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Abstract
Biomacromolecules are highly promising therapeutic modalities to treat various diseases. However, they
suffer from poor cellular membrane permeability, limiting their access to intracellular targets. Strategies
to overcome this challenge employ nanoscale carriers that often get trapped in endosome compartments.
Here, we report on conjugated peptides forming pH- and redox-responsive coacervate microdroplets by
liquid-liquid phase separation (LLPS) that readily cross the cell membrane. A wide range of
macromolecules can be quickly recruited within the microdroplets, from small peptides to enzymes as
large as 430 kDa to mRNAs. The therapeutic-loaded coacervates bypass endocytosis to directly enter in
the cytosol, where they undergo glutathione-mediated release of payload whose bioactivity is retained in
the cell, whereas mRNAs exhibit a high transfection e�ciency. These peptide coacervates represent a
promising platform for intracellular delivery of a large palette of macromolecular therapeutics that have
potential in the treatment of various pathologies (e.g. cancers and metabolic diseases), or as carriers for
mRNA-based vaccines.

Main
Biomacromolecules, including peptides1, proteins2,3 and RNAs4–6, are promising therapeutic prospects
for the treatment of various diseases owing to key advantages such as high potency, speci�city, and
safety7. However, their therapeutic potential has not yet been fully realized due to their poor cell
membrane permeability, and/or endosomal entrapment that limits their intracellular exposure8. Hence,
there is signi�cant interest in developing safe vehicles that can deliver therapeutic cargos to the cytosol.
Ideally, endosome escape can be chemically encoded in the carrier to facilitate the release of the
therapeutic payload9,10. Alternatively, approaches to use non-endocytic entry mechanisms could also
enhance delivery e�ciency7,8. In addition, it is important that the encapsulation method does not affect
cargo bioactivity and that the carriers exhibit negligible cytotoxicity.

Current strategies to tackle these issues rely on nanoscale carriers such as inorganic nanoparticles11,
synthetic polymers12 or nanoscale hybrid assemblies that can mediate cell membrane fusion13,14. In
alternative approaches, the macromolecular drugs are conjugated or complexed with cell-penetrating
peptides9,15 to enhance endosomal escape. While these methods are promising and increasingly
considered for clinical translation, they also have pitfalls7. Speci�cally, fabrication methods can be
complex and often use organic solvents that can decrease cargo bioactivity16,17. Some carriers are
limited to a speci�c type of biomacromolecule, whereas others are restricted to the release of payloads
with relatively small molecular weights (MWs)18,19. Safety concerns have also been raised for some
carriers like inorganic and lipid nanoparticles17,20,21. Whether the carriers are inorganic or organic-based
(polymers, lipids, peptides or fusions thereof), it is generally considered that they must remain below ca.
200 nm to cross the cell membrane8,18. Recent studies in our laboratory have challenged this notion.
Speci�cally, we have found that µm-size peptide coacervates obtained by liquid-liquid phase separation
(LLPS), within which both proteins22 and low molecular compounds23 can be recruited, are also capable
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of crossing the cell membrane through an endocytosis-independent pathway23, potentially opening new
avenues for intracellular delivery of therapeutics. Peptide coacervates inspired by the self-coacervating
histidine-rich beak proteins (HBPs)22 exhibit several advantages over traditional nanoscale delivery
vehicles24, including: (i) fast (within seconds) and e�cient recruitment of therapeutic cargo within the
coacervate microdroplets; (ii) bioactivity-preserving aqueous-based recruitment conditions, and (iii)
negligible cytotoxicity of the peptide building blocks. Furthermore, the physico-chemical conditions to
induce coacervation can be precisely tuned by single amino acid mutations25,26.

Based on these bene�ts, we hypothesized that peptide coacervates could be used for the intracellular
delivery of broad palette of macromolecular therapeutics featuring a wide range of MWs and isoelectric
points (IEPs). To achieve this, we developed short histidine-rich, pH-responsive beak peptide (HBpep)
coacervates conjugated with disul�de bond-containing self-immolative moieties that trigger the
disassembly of the droplets, facilitating payload delivery within the intracellular reducing environment.
We show that these coacervate microdroplets bypass endocytosis and are capable of direct cytosolic
delivery of a wide range of macromolecules, from therapeutic peptides as small as 726 Da to large
enzymes as large as 430 kDa, as well as mRNAs with high transfection e�ciency. Overall, these robust
conjugated peptide coacervates can be used as general intracellular delivery vehicles for a broad diversity
of macromolecular therapeutics.

Preparation And Characterization Of Redox Responsive Peptide Coacervates

As a starting self-coacervating peptide, we selected the histidine rich beak peptide HBpep due to several
advantages, including its biological origin, its ability to recruit client molecules with a high e�ciency
(above 95%), and its low toxicity22. Notably, HBpep coacervates can cross the cell membrane via an
endocytosis-free pathway23, suggesting its potential for intracellular delivery of therapeutics. HBpep is
characterized by low sequence complexity consisting of 5 copies of the tandem repeat GHGXY (where X
could be L, P, or V amino acids) and a single C-terminus Trp residue, providing opportunities to further
tune its phase separation behavior. A key feature of the HBpep are the 5 His (H) residues that confer pH-
responsive LLPS behavior25. Speci�cally, HBpep adopts a monomeric state at low pH but then quickly
phase separates into coacervate microdroplets at neutral pH, concomitantly recruiting various
macromolecules from the solution in the process (Fig. 1). Preliminary attempts to use HBpep coacervates
to recruit and deliver enhanced green �uorescence protein (EGFP) resulted in successful cellular uptake in
various cell lines (Extended Data Fig. 1 and Videos 1–2); however the EGFP-containing microdroplets
formed organelle-like structures within the cells that remained stable for at least three days in HepG2 cells
and up to seven days in T22 cell line without releasing their cargos (Extended Data Fig. 2–3).

By single amino acid level manipulation, the pH at which HBpep phase separates was dramatically
altered. Speci�cally, the insertion of a single Lys at position sixteen (HBpep-K) shifted the phase
separation from ~ pH 7.522 to 9.0 (Fig. 2a and Extended Data Table 1). Next, a disul�de-containing
moiety was conjugated to the amine group of the inserted Lys residue to neutralize the extra positive
charge and increase the hydrophobicity of the peptide (Fig. 1). The conjugated moiety is self-immolative,



Page 4/23

eventually restoring the amine group of the Lys residue through a series of auto-catalytic reactions,
starting with the reduction of the disul�de bond and followed by a series of side-group rearrangements
(Fig. 1)27,28. After the modi�cation, both conjugated peptides with acetyl (HBpep-SA) and phenyl (HBpep-
SP) groups at the extremity of the self-immolative moiety were able to phase separate at the lower pH of
6.5, forming stable microdroplets at near-physiological conditions (Fig. 2a-b and Extended Data Table 1).
This design allowed the modi�ed peptides (HBpep-SA and HBpep-SP, collectively referred to as HBpep-
SR) to form coacervate microdroplets with a diameter of ca.1 µm (Extended Data Fig. 4a). Critically,
HBpep-SR peptides were able to recruit a wide range of macromolecules during the self-coacervation
process at the pH of 6.5, such as EGFP or �uorescently-labelled mRNA (Extended Data Fig. 4b-c). The
cargo-loaded coacervates were stable at near-physiological conditions until internalization by the cells.
Owing to the self-immolative nature of the �anking moiety, we hypothesized that reducing reagents such
as glutathione (GSH), which abundantly exists in the cytosol, could trigger the reduction and subsequent
cleavage of the modi�ed side-chain, to convert HBpep-SR back to HBpep-K (Fig. 1). Since HBpep-K reverts
to the single phase at neutral pH (i.e. monomeric peptide in solution, Fig. 2a), we postulated that GSH-
triggered reduction would cause disassembly of coacervate microdroplets in the cytosol, thus releasing
the cargo. Therefore, as shown in Fig. 1, by combining pH- and redox-responsivity of the peptides, it
should be possible to design an intracellular delivery platform. It is noteworthy that a simple modi�cation
at the end of the �anking moiety of HBpep-SR (HBpep-SA vs. HBpep-SP) resulted in signi�cant variation
in the rate of peptide reduction, which could be a strategy to control the kinetics of therapeutic release
(Fig. 2c).

EGFP Model Protein Delivery Mediated By Redox-responsive Coacervates

To evaluate the intracellular delivery e�ciency of our designed peptide coacervates, EGFP was �rst
employed as a model protein and recruited inside both HBpep-SA and HBpep-SP coacervates, before
being incubated with cells. As shown in Fig. 2d-g, both EGFP-loaded coacervates were internalized by liver
cancer cells (HepG2) within 4 hours, and subsequently released inside the cytoplasm within 24 hours. As
a control, we also veri�ed that EGFP alone could not cross the cell membrane (Extended Data Fig. 5a).
Another �nding was that HBpep-SP exhibited a faster release rate than HBpep-SA and started to release
its EGFP cargo after 4 hours, which is consistent with the faster reduction rate of HBpep-SP shown in
Fig. 2c. This further highlights the possibility of controlling the kinetics of cargo release by slight
modi�cations of the conjugate moiety side group. To further investigate the versatility of this delivery
system, EGFP loaded HBpep-SP coacervates were further tested on another cancerous cell line (A549) as
well as two healthy cell lines, namely NIH 3T3 and HEK293. Based on the �uorescence signals observed
inside the cells (Fig. 2h-j), the intracellular delivery and release ability of the HBpep-SP coacervates was
veri�ed for all cell lines.

Delivery and release of proteins with different MWs and IEPs by HB pep -SP coacervates

After the successful delivery and release of EGFP, we decided to check whether proteins with a wider
range of MWs and IEPs could also be delivered into HepG2 cells using HBpep-SP coacervates. We �rst
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assessed lysozyme and bovine serum albumin (BSA), two common proteins with signi�cantly different
MWs and IEPs. As shown in Fig. 3a-b, both Alexa Fluor 488 (AF)-labeled lysozyme and BSA could be
delivered into HepG2 cells and then released into the cytoplasm within 24 hours. On the other hand, in
their free form (not recruited into coacervates), neither of these proteins were internalized by cells
(Extended Data Fig. 5b-c).

To further challenge the MW ceiling of the cargo proteins, we recruited R-phycoerythrin, a larger red
�uorescence protein (R-PE; MW = 255 kDa), inside HBpep-SP coacervates, and incubated the loaded
coacervates with HepG2 cells. After 4 hours of uptake and another 20 hours of release, the strong red
�uorescence signal was detected inside the cytoplasm, con�rming that R-PE was delivered and released
inside HepG2 cells (Fig. 3c). We also attempted to co-deliver both EFGP and R-PE using HBpep-SP
coacervates. As shown in Extended Data Fig. 6, both green and red �uorescence signals were observed in
HepG2 cells treated with EGFP/R-PE co-loaded coacervates, demonstrating the ability of our HBpep-SP
coacervate system to simultaneously deliver a combination of protein therapeutics.

Beside the successful delivery and release of cargo proteins, maintaining their bioactivity after delivery is
critical for protein-based therapies. Saporin from Saponaria o�cinalis seeds is a well-known ribosome
inactivating protein29,30. However, due to its poor membrane permeability, a suitable delivery system is
required for further applications of saporin in biomedicine29. Notably, the viability of HepG2 cells treated
with saporin-loaded HBpep-SP coacervates signi�cantly decreased compared to those treated with
saporin alone (Fig. 3d). This demonstrates not only that saporin was delivered and released from HBpep-
SP coacervates, but also that its bioactivity was preserved during the recruitment and delivery process.

To further con�rm the versatility of our peptide coacervate delivery system, we selected β-galactosidase
(β-Gal), a very high MW enzyme (MW = 430 kDa) whose intracellular delivery is challenging because of
the di�culty in forming complexes with common nanocarriers owing to its high MW31. Our system
appeared to overcome these hurdles as almost all of the HepG2 cells treated with β-Gal-loaded HBpep-SP
coacervates turned blue due to the pigment generated by the β-Gal catalyzed hydrolysis of 5-bromo-4-
chloro-3-indolyl-β-D-galactoside (X-Gal) (Fig. 3e). In contrast, no blue pigment was formed in cells treated
with β-Gal alone (Fig. 3f), further corroborating that HBpep-SP coacervates are capable of delivering large
enzymes whilst maintaining their bioactivities.

Taken together, these results show that HPpep-SR coacervates are capable to e�ciently recruit (Extended
Data Fig. 7) and directly deliver proteins with a wide range of MWs and IEPs into the cytosol (Fig. 3g), and
using a cargo-recruitment process that is fully aqueous, easy, and rapid. These characteristics enable
HBpep-SR coacervates to recruit both native and engineered proteins without further chemical
modi�cations and in a manner that preserves their bioactivity, making this approach a promising and
�exible platform for single- and multi-protein based therapies.

Peptides delivery mediated by HB pep -SP coacervates
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Compared to protein-based therapeutics, peptides display speci�c advantages such as a low immune
response and scalability32. Therefore, two short peptides including the second mitochondria-derived
activator (Smac, AVPIAQK) and the proapoptotic domain (PAD, KLAKLAK KLAKLAK) peptides were
selected to be delivered into HepG2 cells using HBpep-SP coacervates. Both peptides have previously
demonstrated anticancer effects by promoting caspase activity or causing mitochondrial membrane
disruption33,34. As shown in Fig. 4a, strong �uorescence signals were detected inside HepG2 cells treated
with FITC-Smac loaded coacervates. In contrast, FITC-Smac alone could not cross the cell membrane
(Fig. 4b). Similar results were also obtained in the delivery of FITC-PAD peptide as shown in Fig. 4d-e.
Furthermore, the anticancer activity of Smac- and PAD-loaded HBpep-SP coacervates was evaluated as
shown in Fig. 4c and Fig. 4f. HepG2 cells treated with Smac-loaded and PAD-loaded coacervates showed
28% and 33% of cell death, respectively, at 10 µg/mL peptide concentration. In comparison, there was
negligible cytotoxicity for the cells treated with Smac or PAD alone and HBpep-SR coacervates without
therapeutic peptide cargos did not exhibit cytotoxicity either. Therefore, these results indicate that our
HBpep-SP coacervate system can also deliver short therapeutic peptides.

mRNA delivery mediated by HB pep -SP coacervates

Gene therapy has long been considered as a possible treatment/cure for serious diseases such as cancer,
genetic disorders, and infectious diseases35. Among these, mRNA-based therapy has recently attracted
increasing interest because of its biosafety and the ability for mass production36,37. In its most
successful and dramatic application to date, mRNA-based technology were the �rst vaccines approved
for the COVID-19 pandemic5,6. These advances demonstrate that synthetic mRNA can indeed enter
human cells to produce multiple copies of the protein of choice – opening a spectrum of new possibilities
for treating human pathologies. However, lipid nanoparticles –the current mRNA delivery vehicle of
choice– have a series of drawbacks including toxicity and limited tissue distribution. Accordingly, we
assessed whether our redox-responsive coacervate microdroplets also could be used to deliver mRNA.
HBpep-SP transfection e�ciency was evaluated using mRNA encoding a luciferase reporter protein in
both HepG2 and HEK293 cell lines and their e�ciencies compared to commonly employed mRNA
transfection reagents (polyethylenimine (PEI), lipofectamine 2000 and 3000). At the optimal peptide
concentration, the transfection e�ciencies of HBpep-SA and HBpep-SP coacervates were higher than PEI
and lipofectamine 3000, but slightly lower than lipofectamine 2000 in HepG2 cells (Fig. 5a). Additionally,
in HEK293 cells HBpep-SP coacervates showed comparable transfection e�ciency with lipofectamine
2000 (Fig. 5d). Importantly, neither HBpep-SA nor HBpep-SP coacervates caused cytotoxicity at their
optimal concentration (Extended Data Fig. 8).

After the successful delivery of luciferase-encoding mRNA, the transfection e�ciency of HBpep-SP
coacervates was further investigated with EGFP-encoding mRNA (Cy5 labelled). Based on the
�uorescence micrographs shown in Fig. 5b and Fig. 5e, the vast majority of HepG2 and HEK293 cells
were successfully transfected with mRNA as most cells exhibited intense green �uorescence. Using
�uorescence-activated cell sorting (FACS) analysis, we determined that the uptake e�ciency of EGFP-
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encoding mRNA loaded in HBpep-SP coacervates reached ~ 98% in HepG2 cells (Fig. 5c, Extended Data
Fig. 9a). Furthermore, 72% of HepG2 cells expressed EGFP after 24 hours. For HEK293 cells, 94.8% of
cells exhibited coacervate internalization and 81.6% expressed EGFP after 24 hours (Fig. 5f and Extended
Data Fig. 9b). Such a high mRNA transfection e�ciency suggests that our redox-responsive HBpep-SP
coacervates may represent an e�cient vector for gene therapy. For example, we envision that other
nucleic acids such as plasmid DNA, microRNA and small interfering RNA could in principle be delivered
using this platform. In combination with their protein delivery ability, HBpep-SP coacervates may also be
employed as a tool for the delivery of protein/nucleic acid complex, which is a critical step in genome
editing systems such as CRISPR/Cas938.

Internalization mechanism study of HB pep -SP coacervates

With a size of ca. 1 µm (Extended Data Fig. 4a) – signi�cantly larger than typical nanocarriers – and with
liquid-like characteristics, it is intriguing that coacervate microdroplets display such a high cell uptake
e�ciency, which suggests an internalization pathway distinct from regular endocytosis. To determine if
the HBpep-SP coacervates bypass endocytosis, LysoTracker dye was used to stain acidic organelles such
as lysosomes. Based on confocal microscopy images (Fig. 6a), EGFP-loaded HBpep-SP coacervates
showed no colocalization with lysosomes. We also treated the cells with endocytosis inhibitors, including
the clathrin-mediated endocytosis inhibitor chlorpromazine (CPM)39,40, the pinocytosis inhibitor amiloride
(AM)39,41, and the energy-dependent endocytosis inhibitor sodium azide (NaN3)41,42. None of these
inhibitors signi�cantly affected the uptake of EGFP-loaded HBpep-SP coacervates (Fig. 6b-c). However,
the cells pre-treated with methyl-β-cyclodextrin (MβCD) showed almost no uptake of HBpep-SP
coacervates. The effect of MβCD is to deplete cholesterol13, which apparently blocked the internalization
of HBpep-SP coacervates, suggesting that the mechanism of coacervates uptake is cholesterol-
dependent lipid rafting39. We also note that low temperature treatment resulted in a similar inhibitory
effect, which may be related to the lower �uidity of the membrane at low temperature43. Whilst questions
remain about the actual uptake mechanism, these results nevertheless indicate that HBpep-SP
coacervates avoid endocytosis and endosomal escape such that the biomacromolecular cargos are
directly delivered and released inside the cytosol, and in a manner that preserves bioactivity.

Discussion
We have shown that HBpep conjugated with self-immolative moieties exhibit LLPS, forming coacervate
microdroplets within which a wide range of biomacromolecules including proteins, peptides, and mRNAs
can be e�ciently recruited. The cargo-loaded coacervates are taken up by various cell lines and achieve
redox-triggered cargo release directly in the cytosol. The versatility of cargo recruitment and subsequent
release allows these redox-responsive coacervates to deliver a single or a combination of
macromolecular therapeutics, making this intracellular delivery platform a promising candidate for the
treatment of variety of human pathologies such as cancer, metabolic, and infectious diseases. It is
noteworthy that our approach does not involve either endosomal escape or cell membrane fusion (the
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two main mechanisms of intracellular delivery8) and that the coacervates are micron-size carriers as
opposed to nanocarriers used in the vast majority of current intracellular delivery strategies. Presumably,
the liquid-like properties of coacervates achieved via LLPS is critical in their ability to cross the cell
membrane, resulting in a cholesterol-dependent uptake, although the precise entry mechanism is still
unclear and currently under investigation.

Methods
Materials

HBpep peptide, resins and Fmoc protected amino acids used in solid phase peptide synthesis were
purchased from GL Biochem, China. N-Hydroxysuccinimide, tetrahydrofuran, triphosgene, sodium azide,
triphosgene and benzoic acid were purchased from Tokyo Chemical Industry (TCI), Japan. N,N’-
Diisopropylcarbodiimide, acetic acid, 2-hydroxyethyl disul�de, N,N-diisopropylethylamine, piperidine,
tri�uoroacetic acid, triisopropylsilane, 2,4,6-trinitrobenzenesulfonic acid, glutathione, bovine serum
albumin, lysozyme, saporin, β-galactosidase, R-phycoerythrin, methylthiazolyldiphenyl-tetrazolium
bromide, Hoechst 33342, methyl-β-cyclodextrin, chlorpromazine hydrochloride, amiloride chloride were
obtained from Sigma-Aldrich, USA. Dichloromethane, N,N-dimethylformamide, LysoTracker Red DND-99,
Opti-MEM, Ni-NTA His bind resin and 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside were purchased
from Thermo Fisher Scienti�c, USA. Organic solvents including ethyl acetate, hexane and diethyl ether
were purchased from Aik Moh Paints & Chemicals Pte Ltd, Singapore. Dulbecco's modi�ed Eagle medium,
fetal bovine serum, phosphate buffered saline and Antibiotic-Antimycotic (100X) liquid were purchased
from Gibco, USA. Nano-Glo® Dual-Luciferase® kit used for luciferase detection was purchased from
Promega, USA. Enhanced green �uorescent protein (EGFP) was expressed by E. Coil BL21 strain and
puri�ed with Ni-NTA His bind resin. Luciferase-encoding mRNA encoded and EGFP-encoding mRNA used
for mRNA transfection experiments were obtained from Trilink.

Self-immolative moiety synthesis

The self-immolative moieties conjugated to HBpep-K peptide were designed based on the literature28, the
synthesis routes of the amine-reactive species are shown in Extended Data Fig. 10. First, for the synthesis
of the side blocked intermediate product, HO-SS-R, 2-hydroxyethyl disul�de (1 equiv, 10 mmol) was
dissolved in 15 mL tetrahydrofuran (THF), and another 15 mL THF containing a carboxylic acid reactant
such as acetic acid or benzoic acid (0.9 equiv, 9 mmol) was added. Then, under an ice bath, 15 mmol of
N,N’-Diisopropylcarbodiimide (DIC) was slowly added into the reaction mixture. The reaction was kept at
0 °C for another 0.5 hours and then increased to room temperature. After the overnight reaction, the
mixture as �ltered, and the supernatant was evaporated under reduced pressure. The raw products were
then puri�ed using silica gel chromatography with ethyl acetate/hexane (1/4) as elute. The puri�ed
products were isolated by rotary evaporation (R-215 Rotavapor, BUCHI, Switzerland).
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Then, the intermediate products HO-SS-R and N-hydroxysuccinimide (NHS) were coupled by using
triphosgene. Speci�cally, HO-SS-R (1 equiv, 5 mmol), and 4-dimethylaminopyridine (DMAP, 0.1 equiv, 0.5
mmol) was dissolved in 10 mL of THF. Then, triphosgene (0.37 equiv, 1.85 mmol) in 10 mL THF was
added into the prior solution dropwise under an ice bath. After another 0.5 hours on the ice bath, the
reactions were continued at 40 °C for 4 hours, followed by evaporation under reduced pressure to remove
excess phosgene. NHS (1.5 equiv, 7.5 mmol) in 20 mL THF, and N,N-Diisopropylethylamine (DIEPA, 1.5
equiv, 7.5 mmol) was then pipetted in the prior mixtures. The reactions were kept at 40 °C for 24 hours
before evaporation. The raw products were puri�ed using silica gel chromatography with ethyl
acetate/hexane (1/3) as elute. The puri�ed products were isolated by rotary evaporation. The amine-
reactive products NHS-SS-Ac and NHS-SS-Ph were synthesized from acetic acid and benzoic acid. The
chemical structures of the HO-SS-R and NHS-SS-R were veri�ed by 1H nuclear magnetic resonance (NMR)
as shown in Extended Data Fig. 11. The NMR spectra were collected on a Bruker Advance 400
spectrometer (USA).

Peptide synthesis and puri�cation

The peptides used in this study were synthesized by the classical Merri�eld solid phase peptide synthesis
(SPPS) technique44. Wang resin (1.0 g, 0.56 mmol) was �rst swollen in 15 mL of dichloromethane (DCM)
for 0.5 hours with nitrogen �ow bubbling. Then, the DCM was drained with increased pressure, and the
resin was washed three times with DMF.

For N-terminal protected amino acid (Fmoc-AA-OH) coupling, Fmoc-AA-OH (2 equiv, 1.12 mmol) was
dissolved in 5 mL of N,N-dimethylformamide (DMF), then 5 mL of DMF with 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexa�uorophosph-ate (HATU,
1.9 equiv, 1.064 mmol) and DIPEA (5 equiv, 2.80 mmol) was added into the prior solution. The mixture
was reacted for 2 min at room temperature before being added onto the resin for 1 hour of coupling
reaction with nitrogen �ow bubbling. The resin was washed with DCM and then DMF three times each
after the coupling reaction. The coupling e�ciency was evaluated by using 2,4,6-trinitrobenzenesulfonic
acid (TNBS).

For deprotection of N-terminal amine, 15 mL of 20% piperidine in DMF (volume ratio) was added onto the
resin. The deprotection continued for 0.5 hour at room temperature with nitrogen �ow bubbling. After that,
the resin was washed with DCM then DMF three times and the deprotection e�ciency was also evaluated
using 2,4,6-trinitrobenzenesulfonic acid (TNBS).

After all amino acids in the peptide sequence were coupled onto the resin by performing
coupling/deprotection cycles from the C- to the N termini direction, peptides were cleaved from the resins
by using a cocktail containing 95% of tri�uoroacetic acid (TFA), 2.5% of H2O and 2.5% of
triisopropylsilane (TIPS). After 2 hours of cleavage, the reaction mixtures were �ltered. The supernatants
were concentrated by using nitrogen �ow and precipitated into 50 mL of cold diethyl ether. After
centrifugation, the pellets were dried under vacuum and re-dissolved by using 90% of 10 mM acetic acid
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and 10% acetonitrile for puri�cation by High Performance Liquid Chromatography (HPLC, 1260 In�nity,
Agilent Technologies, USA) equipped with a C8 column (Zorbax 300SB-C8, Agilent Technologies, USA).
The puri�ed peptides were isolated by lyophilization (FreeZone 4.5 Plus, Labconco, USA) from HPLC
elutes.

Peptide modi�cation

The redox responsive peptides were synthesized by reacting the ε-amine of the single Lys residue of the
N-terminal protected peptide (Fmoc-HBpep-K, Fmoc-GHGVY-GHGVY-GHGPY-K-GHGPY-GHGLYW) with the
amine-reactive species NHS-SS-R, followed by deprotection. First, the Fmoc-HBpep-K peptide (1 euqiv, 15
μmol) was dissolved in 5 mL of DMF containing DIPEA (15 equiv, 225 μmol). After 30 minutes of
deprotonation, NHS-SS-R (1.5 equiv, 22.5 μmol) in 0.5 mL of DMF was added into the solution. The
mixture solutions were allowed to react at room temperature for 24 hours before precipitation by adding
50 mL of cold diethyl ether. The raw products were collected from the pellets by centrifugation, and dried
under reduced pressure. The puri�cation of modi�ed peptides was conducted on an HPLC system
equipped with a C8 column. The puri�ed Fmoc protected peptides were isolated by lyophilization from
the HPLC fractions.

Then, the puri�ed Fmoc protected peptides were dissolved in 5 mL of DMF containing 20% piperidine.
The mixture was stirred at room temperature for 2 hours of N-terminal deprotection. The raw products
were collected from the precipitates after adding 50 mL of cold diethyl ether into the reaction mixtures
and puri�ed by HPLC. The �nal products were isolated by lyophilization as white solids. Two modi�ed
peptides were synthesized, namely HBpep-SA from NHS-SS-Ac and HBpep-SP from NHS-SS-Ph. The MWs
of Fmoc-HBpep-K and modi�ed peptides were veri�ed by matrix assisted laser desorption ionization-time
of �ight (MALDI-TOF) mass spectrometry, using α-cyano-4-hydroxycinnamic acid (CHCA) as the matrix
(Extended Data Fig. 12). Both MWs weree consistent with the expected MWs of the peptides. The MALDI-
TOF spectra were collected on an AXIMA Performance spectrometer (Shimadzu Corporation, Japan). The
modi�ed peptides HBpep-SA and HBpep-SP were dissolved in 10 mM acetic acid solution at 10 mg/mL
as stock solution.

Coacervation of peptide and therapeutic recruitment

The phase separation behavior of HBpep-K and HBpep-SR peptides at various pH was monitored turbidity
measurements using a UV-Vis spectrometer (UV-2501PC, Shimadzu, Japan). The absorbance at 600 nm
(A600) was used to calculate the relative turbidity as below22:

100-100*(10-A600)

The recruitment of the macromolecules within the peptide coacervates was conducted during the
coacervation process at the optimal pH (7.5 for HBpep, 6.5 for HBpep-SR). The therapeutics were
dissolved or diluted in 10 mM phosphate buffers (pH = 7.5 or 6.5, ionic strength = 100mM) to achieve the
target concentrations. Then, the peptides stock solutions were mixed with the therapeutics containing the
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buffer at a 1:9 volume ratio to induce coacervation and recruitment of the therapeutics. As shown in
Extended Data Fig. 7, the recruitment e�ciency of HBpep-SP coacervates was calculated by comparing
the supernatant �uorescence in the buffer solution before and after coacervation and centrifugation
using microplate reader (In�nite M200 Pro, Tecan, Switzerland). The �uorescence of EGFP (or FITC) and
R-PE were detected using 488 nm/519 nm and 532 nm/584 nm for the excitation/emission wavelengths,
respectively.

Confocal microscopy of EGFP delivery mediated by HBpep coacervates

For 3D view of coacervate-treated cells, cells treated overnight with EGFP-loaded coacervates (0.01
mg/mL of EGFP, 0.2 mg/mL of HBpep) were �rst stained with a plasma membrane stain and �xed prior
to image acquisition. Brie�y, cells were rinsed with HBSS buffer and stained with either 1x CellTrackerTM
CM-DiI (C7000) (ThermoFisher) for 5 min at 37 ºC followed by 15 min at 4 ºC or 1x CellMaskTM Deep
Red Plasma membrane stain (ThermoFisher) for 10 min at 37 ºC. Cells stained with membrane dyes were
rinse once with PBS and �xed with 4% paraformaldehyde in PBS for 20 min at room temperature. After
�xing, cells were washed three times with PBS and �nally resuspended in PBS. Confocal Z-stack images
were collected on Olympus FV1000 inverted scanning confocal microscope using 40× oil immersion
objective (NA 1.3). The Z-stacks were reconstructed into 3D images or animations with the aid of Imaris
software 3D view and Animation modes.

For live cell imaging, T22 cells treated with EGFP-loaded DgHBP-2 coacervates were split and seeded on
day 3 and day 7 to achieve 50-60% con�uency and images acquired after cells adhered about 4hrs after
seeding. Z-stack Images (Differential interference contrast (DIC) or �uorescence) were acquired on Nikon
Eclipse Ti inverted microscope, using a 40× oil immersion objective (NA 1.3) and sum slices projection
was applied to all the stack images using ImageJ Software.

Characterization of redox-responsive peptide coacervates

Optical and �uorescence microcopy images of HBpep-SP coacervates and �uorescence image of
macromolecules-loaded HBpep-SP coacervates were taken using an invert �uorescence microscope
(AxioObserver.Z1, Zeiss, Germany). Dynamic light scattering (DLS, ZetaPALS, Brookhaven, USA) system
was employed to measure the size of pristine HBpep-SR coacervates and macromolecules-loaded HBpep-
SR coacervates. The fresh prepared pristine or macromolecules-loaded coacervates (with or without 0.1
mg/mL of macromolecules, 1 mg/mL of modi�ed peptides) was diluted into PBS with a volume ratio of
1:9 before the DLS test. The redox-responsivity of HBpep-SA and HBpep-SP was evaluated by measuring
the decrease in concentration in the presence of glutathione (GSH). The fresh prepared HBpep-SA or
HBpep-SP coacervates (50 μL, 1 mg/mL of peptide) were diluted in 450 μL of PBS containing 1 mM of
GSH. The mixtures were incubated at 37 °C before adding 25 μL of acetic acid to dissolve all the
unreacted peptides, and their concentration was measured by HPLC.

Delivery of proteins and peptides
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For protein delivery into cells, 105 of cells were suspended in 1 mL of Dulbecco's modi�ed Eagle medium
(DMEM) supplemented with 10% of fetal bovine serum, 100 units/mL of penicillin and 100 μg/mL of
streptomycin, and then transferred into 35 cm2 culture dishes. After 24 hours of incubation at 37 °C with
5% of CO2, the media was replaced with 900 μL of Opti-MEM. Then, 100 μL of freshly prepared peptide- or
protein-loaded HBpep-SA or HBpep-SP coacervate suspensions (0.05 mg/mL of peptide or 0.1 mg/mL of
protein, 1 mg/mL of HBpep-SR) were added into the media. After 4 hours of incubation, the media was
removed and the cells were washed with PBS twice before adding 1 mL of fresh media (DMEM, 10% FBS,
antibiotics). The cells were incubated for another 20 hours and then washed twice at pH 5.0 in phosphate
buffer to remove any coacervates that had not entered the cells, before being imaged under the
�uorescence microscope (AxioObserver.Z1, Zeiss, Germany).

Delivery and transfection of mRNA

Two reporter genes including luciferase and enhanced green �uorescent protein (EGFP), were used to
evaluate the mRNA transfection e�ciency of the HBpep-SR coacervates. Before transfection, HepG2 or
HEK293 cells were incubated in 96-wells plates with a density of 104 cells per well for 24 hours. Then, the
media were replaced with 90 μL of Opti-MEM, followed by the addition of 10 μL of freshly prepared
mRNA-loaded coacervate suspensions (1 or 2 mg/mL of modi�ed peptides). The �nal concentration of
luciferase-encoding mRNA used in transfection was 3.3 μg/mL. After 4 hours of incubation, the media
were removed and the cells were washed by PBS twice before adding 100 μL of media (DMEM, 10% FBS,
antibiotics). Then transfection was continued for another 20 hours before testing the luminescence using
the Nano-Glo® Dual-Luciferase® kit and a microplate reader. For EGFP-encoding mRNA (Cy5 labelled)
transfection, the cultures were conducted in 35 cm2 dish in which 100 μL of mRNA loaded HBpep-SP
coacervates (1 mg/mL of HBpep-SP) was added to achieve the �nal mRNA concentration of 1 μg/mL.
The transfection was conducted for 4 hours of uptake and 20 hours of expression before imaging the
cells under a �uorescence microscope and testing the transfection e�ciency by FACS (LSR Fortessa X20,
BD Biosciences, USA).

Cytotoxicity study

The cytotoxicity of the therapeutics-loaded or pristine peptide coacervates was evaluated by using the
methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay. Following literature protocols45,46, 104 of
HepG2 or HEK293 cells in 100 μL of media (DMEM, 10% FBS, antibiotics) were transferred into 96-wells
plates and incubated for 24 hours. Then, the media were replaced with 100 μL of Opti-MEM containing
therapeutics-loaded coacervates (various concentration of therapeutics, 0.1 mg/mL HBpep-SP) or various
concentrations of pristine coacervate suspensions. After 4 hours of uptake, the media were removed and
the cells were washed by PBS twice before adding 100 μL of media (DMEM, 10% FBS, antibiotics). The
cells were incubated for another 20 hours before 10 μL of 5mg/mL MTT dissolved in PBS was added.
The media were removed after 4 hours of incubation with MTT, and the cells were washed by PBS twice.
After that, 100 μL of DMSO per well was added for absorbance measurements at 570 nm using a
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microplate reader (In�nite M200 Pro, Tecan, Switzerland). The relative cell viability was calculated as
below.

where At, Ab, and Ac represent the absorbance of tested cells, untreated cells and no cell, respectively.

Internalization mechanism study

The LysoTracker staining was conducted by following the manual from the manufacturer. Similar to
protein delivery, 105 of HepG2 cells were incubated in 35 cm2 dish with DMEM for 24 hours. Then the
media were replaced with 900 μL of Opti-MEM and 100 μL of EGFP-loaded HBpep-SP coacervates (0.1
mg/mL of EGFP, 1 mg/mL of HBpep-SP). The cells were cultured for another 2 hours before being
washed twice with a pH 5.0 phosphate buffer to remove any coacervates that had not entered the cells.
After that, 1 mL of Opti-MEM containing 50 nM of LysoTracker was added for 30 minutes of staining at
cell culture condition. The treated HepG2 cells were washed by PBS twice and �xed with 4%
formaldehyde solution. Before being imaged by confocal microscopy (LSM 780, Zeiss, Germany), the
cells were treated with 1 μg/mL of Hoechst 33342 for 10 minutes to stain the nucleus.

Based on the literature13,41,42, various inhibitors were used to study the pathway of the coacervates
internalization. HepG2 cells were treated with chlorpromazine (CPM, 30 μM), amiloride chloride (AM, 20
μM), sodium azide (NaN3, 100 mM) or methyl-β-cyclodextrin (MβCD, 2.5 mM) separately for 1 hour. Then
100 μL of EGFP loaded HBpep-SP coacervates (0.1 mg/mL of EGFP, 1 mg/mL of HBpep-SP) was added.
After another 4 hours of incubation, the cells were washed twice with a pH 5.0 phosphate buffer followed
by PBS twice. Then the treated cells were imaged by �uorescence microscopy or dissociated by trypsin
for FACS. For the 4 °C treated group, the HepG2 cells were pre-incubated for 1 hour and kept at low
temperature during the 4 hours of uptake process. Two control groups including totally untreated cells
(negative control, NC) and cells treated by EGFP-loaded coacervates without any inhibitors (blank) were
also conducted.

Statistical analysis

All experiments were repeated three times. The data are presented as means ± standard deviation (SD).
Statistical signi�cance (p < 0.01) was evaluated by using two-sided Student's t-test when only two groups
were compared.
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Figure 1

Design of redox-responsive peptide coacervates HBpep-SR with direct cytosolic entry that bypasses
endocytosis. HBpep-K (top left) remains in solution at neutral pH but can phase separate and form
coacervates after conjugation of the sole lysine residue with a self-immolative moiety (HBpep-SR, middle
left). In a reducing environment such as the glutathione-rich cytosol, HBpep-SR is reduced, followed by
self-catalytic cleavage of the SR moiety, resulting in HBpep-K again and the disassembly of the
coacervates (left bottom). During coacervation of HBpep-SR near neutral pH (top right), macromolecular
therapeutics are readily recruited within the coacervates. Upon incubation with cells, the therapeutics-
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loaded coacervates cross the cell membrane to migrate directly in the cytosol (right bottom), where they
are reduced by glutathione resulting in the disassembly and release of the therapeutic.

Figure 2

Characterization of modi�ed HBpep coacervates and intracellular delivery of EGFP. (a) Turbidity
measurements of HBpep-SA and HBpep-SP at various pH and comparison with HBpep-K. Data are
presented as the mean ± SD of n = 3 independent measurements. (b) Optical micrograph of HBpep-SP
coacervates at pH 6.5 and ionic strength 0.1 M (phosphate buffer). (c) Glutathione (GSH)-induced
reduction of HBpep-SA and HBpep-SP coacervates. Data are presented as the mean ± SD of n = 3
independent experiments, two-sided Student’s t-test, *P < 0.01 compared to HBpep-SA (1 mM GSH) at
24 hours. (d) 4 hours and (e) 24 hours �uorescence micrographs of HepG2 cells treated with EGFP-loaded
HBpep-SA coacervates. (f) 4 hours and (g) 24 hours �uorescence micrographs of HepG2 cells treated
with EGFP-loaded HBpep-SP coacervate. (h-j) Intracellular delivery of EGFP into A549 (h), NIH 3T3 (i), and
HEK293 (j) cells mediated by HBpep-SP coacervates.
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Figure 3

Intracellular protein and peptide delivery into HepG2 cells. (a-c) Fluorescence micrographs of AF-
lysozyme delivery mediated by HBpep-SP coacervates (a), AF-BSA delivery mediated by HBpep-SP
coacervates (b), and R-PE delivery mediated by HBpep-SP coacervates (c). (d) Concentration-dependent
cytotoxicity of free saporin and saporin-loaded HBpep-SP coacervates. Data are presented as the mean ± 
SD of n = 3 independent experiments, two-sided Student’s t-test, *P < 0.01 compared to saporin at 500
ng/mL. (e) X-Gal staining of cells treated with β-Gal-loaded HBpep-SP coacervates after 24 h. (f) X-Gal
staining of cells treated with free β-Gal. (g) Summary of proteins with a wide range of isoelectric point
(IEP) and molecular weight (MW) demonstrated to be successfully delivered in the cytosol, including
lysozyme (IEP: 10.7; MW: 14 kDa), saporin (IEP: 9.4; MW: 28.6 kDa), EGFP (IEP: 6.2; MW: 32.7 kDa),
bovine serine albumin (BSA; IEP: 4.8; MW: 66.4 kDa), R-phycoerythrin (R-PE; IEP: 4.1; MW: 255 kDa); and
galactosidase (-Gal; IEP: 4.6; MW: 465 KDa).
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Figure 4

 Intracellular peptide delivery into HepG2 cells. (a-b) FITC-Smac delivery mediated by HBpep-SP
coacervates (a) and comparison with free FITC-Smac (b). (c) Concentration-dependent cytotoxicity of
Smac and Smac-loaded HBpep-2-SP coacervates. Data are presented as the mean ± SD of n = 3
independent experiments, two-sided Student’s t-test, *P < 0.01 compared to Smac at 10 μg/mL. (d-e) FITC-
PAD delivery mediated by HBpep-SP coacervates (d) and comparison with free FITC-PAD (e). (f)
Concentration-dependent cytotoxicity of PAD and PAD-loaded HBpep-SP coacervates. Data are presented
as the mean ± SD of n = 3 independent experiments, two-sided Student’s t-test, *P < 0.01 compared to PAD
at 10 μg/mL.
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Figure 5

Intracellular mRNA transfection. (a) Luciferase-encoding mRNA transfection e�ciency of HBpep-SA and
HBpep-SP coacervates compared to common commercial transfection reagents in HepG2 cells. Data are
presented as the mean ± SD of n = 3 independent experiments. (b) Fluorescence micrograph and (c) FACS
of HepG2 cells transfected with EGFP-encoding mRNA (Cy5 labeled) loaded in HBpep-SA coacervates. (d)
Luciferase-encoding mRNA transfection e�ciency of HBpep-SA and HBpep-SP coacervates compared to
common commercial transfection reagents in HEK293 cells. Data are presented as the mean ± SD of
n = 3 independent experiments. (e) Fluorescence micrograph and (f) FACS of HepG2 cells transfected
with EGFP-encoding mRNA (Cy5 labeled) loaded in HBpep-SP coacervates.
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Figure 6

Cell internalization mechanism study of coacervates. (a) Confocal microscopy image of HepG2 cells
treated with EGFP-loaded HBpep-SP coacervates (green) for 2 hours. The nucleus was stained with
Hoechst (blue) and the lysosomes were stained with LysoTracker (red). Coacervates are not co-localized
with lysosomes. (b) FACS and (c) �uorescence micrographs of HepG2 cells treated with various inhibitors
before incubation with EGFP-loaded HBpep-SP coacervates for 4 hours. MβCD: metyhl-β-cyclodextrin;
NaN3: sodium azide; AM: amiloride; CPM: chlorpromazine. Two groups were included as control: totally
untreated cells (negative control, NC) and cells treated by EGFP-loaded coacervates without any inhibitors
(Blank). Only the cholesterol-depletion compound MβCD inhibits cell uptake, as well as low temperature
(4 ºC).
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