefits of TEM and SEM, enabling the
visualization of intracellular structure and the acquisition of vol-
ume information through serial sectioning. Figure 6C is a FIB-
SEM image of Hela cells after 3 h of incubation with HBpep-
SP coacervates loaded with both CRAC and EGFP. The image
shows internalized and partially disassembled coacervates inside
the cells.
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observed by TEM, confocal fluorescence, and live cell imaging.

To dynamically visualize HBpep-SP coacervates with CRAC
peptide, we performed live cell imaging in HeLa cells using both
actin and tubulin imaging dyes. The experiment with actin dye
was inconclusive as the dye was adsorbed by the coacervates,
making it challenging to establish any colocalization and enrich-
ment of contact sites in actin (Figure S22, Supporting Informa-
tion). However, in live cell imaging of Hela cells stained with
tubulin (Figure 6D and Movie S2, Supporting Information), the
coacervates displayed a variety of behaviors (Figure 6D,E). Some
droplets moved outside the cells (Figure 6D, grey profile), and
some underwent slow internalization near the nuclear periphery
(Figure 6D, purple and blue profiles), reminiscent of the sink-
ing behavior observed in TEM and SEM. The majority of coac-
ervates underwent fast uptake at the cell periphery. Their move-
ment was observed within the cells, where they appeared to be
colocalized with microtubules (Figure GE), suggesting that the
microtubules may act as guiding tracks for intracellular traffick-
ing of coacervates.[®]

3. Conclusion

The results presented here can be reconciled in terms of a uni-
fied mechanistic scenario: the therapeutic carriers, HBpep and
HBpep-SP coacervates, do not passively cross the membrane bar-
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rier. This is established by our GUVs studies, which reveal ad-
hesion of coacervates at the membrane surface with little or no
evidence for passive internalization. Instead, the coacervates en-
gage an active, energy-consuming mechanism. The process be-
gins with the recognition of the coacervate droplets. Our imaging
experiments reveal that the coacervates are captured by filopodia-
like protrusions, which decorate the cell surface, in a manner
akin to phagocytosis. Our model membrane experiments sug-
gest that this binding and recognition of the coacervates is influ-
enced by the molecular composition: the presence of cholesterol,
and thus the increased bending rigidity and binding to the mem-
brane, promote coacervate-membrane interactions and increase
the final uptake efficiency. Next, our HAADF-STEM and SEM re-
sults establish that the ensuing wrapping of the droplet by a grad-
ual deformation and the topological rupture of the plasma mem-
brane (Figure 7 and Movie S3, Supporting Information), which
sinks and engulfs the endocyte into the cell, is an active pro-
cess driven by energy-dissipating cytoskeletal remodeling. This is
confirmed in inhibition assays targeting actin and tubulin poly-
merization, which reveals the essential roles of formin-mediated
actin and tubulin polymerization. Together, the three lines of ev-
idence — the appearance of filopodia-like membrane protrusions,
the critical roles of cytoskeleton remodeling, and topological tran-
sition at the membrane surface — suggest an internalization route
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that shares attributes of two canonical endocytic routes, namely
phagocytosis and micropinocytosis driving intracellular delivery
of coacervates.

While there are indications that the cell uptake of coacer-
vate microdroplets is a mechanosensitive process — and thus
partially regulated by the material properties of the droplets
— which mechanoreceptive molecules may be involved in the
sensing process is currently unknown. Unveiling these coacer-
vates/mechanosensing molecule interactions may allow to fur-
ther enhance the cell uptake kinetics by tuning the viscoelastic
properties of the coacervates.

4. Experimental Section

Experimental Design: The study aims to shed light on the cellular up-
take of peptide coacervates. Using a multimodal imaging approach, a
combination of microscopy techniques augmented by cell uptake experi-
ments were employed in the presence of inhibitors targeting the cytoskele-
ton. A pipeline using 3D confocal imaging was developed, to complete
FACS analysis, and distinguish the different steps of internalization, espe-
cially in the presence of inhibitors. Additionally, GUVs with various lipid
compositions were used to explore the attachment efficiency to model
lipid bilayers.

Peptides: HBpep was purchased from GL Biochem (Shanghai) Ltd,
China, and subjected to an additional purification step by High Perfor-
mance Liquid Chromatography (HPLC) using a C8 column. HBpep-SP was
synthesized according to the protocol described previously.[®! To prepare
the coacervates, 10 mg mL~" of HBpep or HBpep-SP in 10 mM acetic acid
was pipetted into phosphate buffer (pH 6.5, 100 mM ionic strength) at a
volume ratio of 1:9 as previously described.[®] CRAC and CRAC scrambled
peptides were synthesized in a solid-phase peptide synthesizer (CEM Lib-
erty Blue) using general protocols. First, Wang resin, which supports the
growth of peptide, was swollen in N,N’-dimethylformamide (DMF) for 30
mins before being transferred into the reaction vessel. Fluorenylmethyloxy-
carbonyl (Fmoc) protected peptides, activator N,N’-dimethylcarboimide
(DIC), activator base ethyl cyanohydroxyiminoacetate (oxyma), and piperi-
dine were dissolved in DMF, and transferred into the synthesizer. Peptide
and piperidine were injected into a heated reaction vessel to remove Fmoc
functional group. Then DIC and oxyma were injected, and heat was applied
to the reaction vessel to couple the deprotected amino acid with peptide
chain. The two steps repeated until all amino acids were connected. Af-
ter synthesis, the resin was washed by dichloromethane (DCM) and DMF.
Then a cocktail solution containing 95% trifluoric acid (TFA), 2.5% triiso-
propylsilane (TIPS), and 2.5% H20O was added into the resin to cleave
the peptides from the resin. The resin was soaked in the cocktail for 2
hours, and cold diethyl ether was added to precipitate peptides. The pre-
cipitates were collected after centrifugation. After drying in nitrogen, they
were dissolved in 5% acetic acid and purified by high-performance liquid
chromatography (HPLC). The products were isolated by lyophilization.

DLS Zeta-Potential Measurements: For zeta-potential measurement,
100 ul HBpep coacervate solution loaded with and without EGFP was
added to 900 ul PBS and loaded into a disposable folded capillary cell.
The measurements were performed on Zetasizer Nano ZS (Malvern, UK),
in automatic mode.

Giant Unilamellar Vesicles (GUVs) Preparation for Studies of Coacervate
Attachment with Varying Lipid Charge and Cholesterol: GUVs were pre-
pared via gel-assisted formation on PVA. Briefly, 5% or 10% (w/w) solution
of Polyvinyl alcohol (PVA) was prepared by stirring PVA in water at 90 °C.
100 uL of PVA solution was added onto an ozone-cleaned microscope cov-
erslip, which was then dried in an oven at 50 °C for 45 min. 25 uL of lipids
(1 mg mL™") was subsequently spread onto the dried PVA film and placed
under vacuum for 30 min until the solvent evaporated. 350 pL of sucrose
solution (187 mM) was added to the PVA film and incubated for up to
2 hours to allow GUV formation. The GUVs were then pipetted into an
Eppendorf tube and stored at 4 °C until further use.
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For HBpep coacervates-GUV interaction studies, 5 pL of the GUV solu-
tion was added to 200 uL of phosphate buffer and incubated for 5 min at
room temperature. 20 uL of EGFP-loaded coacervates was then added to
the GUVs for interaction studies. Fluorescence microscopy images were
acquired using a Delta vision elite inverted epifluorescence microscope
with Olympus X-71 base fitted with 10x/0.40, 20x/0.75, 40x/0.65-1.35 oil
objectives (Olympus, Tokyo, Japan), DAPI, TRITC and FITC Semrock filters
(New York, NY), a mercury lamp (Intensilight C-HGFIE, Nikon Corpora-
tion, Tokyo, Japan), and a high-precision motorized stage. Images were
collected using Softworx 4.1.0 (Applied Precision, Inc., Issaquah, WA) and
processed using Image]. The number of attached coacervates were count
and divided by the perimeter of the individual GUV. 8-10 GUVs were an-
alyzed for each group For HBpep-SP coacervates, 10 uL of GUV solution
was added to 140 pL of phosphate buffer followed by 10 uL of HBpep-SP
coacervates. To better visualize the effective contact of GUVs with coac-
ervates and validate the data obtained by fluorescence microscopy, the
images were acquired using a high-speed spinning-disc confocal micro-
scope (Nikon Ti2-E) equipped with a 100 X 1.45NA Plan-Apo objective
lens and an ORCA-Fusion sCMOS camera (Hamamatsu Photonics). For
the quantification, 8 fields of view were used for each group. All GUVs were
selected, and the total perimeter was calculated. The total number of at-
tachment of coacervates per GUV unit length was quantified by counting
all attached coacervates and then dividing this number by the total GUV
perimeter length (summarized in Figure S23 and Table S2, Supporting In-
formation). For the purpose of ensuring consistency and comparability
across different experiments, the data were normalized against the base-
line attachment of coacervates to GUV containing solely POPC and plotted
as relative increase expressed as fold change.

Cell Culture:  Hela cells, HepG2 cells (ATCC, USA) and HeLa-GFP cells
(Cell Biolabs, INC.) were cultured on DMEM (Gibco) and EMEM (ATCC)
media supplemented with 10% FBS and penicillin/streptomycin solution
(Gibco) in a humidified atmosphere at 37C° and 5% CO,. Cells were rou-
tinely tested for mycoplasma using Mycostrip kit (Invivogen).

Coacervate Preparation for Imaging and Cell Uptake Experiments:  For
cell uptake experiments, reduced serum Optimem media (Gibco) was
used. Coacervates were formed by mixing one part of peptide stock solu-
tion in 10 mM acetic acid (10 mg ml~" for HBpep-SP or 10 or 20 mg ml~!
for HBpep) with 9 parts of 10 mM sodium phosphate buffer with 100 mM
sodium chloride, pH 7.5 for HBpep and 6.5 for HBpep-SP containing EGFP,
mCherry in a 0.1 mg ml~" or EGFP in 0.05 and recombinant ferritin in
0.01 mg ml~! concentration. The media in cell culture dishes or flasks
were replaced with Optimem, and coacervate mixtures were gently pipet-
ted in. For HBpep, the final peptide concentration in Optimem was 0.2 or
0.4 mg ml~", for HBpep-SP—0.1 mg ml~1. To prepare the coacervates with
CRAC or TAMRA-CRAC labelled peptide, 10 mg mL~! HBpep-SP mixed
with CRAC (1:25 mass ratio) in 10 mM acetic acid was pipetted into phos-
phate buffer (6.5 pH, 100 mM ionic strength) containing EGFP at a volume
ratio of 1:9.

Live Cell Imaging of HBpep Coacervates Uptake in HelLa-GFP Expressing
Cells: Hela GFP-expressing cells of 2 x 10° were seeded in 35 mm glass
bottom dishes (Mattel, USA) and cultured for 24 h. Then the cell culture
media was replaced with 800 pl of Optimem (Gibco) and put in the ob-
servation chamber of the confocal microscope (LSM980, Zeiss) with a
x63/1.40 Oil DIC objective (420 782, Zeiss). mCherry-loaded HBpep coac-
ervates (final HBpep concentration 0.2 mg ml2 x 10°) were added to the
dish. Z-stack images were collected across 11 um with 1 um slices. GFP
and mCherry fluorescence channels were used. Images were processed
using Zen blue edition (Zeiss, Germany) and Image | (NIH, USA) soft-
ware.

Live Cell Imaging of HBpep-SP Coacervate Uptake in Hela Cells: Hela
cells of 3 x 10° were seeded in 35 mm glass bottom dishes (Mattel,
USA) and cultured for 24 h. For membrane engulfment studies, the
cells were stained with CellMask Deep Red plasma membrane stain
(Thermofisher scientific, USA) for 1 min, then rinsed three times with
PBS. For cytoskeleton staining, cells were stained with 1 ul Spy555-actin
or Spy650-tubulin (Spirochrome, Germany) in 1 ml of cell culture media
for 2 h and rinsed 4 times with PBS. The PBS was replaced with live cell
imaging solution (Thermofisher scientific, USA), and the dishes were
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mounted in the observation chamber with temperature and CO, control.
HBpep-SP coacervates were loaded to the dishes and kept for 2 min
before imaging until coacervates settled on the cell surfaces. Time-lapse
Z-stack images were then collected with 5-min time interval for 20 or
30 min across the cell with 0.3 um slices, using high-speed spinning-disc
confocal microscope (Nikon Ti2-E) equipped with a 100 x 1.45NA Plan-
Apo objective lens and an ORCA-Fusion sCMOS camera (Hamamatsu
Photonics). GFP, Cy5, and mCherry fluorescence channels were used.
Images were processed using Image | (NIH, USA) software.

FRAP Analysis:  Fluorescence recovery after photobleaching (FRAP) ex-
periments were performed on a spinning disc confocal (SDC) system built
around a Nikon Ti2 inverted microscope equipped with a Yokogawa CSU-
W1 confocal spinning head and a 100x/1.4NA oil immersion objective.
Samples were placed in a 96-well microplate (Ibidi). The experiments were
conducted either immediately or one hour after pipetting coacervates in
the Optimem media at room temperature. Typically, images were acquired
with an interval of 20 / 40 s between subsequent images. Before photo-
bleaching, 3 to 5 images were recorded.

To analyse FRAP experiments, ROls were manually selected to mea-
sure the average intensity of the bleached area (Ig), the non-bleached area
(Iger), and the background of the image (lgg) in each frame. These in-
tensity values were used to calculate FRAP curves for the bleached half,
according to:

Frap g = 20 =lac 0
lrer (8) = lgc ()

The above fraction was then normalized to the recovered percentage
according to the pre-bleaching frames (100%) and the first post-bleaching
frame (0%) in GraphPad Prism. HBpep-coacervates loaded with two EGFP
concentrations (0.1and 0.01 mg ml~" in the coacervate mixture) or DAPI
(0.25 mg ml~1) were added to Optimem in 1:4 ratio, and HBpep-SP were
loaded with 0.1 mg ml~! EGFP and added to Optimem in 1:9 ratio.

FACS Analysis of Cell Uptake in the Presence of Chemical Inhibitors Tar-
geting Cytoskeleton: Hela cells or Hela-GFP expressing cells were seeded
in 24 well plates (0.5 x 10° cells/well) and grown for 24 h. For the analy-
sis, the media was substituted with Optimem with endocytosis inhibitors
(5 mM mpCD, 10 ug ml~" nocodazole, 20 uM SMIFH2, 100 uM of CK666,
or 100 uM EIPA) and incubated for 30 min (50 min with mgCD). Then,
HBpep-SP coacervates loaded with mCherry were added (the final pep-
tide concentration in Optimem for HBpep-SP was 0.1 mg ml~1) and in-
cubated for 30 min. Cells were washed trice with cold PBS to remove the
non-internalized coacervates, detached with Accutase (Invitrogen, USA),
washed with FACS buffer (PBS containing 2% FBS), resuspended in 350 pl
FACS buffer. FACS analysis was performed on BD LSRFortessa X-20 Cell
Analyzer (BD Biosciences, USA). The data were processed in Flojo soft-
ware (Flojo, USA).

Coacervate Cellular Uptake Analysis Using Cell Profiler with Customized
Pipeline: To complement the FACS data, the HelLa-GFP expressing cells
were grown in 35 mm glass bottom dishes (Mattek, USA) for 24 hours
till 50-60% confluency. Cells were treated with inhibitors for 30 min, in-
cubated with HBpep-SP mCherry-loaded coacervates for 30 min, fixed and
imaged. Each condition were imaged in 7-8 different spots each by confo-
cal microscopy to obtain 3D stacks (Movie S3, Supporting Information). A
minimum of 250 average coacervates per spot were analyzed and up to an
average of 640 coacervates per spot, (Table S3, Supporting Information).
Each spot was preprocessed using Python to be used in CellProfiler for
analysis. The CellProfiler pipeline include an intensity rescale, median filter,
thresholding (three classes Otsu) and segmentation of the cells and coac-
ervates respectively (using a watershed algorithm). The green channel was
used to segment the cell 3D volume (GFP-expressing cell cytoplasm). The
identified cell volume was dilated by 1 um to obtain the membrane external
side and remaining extracellular space (1 pm dimension chosen to be as
the mean diameter of a single coacervate). The identified cell volume was
contracted by 1 um to obtain the membrane internal side and remaining
intracellular space. The red channel was used to segment the individual
mCherry-loaded coacervates. Analyzing z-stack images, each coacervate
was identified as belonging to the intracellular, internal cell membrane,
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external cell membrane or extracellular volumes and resulting table was
exported in a comma-separated value (csv) file. A postprocessing using
python counted the coacervates in the different regions. Counts were first
normalized for each sample, dividing the number of coacervates in each
region by the total number of coacervates present (Figure S19, Supporting
Information). For inhibitor studies, the counts were further normalized, di-
viding the values in each region by the control values (without inhibitor).
T-tests and plotting were performed in Excel and OriginLab2023b. The
obtained normalized values could therefore be compared to FACS data
(Figure 5A,B).

TEM:  Cells were grown in Mattek dishes (Mattek) or T25 flasks (Corn-
ing) till #60% confluence. Then the media was substituted with Optimem
(Gibco) containing coacervates loaded with EGFP or ferritin (HBpep-SP
peptide) or EGFP and ferritin (HBpep) as model cargos and placed in the
incubator for 15 min or 3 h incubation followed by washing with PBS and
fixation with 2.5% glutaraldehyde (EMS) in 0.1 M phosphate or cacodylate
buffer, pH 7.4. Cells were postfixed with 1% OsO, solution with added 2%
potassium ferricyanide for 1.5 h on ice. Cells grown in Mattek dishes (HelLa
transfected with HBpep coacervates) were embedded as monolayers, while
cells in T25 flasks. Other coacervates and cell lines were scraped after fix-
ation and embedded as pellets. Cells in Mattek dishes were additionally
stained with 1% of uranium acetate solution overnight in the dark. All sam-
ples were further subjected to dehydration through graded ethanol series
and embedded in Durcupan resin. Ultrathin sections (70 or 100 nm) were
obtained using Leica FC6 microtome. Imaging was performed on a |JEM-
2100F electron microscope operated at 200 kV in HAADF-STEM mode.
The images were processed in Digital Micrograph (Gatan, USA), and Fiji
(NIH, USA).

SEM: Hela and HepG2 cells were cultured on glass coverslips in 6
well plates. Cells were incubated with EGFP-loaded coacervates followed
by 15 min incubation at 37 °C in the incubator, washed with PBS, fixed
with 2.5% glutaraldehyde in PBS for 30 min at room temperature, and de-
hydrated in a graded ethanol series. Samples were CO, critical point dried
(Samdri-PVT-3D, Tousimis) and coated by sputtering with a 10 nm plat-
inum layer. Imaging was performed on a field emission scanning electron
microscope (SEI mode, 10-15 keV, J]SM-7600F, JEOL).

AFM: Topographical images and force spectroscopic measurements
of the peptide samples were taken using a commercial AFM system
equipped with a liquid droplet holder (Cypher S, Oxford Instruments,
U.K.). The samples were prepared by first forming a droplet of 40 uL
buffer on mica. Then 10 pL HBpep-SP peptide coacervates loaded with
EGFP were added to the buffer droplet. After 10 minutes of incubation,
the sample was rinsed with buffer before placing in the AFM chamber.
All measurements were carried out at room temperature. The AC mode
was employed to image the peptides for minimal tip-induced deformation.
To gather force-separation curves, force spectroscopic mapping was per-
formed on the same scan area as the topographic image. Young’s moduli
were obtained by fitting the force profiles, taken on the peptide particle,
with the Hertzian model for a conical indenter.[1:62] The reported value
was the averaged value from all recorded force profiles. The spring con-
stants of the AFM probes (BioLever mini, Oxford Instruments, eStore Asia;
nominal spring constant: 90 pN nm~') were calibrated using the thermal
method.[6]

The Hertzian model for a conical indenter was given by the equation:

2Etanf ,
F= 22207 5 2
71'(1—1)2) @

where, F, 8, 0, E, v, are the force, indentation, half-cone angle of the in-
denter, Young's modulus of the sample, and Poisson ratio of the sample,
respectively.

FIB-SEM:  Cells were grown in Mattek dishes till #80% confluence.
Then the media was substituted with Optimem (Gibco) containing coacer-
vates loaded with EGFP (HBpep-SP peptide with addition of CRAC peptide)
for 3 hiincubation followed by washing with PBS and fixation with 2.5% glu-
taraldehyde (EMS) in 0.1 M cacodylate buffer, pH 7.4. Cells were postfixed
with 1% OsO, solution with added 2% potassium ferricyanide, treated
with 1% thiocarbohydrazide, subjected to another round of 1% OsO,
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staining, and additionally stained with 1% of uranium acetate solution
overnight in the dark. All samples were further subjected to dehydration
through graded ethanol series and embedding in Durcupan resin. Small
pieces were sawed using jeweler saw, mounted on SEM stabs using carbon
paste, sputter-coated with platinum and imaged in Zeiss Crossbeam 540
microscope (Zeiss, Germany). The parameters used for ion beam milling
were: acceleration voltage 30 kV, milling current 300 or 700 pA, section
thickness 50 or 73.5 nm. The obtained images were processed in Fiji (NIH,
USA).

Statistical Analysis: ~ Statistics were computed using Origin Pro 2023b.
Standard two-sample Student’s t-test was performed to test for statistical
differences between two groups. For comparison of more than two groups,
one-way ANOVA was applied. P < 0.05, P < 0.01, P < 0.007 denoted on
the figures as *, **, and *** respectively.

Supporting Information

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