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Phase-separating peptide coacervates with
programmable material properties for
universal intracellular delivery of
macromolecules

Yue Sun1, Xi Wu1, Jianguo Li 2,3, Milad Radiom 4, Raffaele Mezzenga 1,4,5,
Chandra Shekhar Verma 2,6,7, Jing Yu 1,8 & Ali Miserez 1,7

Phase-separating peptides (PSPs) self-assembling into coacervate micro-
droplets (CMs) are a promising class of intracellular delivery vehicles that can
release macromolecular modalities deployed in a wide range of therapeutic
treatments. However, the molecular grammar governing intracellular uptake
and release kinetics of CMs remains elusive. Here, we systematically manip-
ulate the sequence of PSPs to unravel the relationships between their mole-
cular structure, the physical properties of the resulting CMs, and their delivery
efficacy. We show that a few amino acid alterations are sufficient to modulate
the viscoelastic properties of CMs towards either a gel-like or a liquid-like state
as well as their binding interaction with cellular membranes, collectively
enabling to tune the kinetics of intracellular cargo release. We also demon-
strate that the optimized PSPs CMs display excellent transfection efficiency in
hard-to-transfect cells such as primary fibroblasts and immune cells. Our
findings provide molecular guidelines to precisely program the material
properties of PSP CMs and achieve tunable cellular uptake and release kinetics
depending on the cargo modality, with broad implications for therapeutic
applications such as protein, gene, and immune cell therapies.

Efficient and safe intracellular delivery of macromolecules stands as a
pivotal requirement for promising therapeutic avenues, spanning
protein-, gene-, and immuno-therapies1–6. However, current meth-
odologies, including viral vectors, electroporation, and nanocarriers,
grapple with persistent concerns such as long-term safety, cytotoxi-
city, low cargo encapsulation efficiency, and manufacturing
complexity7–10. Recently, we have developed coacervatemicrodroplets
(CMs) assembled from phase-separating peptides (PSPs) by pH-

induced liquid-liquid phase-separation (LLPS) as a simple, safe, and
versatile approach capable of delivering a broad spectrum of macro-
molecular therapeutics into cells11,12.

Our PSPs, inspired after histidine-richbeakproteins (HBPs)13,14 and
abbreviated HBpep-SP, are characterized by a modular design com-
prised of the consensus pentapeptide GHGXY, where X is a variable
residue15,16. To confer redox-triggered cargo release capability upon
HBpep-SP CMs, we introduced a single lysine (Lys) residue conjugated
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with a moiety reducible by endogenous glutathione (GSH) within the
cytosol (Fig. S1). The resultingCMs can recruit variousmacromolecular
therapeuticsduring LLPS and release them into cells, activatedbyGSH-
induced disassembly of CMs12.

Here, we demonstrate that the modular sequence of HBpep-SP
enables the systematic exploration of the X position, allowing for the
incorporation of diverse amino acids (Fig. 1). According to molecular
dynamics (MD) simulations, this positional coding alters peptide-
peptide interactions and molecular hydration, thereby enabling to
modulate the viscoelastic properties of CMs fromgel-like to liquid-like.
Furthermore, these mutations also control the binding interactions of
CMs to the cell membrane, and collectively these properties regulate
cargo release efficacy. We then show optimal X residue combinations
that maximize transfection efficiency for various payloads, encom-
passing proteins, peptides, plasmid DNA (pDNA), messenger RNA
(mRNA), small interfering RNA (siRNA), and CRISPR/Cas9 gene-editing
machinery. Moreover, we show that this excellent delivery efficiency
can be extended towards hard-to-transfect cells such as primary and
immune cells. Overall, our findings firmly establish PSPs coacervate
engineering as an intracellular delivery toolbox for diverse ther-
apeutics, offering programmable efficiency tailored to cargo modality
and cell type.

Results
LLPS of the HBpep-SP variants
HBpep-SPs consist of five repeats of the motif GHGXY, where X is a
variable residue. A single Lys is placed after the third repeat and con-
jugated with a sidechain containing a disulfide and self-immolative
moiety, while tryptophan (W) is added at the C-terminus (Fig. 1a). Since
valine (V), proline (P) and leucine (L) are found at the X positions in
native HBPs, we previously designed HBpep(VPL)-SP (abbreviated
VPL)12,17. However, the hydrophobic nature of V and L residues limited the
phase behavior of VPL, with CMs forming only near pH 6.5 (Fig. 1b, c),
posing limitations for therapeutics that may not be soluble at this pH. By
substituting the three X positions with less hydrophobic glycine (G) and
alanine (A) residues, the phase behavior could be altered: HBpep(GP)-SP
and HBpep(AP)-SP (GP and AP) formed CMs across a broader pH range
up to pH 9.0 (Fig. 1a–c and Fig. S2). Further substitutions with more
hydrophilic residues asparagine (N) and serine (S) narrowed the area of
two-phase regions (NP and SP, Fig. 1a–c and Fig. S2), underscoring the
role of hydrophobic interactions during LLPS of PSPs18–20.

We then explored variants incorporating the charged residues
including histidine (H), arginine (R), and aspartic acid (D) at the X
positions. HBpep(HP)-SP (HP) and HBpep(RP)-SP (RP) only phase-
separated above pH 7.0 owing to electrostatic repulsion from their
positively charged residues. In contrast, HBpep(DP)-SP (DP) phase-
separated in the lower pH range 5.0–6.5 due to its lower isoelectric
point. Owing to the histidine pKa of 6.5, HP is neutral above pH 7,
enabling phase-separation to occur at lower peptide concentrations,
whereas phase-separation at pH 7 for RP and DP requires a higher
peptide concentration (Fig. 1b and S2). This effect could be counter-
actedbymutating theXpositionswith the aromatic tyrosine (Y), which
enhanced hydrophobic andπ-π stacking interactions21. Indeed, this YP
peptide formed aggregates across a wide pH range from 6.5 to 9.0,
indicative of enhanced inter-peptide interactions (Fig. S2). Conse-
quently, twohybrid variants, RPY andDPY, weredesigned by replacing
R and D at the X5 position with Y. RPY and DPY phase-separated over a
broader range of conditions compared to RP and DP variants
(Fig. 1b and S2), emphasizing the ability to precisely control LLPS
conditions by simple amino acid mutations.

Mechanical and biophysical properties of HBpep-SP CMvariants
Having established the LLPS tunability of the HBpep-SP variants, we
delved deeper into the mechanical and biophysical properties of CMs,
because previous studies have revealed that cellular internalization of

drug delivery carriers depends on their mechanical properties22,23.
Utilizing the surface force apparatus (SFA) technique24,25, we first
assessed their viscoelastic characteristics. The SFA employs two mica
surfaces affixed on perpendicularly oriented cylindrical disks, between
which the samples are injected. The surfaces coatedwith theCMswere
approached with sub-nm distance resolution and then retracted, while
the normal force between the cylinders was monitored with a few μN
force sensitivity. During separation, CMs formedbyNP andGP (Fig. 2a)
exhibited mechanical instability—indicated by a sudden jump-out on
the normalized force-distance (F-D) curves—suggesting gel-like
properties26. Conversely, VPL, HP, and RPY CMs exhibited F-D curves
with continuous retraction forces, indicative of viscous liquid bridges
between the surfaces27. The gel versus liquid behavior was further evi-
dent from the hystereses during approach/separation cycles, which
weremarkedly present forHP andRPYCMsbutminimal forGP andNP.

Fluorescence recovery after photobleaching (FRAP) was used to
further explore the molecular mobility within single CMs28,29, which
was carried out bymixing fluorescently labeledHBpep-SP variants with
unlabeled peptides in a 0.5:99.5 ratio to minimize the influence of the
fluorophore on the phase behavior (Fig. S3). GP CMs exhibited the
slowest recovery rate among the three tested CMs (Fig. 2b, c), indi-
cating reduced molecular mobility, which is consistent with SFA
measurements that denoted gel-like properties. Conversely, RPY CMs
displayed higher fluidity with the fastest recovery rate.

To substantiate the differences in viscoelastic properties, we
carried out AFM nanoindentation measurements of CMs (Methods).
For GP CMs, on the approach cycle, the force increased in the contact
region with a slope that was significantly shallower compared with the
force curve on the solid substrate (Fig. 2d, f). Furthermore, the
retraction cycle showedhysteresis due to energy dissipationprocesses
inside the CMs. Using the Sneddon model30,31, the average elastic
moduli of GP CMs was 2.4 ± 1.4MPa for droplets deep enough to
alleviate substrate effects (see SupplementaryNote 1). On the contrary,
for RPY CMs, the force traces were essentially identical on the droplets
and the solid substrate, indicating that theAFMtippenetrated through
RPY CMswithout resistance, until it reached the substrate, whereupon
a contact force was detected (Fig. 2e, g), an observation that corro-
borates the liquid-like nature of RPY CMs.

To understand the differences in viscoelastic response at the
molecular level, we conducted independentmolecular dynamics (MD)
simulations of 4, 10, and 30 chains of GP and RPY variants in aqueous
conditions for 1000 ns (Methods). At equilibrium, both GP and RPY
CMs contained large amounts of water molecules in their clusters;
however, a significantly higher number of peptide-water hydrogen
bonds were seen in RPY, mainly arising from R4, R9, and Y25, com-
pared to G4, G9, and G25 in GP clusters (Fig. 2h–j). Consequently, we
attribute the liquid-like behavior of RPY CMs compared to GP CMs to
their higher molecular hydration (see Supplementary Note 2).

Residue mutations also influenced the cargo recruitment effi-
ciency within self-assembled CMs. Compared to VPL and RPY CMs,
the recruitment efficiency of GP and NP decreased for enhanced
green fluorescent protein (EGFP), R-phycoerythrin (R-PE), and FAM-
labeled siRNA (FAM-siRNA) (Fig. S4a). Using fluorescence-activated
cell sorting (FACS), we quantified the EGFP cargo content within
individual CMs and found that VPL and RPY exhibited ca. 3- and
5-fold higher EGFP intensity than GP (Fig. S5a, b), possibly due to the
lower peptide/EGFP intermolecular interactions achievable by Gly
residues. A similar trend was observed using FAM-siRNA as cargo,
where VPL and RPY showed ca. 1.4- and 1.8-fold higher FAM intensity
than GP (Fig. S5c, d).

Cellular uptake and release kinetics of HBpep-SP CM variants
determined by their material properties
Since we could regulate the mechanical properties of the CMs, we
postulated that such variations could be exploited to control
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Hydrophobic

HBpep(AP)-SP AP GHGAY-GHGAY-GHGPY-K(SP)-GHGPY-GHGAYW

HBpep(GP)-SP GP GHGGY-GHGGY-GHGPY-K(SP)-GHGPY-GHGGYW Special

HBpep(NP)-SP NP GHGNY-GHGNY-GHGPY-K(SP)-GHGPY-GHGNYW
Hydrophilic

HBpep(SP)-SP SP GHGSY-GHGSY-GHGPY-K(SP)-GHGPY-GHGSYW

HBpep(HP)-SP HP GHGHY-GHGHY-GHGPY-K(SP)-GHGPY-GHGHYW
Positively-charged

HBpep(RP)-SP RP GHGRY-GHGRY-GHGPY-K(SP)-GHGPY-GHGRYW

HBpep(DP)-SP DP GHGDY-GHGDY-GHGPY-K(SP)-GHGPY-GHGDYW Negatively-charged

HBpep(YP)-SP YP GHGYY-GHGYY-GHGPY-K(SP)-GHGPY-GHGYYW Aromatic

HBpep(RPY)-SP RPY GHGRY-GHGRY-GHGPY-K(SP)-GHGPY-GHGYYW
Hybrid

HBpep(DPY)-SP DPY GHGDY-GHGDY-GHGPY-K(SP)-GHGPY-GHGYYW

10 μm

c
VPLVPL GPGP NPNP HPHP RPRP RPYRPY

Fig. 1 | LLPS ofHBpep-SP variants. a Peptide sequenceofHBpep-SP variants. K(SP)
represents the lysine (Lys, K) residue conjugatedwith themoiety cleavable by GSH,
as shown in Fig. S1. The abbreviations used in the text refer to the X1, X2, and X5
positions in the pentapeptide repeat GHGXY. When X1, X2, and X5 are the same
residue, a two-letter abbreviation is used, with the first letter corresponding to that
residue and the second letter to proline (Pro, P) since the X3 and X4 positions are P
in all cases. When the X5 position is different from X1 and X2, a three-letter
abbreviation is used (first letter for position X1 and X2 and third letter for position

X5). Different colors are used to categorize the residues in X positions. b Phase
diagram of representative variants (color categorized) at the ionic strength (IS) of
100mM, with the region of coacervation and aggregation shadowed in blue and
gray, respectively. c Representative optical micrographs of HBpep-SP variants
(50μM, pH = 7.0, IS = 100mM) from three independent experiments. At these
conditions, VPL forms irregularly shaped and dark aggregates, whereas GP, NP, HP,
and RPY form spherical microdroplets.
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interactions with the membrane, and, in turn, cellular uptake
efficacy. Giant unilamellar vesicles (GUVs) prepared from 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were uti-
lized as a surrogate model bilayer to examine mechanical
interactions between lipid bilayer and CMs. Interactions between
GUV and GP CMs led to the bending of the GUV’s lipid bilayer
(Fig. 3a), likely induced by the higher rigidity of GP CMs, which

may lead to increased energy barrier during internalization and
consequently decreased uptake rates22. Conversely, the more
fluidic RPY CMs were deformed upon interaction with GUVs and
wetted the lipid bilayer. Although the mechanical properties of
GUVs differ from those of real cells due to the absence of the
cytoskeleton components, these results corroborate the differ-
ences in mechanical properties and wetting behaviors between
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GP and RPY CMs, consistent with the findings from SFA, FRAP,
and AFM measurements.

Next, we assessed adhesive interactions between CMs and lipid
bilayermembranes by carrying out quartz crystalmicrobalance (QCM)
measurements of CMs on supported lipid bilayers (SLBs). In the nor-
mal mode, wherein the SLB is situated at the bottom of the flow cell,

both GP and RPY CMs displayed high initial binding as evidenced by
the decreased frequency (f), followed by rapid recovery upon rinsing.
Compared to GP, RPY CMs were more resistant to wash-off during the
rinsing step, suggesting strongermembrane binding (Fig. 3b). In order
to alleviate the effect of gravitational sedimentation from the dense
CMs, measurements were also carried out in the inverted mode32,

Fig. 2 | Characterization of CMs prepared fromHBpep-SP variants. a Illustration
of SFA measurements and force-distance (F-D) curves between cross-cylinders of
CM variants, with F normalized by the radius of the cylindrically curved surfaces.
b, c Fluorescence micrographs (b) and recovery curves (c) of CM variants. Data
were presented as the mean ± SD of n = 3 independent experiments, the errors are
shadowed. d–g AFM nanoindentation measurements using a cantilever with stiff-
ness 0.2 N/m. 2D and 3D images of GP (d) and RPY (e) CMs, with the location of
forcemeasurements on theCMs and themica substrate indicatedwith red and gray

arrows, respectively. Force traces for GP (f) and RPY (g) CMs compared to mica.
h–j MD simulations of CM variants showing snapshots (last 300ns of 1μs simula-
tions) of clusters formed by 30 GP and RPY peptides withholding water molecules
(h), total number of hydrogen bonds between peptide and water for different
cluster sizes (i), and average number of hydrogen bonds between individual resi-
dues and water molecules in each 30 peptides cluster (j). Data are presented as the
mean ± SD of n = 9000 independent frames; two-sided Student’s t-test, *P <0.05,
**P <0.01, ***P <0.001.
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Fig. 3 | Membrane interaction, early internalization, and cargo release of CMs
variants. a Fluorescence micrographs of GP and RPY CMs interacting with GUVs,
illustrating GUVs’ bilayer bending by the stiffer gel-like GP CMs (top), and defor-
mation andwetting of RPY CMs onGUVs’ bilayer (bottom).bQCM frequency shifts
(Δf) as a function of time for GP and RPY CMs adsorbed on supported lipid bilayers
in the normal and inverted modes. Data are presented as the mean± SD of n = 3
independent experiments, the errors are shadowed. c Fluorescencemicrographs of

HeLa cells treated with EGFP-loaded CMs formed by HBpep-SP variants for 10, 20,
30min, 2 and 4 h. d Internalization of EGFP-loaded CMs by HeLa cells at different
timepoint from 0 to 60min measured by FACS. Data are presented as the
mean ± SD of n = 3 independent experiments. eMean fluorescence intensity (MFI)
changes from 0 to 4 h due to cargo release from EGFP-loaded CMs measured by
FACS. Data are presented as the mean± SD of n = 3 independent experiments. All
fluorescence micrographs were imaged on live cells.
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whereby theflowcell wasflippedupside downandSLBsoriented in the
downward direction. RPY CMs showed significantly higher interaction
with SLBs than GP CMs, persistently adhering to the bilayer even after
20min of rinsing and causing a Δf of −21 Hz.

We then undertook cell uptake studies of CM variants in HeLa
cells. HeLa cells treated with more viscous CMs (HP and RPY) loaded
with EGFP (Fig. 3c, d) displayed significantly higher rates of EGFP-
positive cells compared to gel-like GP and NP CMs after short incu-
bation times (10 and 20min), with RPY CMs exhibiting nearly 100%
uptake after 20min compared to 78, 64, and 34% for HP, GP, and NP
CMs, respectively. Using various endocytic inhibitors, we did not
observe significant changes in the internalization pathway as a result of
residue mutations. The cell uptake of three tested CMs, including GP,
VPL, and RPY, was affected by macropinocytosis inhibitors such as
5-(N-ethyl-N-isopropyl)amiloride (EIPA) and Wortmannin (Wort),
whereas the clathrin-mediated endocytosis inhibitor Chlorpromazine
(CPZ) did not have any effect (Fig. S6) on cell uptake. The 4 oC and
methyl-β-cyclodextrin (MβCD) treatments also significantly reduced
the internalization of all CMs, consistent with our previous study33,
suggesting that CMs uptake occurs by a macropinocytosis-like path-
way involving cytoskeleton remodeling. Therefore, given their similar
size, this enhanced uptake of RPY CMs is attributed to their positive
zeta potential arising from the Arg residue at the X1 and X2 positions
(Fig. S7), facilitating adhesive interactions and wetting with the nega-
tively charged cellular membrane. Despite VPL CMs displaying liquid-
like properties, they exhibited lower uptake rates than GP CMs, which
we attribute to incomplete phase separation caused by their more
hydrophobic nature. Indeed, fewer CMs were formed at pH 6.5, as
evidenced by half the count of CMs for VPL compared toGPandRPY in
FACS measurements (Fig. S5b).

CMs disassembly (and concomitant release of cargos) is activated
by GSH-induced disulfide bond reduction, which leads to cleavage of
the sidechain grafted to the Lys residue of HBpeps17. Thus, the dis-
assembly kinetics can be monitored by measuring the concentration
decay of non-reduced HBpep-SPs upon incubation with GSH by high-
performance liquid chromatography (HPLC). This decay could be
adequately fitted by a first-order kinetic model and occurred faster in
RPY CMs compared to GP CMs (Fig. S8), with a 1.8-fold higher rate
constant. Since the grafted moiety is identical for both peptides, we
attribute this disparity to the internal structure and mechanical
properties of the CMs. Owing to their higher molecular mobilities, we
reason that the liquid-like RPY CMs enabled faster diffusion of GSH,
thus accelerating the chemical reduction and initiating faster CMs
disassembly. This was further substantiated by fluorescence micro-
scopy and FACSmeasurements of HeLa cells treatedwith EGFP-loaded
CMs. The faster release of EGFP fromVPL, HP, and RPYCMs after 2 and
4 h of incubation was evident from the homogenous fluorescence
signal fulfilling the entire cells (particularly striking for HP and RPY
CMs) as opposed to discrete puncta for cells treated with NP and GP
CMs, which is indicative of non-disassembled CMs (Fig. 3c, e). While
most cells internalized CMs after 1 h regardless of the peptide variant,
there was a clear correlation between the peptide variant and release
kinetics as assessed by the mean fluorescence intensities (MFI) that
directly reflects EGFP release in the cytosol. In the more liquid-like
CMs, release kinetics increased in the order RPY >HP > VPL.

Intracellular delivery of proteins and peptides mediated by CM
variants
A key implication of the above results is that the intracellular release
profile of macromolecules may, in principle, be finely regulated by
simple amino acid adjustments. To verify this hypothesis, the 24 h
delivery efficacy for all peptide variantswas systematically assessed for
a broad range of modalities. In line with short incubation times, RPY-
mediated delivery of EGFP (Fig. 4a) yielded the highest MFI, indicative
of the best release efficacy. While the HP variant demonstrated

superior EGFP release after 2 and 4 h, its recruitment ability was
inferior to VPL; hence no significant differences were observed for
these variants (Fig. 4b). We note that all three variants performed
better than the commercial reagent PULSin. Although NP, SP, GP, and
AP CMs also achieved over 95% cellular uptake (Fig. 4b and S9), their
lower recruitment efficiency and slower release rate led to much
weaker MFI. Variants incorporating charged residues displayed higher
threshold concentrations to induce LLPS, leading to premature dis-
assembly and cargo release during dilution in cell culture media
(Fig. S9). The notable exception was RPY CMs, likely stabilized by
cation-π interactions between positively charged and aromatic resi-
dues (e.g., R, Y, and W)34, as seen in the MD simulations (see Supple-
mentary Note 2).

We then explored the transfection efficacy of proteins with a large
spectrum ofmolecular weights (MWs), including the cytotoxic protein
saporin (28.6 kDa), the Alexa Fluor 488-labeled immunoglobulin G
antibody (AF-IgG, 150kDa), R-PE (255 kDa), and β-galactosidase (β-Gal,
465 kDa) (Fig. 4c–g). In all cases, the transfection efficiency as quan-
tified by the MFI (AF-IgG and RP), cell death (saporin), or enzymatic
activity (β-Gal) followed the same performance trend of RPY >HP >
VPL >GP >NP. For example, free saporin failed to enter HeLa cells and
remained harmless (Fig. 4g), whereas VPL CMs-mediated delivery of
saporin induced 65% cell death, which increased to 80 and 95% for HP
and RPY CMs, respectively.

A similar trend was observed when delivering the second
mitochondria-derived activator (Smac) short peptide (sequence:
AVPIAQK), a potent apoptosis initiator35. Here, the transfection effi-
ciencyof the best-performingCMs (RPY) showed three-fold higherMFI
compared to Smac fused to the cell-penetrating peptide (CPP) octa-
arginine (R8Smac), considered to be a highly efficient in vitro peptide
delivery vector (Fig. 4h, i)36.

Gene transfection mediated by HBpep-SP CM variants
Gene therapy has been extensively investigated to treat various
diseases37,38, making significant contributions to the development of
therapeutics, including clustered regularly interspaced short palin-
dromic repeats (CRISPR) gene-editing tools39,40, COVID-19 vaccines41,42,
and chimeric antigen receptor (CAR) T-cell therapies43,44. We have
previously demonstrated that VPL CMs could deliver mRNA and all
CRISPR/Cas9 modalities with good efficiency12,17. We decided to
expand the selection of nucleic acid therapeutics and explored the
transfection efficacies of CM variants. In contrast to its low efficiency
for protein and peptide delivery, GP CMs exhibited robust EGFP-
encoding pDNA transfection in HeLa cells, significantly surpassing VPL
CMs and Lipofectamine 2000 (Fig. 5a, b). This trend was further con-
firmed in the delivery of EGFP-encoding mRNA, where GP CMs trans-
fected over 95% of cells with a 1.4-fold higher MFI compared to VPL
(Fig. 5c, d). Similarly, HP and RPY variants demonstrated excellent
efficiencies, transfecting 91.3 and 94.3%of cells for pDNA, and 99.5 and
98.7% for mRNA, respectively (Fig. 5a–d). The increased efficiency for
GP compared toVPL in delivering nucleic acids canbe attributed to the
higher peptide concentration required to achieve full cargo recruit-
ment for GP (Fig. S4b), which indicates weaker peptide-nucleic acid
interactions, in turn leading to enhanced release. Furthermore, the
high nucleic acid recruitment of GP resulted in a prolonged release
kinetics profile. As shown in Fig. S10, while RPYCMsexhibited superior
mRNA transfection efficiency at 4 and 24 h, its efficiency decayed after
a few more days, whereas GP CMs maintained ~90% efficiency even
96 h post-transfection. This result indicates that GP may offer distinct
advantages as a delivery vehicle for applications requiring slow release,
particularly for nucleic acid therapeutics, which function at lower
concentrations than protein therapeutics45.

siRNA is another class of promising therapeutics that target and
degrademRNAs to prevent the expression of harmful proteins46. Given
that theMWandworking concentrations of siRNAwere comparable to
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proteins, the transfection efficiency of the CMs variants exhibited a
similar trend to protein delivery. Cells treated with CMs displayed
increasing rates of positive cells and MFI in the order RPY >HP >
VPL >GP >NP (Fig. 5e, f), with VPL, HP, and RPY CMs outperforming
the highly specialized lipofectamine RNAiMAX (LipoRMAX). Using
quantitative reverse transcription polymerase chain reaction (RT-
qPCR) to quantify mRNA degradation induced by anti-PCSK9 siRNA,
the siRNA-loaded HP and RPY CMs achieved mRNA knockdown rates
of 74.2 and 86.5%, surpassing 50.3%mediated by LipoRMAX (Fig. S11).
Furthermore, delivering anti-EGFP siRNA into HeLa cells expressing
EGFP provided insights into the knockdown efficiency at the protein
level. siRNA transfection mediated by HP and RPY CMs decreased the
EGFP signal by 73.2 and 79.6%, respectively, significantly higher than
LipoRMAX-mediated transfection (Fig. S12). For the VPL CM variant,
despite exhibiting adequate cellular uptake (Fig. 5f), its knockdown
efficiency at both the mRNA and protein levels was inferior to LipoR-
MAX (Figs. S11, 12), corroborating its slower release kinetics.

Finally, we attempted to deliver all three different types of
CRISPR/Cas9 gene-editing tools. Using the T7 Endonuclease I (T7EI)
assay to assess the editing efficiencies on theHemoglobin Subunit Beta
(HBB) locus, GP, HP, and RPY CMs exhibited higher insertion-deletion

(indel) frequencies compared to VPL and lipofectamines in delivering
the all-in-one pDNA and mRNA/sgRNA gene-editing machineries
(Fig. 4g, i). While GP displayed lower efficiency when delivering
CRISPR/Cas9 using the ribonucleoprotein (RNP) complex, HP and RPY
maintained their high efficacy, surpassing the highly specialized lipo-
fectamine CRISPRMAX. The excellent knock-out efficacy of the CMs
delivery system was further illustrated by transfecting mRNA and
EGFP-targeted sgRNA into HeLa-EGFP cells, with all three CMs redu-
cing the EGFP signal more efficiently than Lipo3000 (Fig. S13).

Intracellular delivery into hard-to-transfect cells mediated by
HBpep-SP CM variants
Expanding beyond HeLa cells, we finally investigated the ability of
liquid-likeCMs todeliver therapeutics into hard-to-transfect cells, such
as primary and immune cells, starting with primary human foreskin
fibroblasts (HFF). All three CMs demonstrated increased cellular
uptake of EGFP and significantly higher MFI compared to PULSin
(Fig. 6a). Owing to their enhanced internalization and cargo release
kinetics, HP and RPY again outperformed VPL CMs. This trend was
similarly observed in mRNA delivery, where HP and RPY CMs trans-
fected 44.9 and 67.1% of HFF cells, respectively, compared to 37.2% of
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Fig. 4 | Intracellular delivery of proteins and peptides mediated by HBpep-SP
CM variants. a, b Fluorescence micrographs (a) and FACS measurements (b) of
HeLa cells treated with EGFP-loaded CMs variants for 24h compared to the com-
mercial reagent PULSin. c Representative fluorescence micrographs of HeLa cells
treated with AF-IgG-loaded CMs variants for 24 h from n = 3 independent experi-
ments and compared to PULSin. d, e Fluorescence micrographs (d) and FACS
measurements (e) of HeLa cells treated with R-PE-loaded CMs variants for 24h
compared to PULSin. f Representative X-Gal staining of cells treated with β-Gal-
loadedCMs variants for 24 h from n = 3 independent experiments and compared to

PULSin. g Concentration-dependent cytotoxicity of free saporin and saporin-
loadedCMs variants.h, i Fluorescencemicrographs (h) and FACSmeasurements (i)
of HeLa cells treated with FITC-Smac-loaded CMs variants for 24 h compared to
Smac fused to the cell-penetrating peptide R8 (FITC-R8Smac) at the same con-
centration of 50μM. Data are presented individually (yellow dots) and as the
mean ± SD of n = 3 independent experiments; two-sided Student’s t-test, *P <0.05,
**P <0.01, ***P <0.001. All fluorescence micrographs were imaged on live cells,
while X-Gal staining (f) was conducted on fixed cells.

Article https://doi.org/10.1038/s41467-024-54463-z

Nature Communications |        (2024) 15:10094 7

www.nature.com/naturecommunications


cells for VPL and 32.7% for Lipo3000 (Fig. 6b). In Jurkat T-cells, HP, and
RPY CMs successfully delivered EGFP into up to 88.6% of treated cells,
resulting in 2.8- and 4.3-fold higher MFI compared to PULSin (Fig. 6c).
For mRNA, 47.7 and 62.9% of cells transfected by HP and RPY CMs
showed EGFP positivity, surpassing the 19.1 and 30.4% achieved by
Lipo3000 and VPL CMs (Fig. 6d). As a final assessment, we aimed to
transfect the RAW 264.7 macrophage cell line, known for its innate
resistance to foreign material transfection47. Remarkably, nearly all
cells treated with our EGFP-loaded CMs exhibited positive signals
(Fig. 6e), while only half of the cells were positive in PULSin-mediated
delivery. For mRNA transfection, HP and RPY also demonstrated
excellent efficacy of above 90% for macrophages (Fig. 6f). Although
VPL exhibited lower efficiency (67.0%), it still significantly out-
performed Lipo3000 (8.0%).

Discussion
Through systematic amino acid mutations, we have established
molecular guidelines to design and optimize PSP CM-based intracel-
lular delivery systems. Of particular significance is the inherent sim-
plicity of the HBpep-SP sequence design comprising tandem GHGXY
repeats, whichwe have leveraged to develop a PSP toolbox comprising
various HBpep-SP variants by systematically introducing all types of
amino acid residues in the X positions. This versatile platform enables
the delivery of an unprecedented broad spectrum of biomacromole-
cular therapeutics from a single delivery vehicle, including proteins,
peptides, and nucleic acids across various cell types. Notably, PSP CMs
exhibit superior efficiency compared to highly specialized delivery
vehicles such as PULSin, lipofectamines, and CPPs, even

demonstrating efficacy in notoriously hard-to-transfect cells such as
primary and immune cells.

Beyond offering a robust intracellular delivery toolbox, our
results establish the key sequence design of PSPs as well as the
mechanical and biophysical properties of CMs that enable superior
recruitment ability of cargos, control of cell uptake rates, and intra-
cellular release kinetics of cargos. Generally speaking, the RPY variant
offers optimized performance owing to four characteristics. First, it is
less hydrophobic compared to the original VPL variant, allowing to
achieve phase-separation across a broader range of pH and con-
centration (Fig. 1b). Second, the stable formation ofCMs asopposed to
irreversible aggregation is the result of a delicate balance between
intra- and intermolecular interactions regulating the overall phase
behavior. If intermolecular attractive forces are too high, aggregation
occurs, as observed for the YP variant, whereby π–π interactions
dominate due to the aromatic Tyr at the X position. If, on the other
hand, only same-charge residues are placed on the X position, repul-
sive intermolecular forces are the governing interactions, limiting the
conditions to induce phase separation (e.g., higher peptide con-
centration for RP and narrower pH for DP, see Fig. 1b and Fig. S2). RPY
thus represents an intermediate case with the right balance of attrac-
tive and repulsive intermolecular forces. The combination of Arg and
Tyr residues at theXposition allows for cation-π attractive interactions
to counteract the repulsive interactions between same-charge resi-
dues, in turn resulting in stable CMs, and possibly also in optimized
balance of charge, cation-π, and π-π interactions with the cargo
molecules48–50. Third, initial adhesion andwetting ofCMs to theplasma
membrane appear to enhance cell uptake, in line with our recent study
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a, b Fluorescence micrographs (a) and FACS measurements (b) of HeLa cells
treated with EGFP pDNA-loaded CMs variants for 24 h compared to Lipofectamine
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whereby the addition of a cholesterol-binding peptide within the CMs
(added to enhance adhesion to cholesterol embedded in the lipid
bilayer) significantly increased cell uptake kinetics33. From that per-
spective, the incorporation of the two positively charged Arg residues
is likely to favor binding to the negatively charged membrane. And
fourth, owing to their more liquid-like characteristics, the disassembly
of RPY CMs triggered by endogenic GSH is more efficient, thus
enabling faster cargo release (Fig. S8) compared to gel-like CMs.
Altogether, this results in RPY CMs demonstrating a higher recruit-
ment ability and transfection efficiency for all types of therapeutics,
including proteins, peptides, nucleic acids, and their combinations.

Despite the negligible cytotoxicity of RPY at current working
concentrations, we observed cell damage at higher concentrations,
likely due to the excessive positive charges51, whichmay limit its use in
certain applications involving sensitive cells. Conversely, GP suffers
from low recruitment efficiency, mainly due to the lack of sidechain
interaction from theGly residues,which combinedwith its slowuptake
and release profiles leads to a lower efficiency in short term transfec-
tion, especially for protein delivery. On the other hand, GP CMs may
serve as a slow-release system for nucleic acid therapeutics, making
them potentially useful for chronic conditions requiring sustained
expression, thereby reducing the need for frequent administration52,53.
We also deciphered the molecular grammar of PSPs, linking their pri-
mary sequence to the mechanical properties of the resulting CMs and
their efficacy as a delivery platform. Nanomechanical and biophysical

investigations with SFA, FRAP, and AFM, coupledwithMD simulations,
suggest that peptide hydration plays an important role in differ-
entiating between the liquid- versus gel-like properties of CMs, which
can be modulated by the combination of specific amino acid residues
at the Xpositions of theGHGXY repeat. Insights gained from this study
thus offer a foundation for designing and optimizing PSP-based
delivery systems tailored for specific therapeutic applications, such as
CMs with controlled mechanical properties for mechano-targeting
delivery22,54.

We believe that our findings may have broad practical implica-
tions, opening avenues for the development of diverse therapeutic
treatments encompassing areas such as vaccines, tissue engineering,
and immunotherapies, while also providing a versatile research tool-
box for the life sciences.

Methods
Materials
Resins and fluorenylmethoxycarbonyl (Fmoc)-protected amino acids
(≥95%) used in solid-phase peptide synthesis were purchased from GL
Biochem. N-hydroxysuccinimide (>98.0%), tetrahydrofuran (>99.5%),
N,N′-diisopropylcarbodiimide (>98.0%), triphosgene (>98.0%), and
benzoic acid (>99.0%) were purchased from Tokyo Chemical Industry
(TCI). N,N-diisopropylethylamine (≥99%), 2-hydroxyethyl disulfide
(technical grade), piperidine (99%), trifluoroacetic acid (99%), triiso-
propylsilane (98%), saporin, β-galactosidase, R-phycoerythrin,
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Fig. 6 | Intracellular delivery into hard-to-transfect cells mediated by the
HBpep-SPCMvariants. a,b Fluorescencemicrographs andFACSmeasurements of
human foreskinfibroblast (HFF) cells treatedwith EGFP-loadedCMs variants for 4 h
compared to PULSin (a), and treated with mRNA-loaded CMs variants for 24h
compared to Lipo3000 (b). c, d Fluorescence micrographs and FACS measure-
ments of Jurkat T-cells treated with EGFP-loaded CMs variants for 4 h compared to
PULSin (c), and treated with mRNA-loaded CMs variants for 24h compared to

Lipo3000 (d). e, f Fluorescence micrographs and FACS measurements of macro-
phage RAW 264.7 cells treated with EGFP-loaded CMs variants for 4 h compared to
PULSin (e), and treated with mRNA-loaded CMs variants for 24 h compared to
Lipo3000 (f). Data are presented individually (yellow dots) and as themean ± SDof
n = 3 independent experiments; two-sided Student’s t-test, *P <0.05, **P <0.01,
***P <0.001 compared to commercial reagents. All fluorescencemicrographs were
imaged on live cells.
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Hoechst 33342, Oxyma (≥99.0%), 5-(N-ethyl-N-isopropyl)amiloride
(≥98%), wortmannin (≥98%), chlorpromazine (≥98%), methyl-β-
cyclodextrin (MβCD) (≥98.0%), polyvinyl alcohol (Mw
146,000–186,000, 99 +% hydrolyzed), and reduced L-glutathione
(GSH) (≥98.0%) were obtained from Sigma-Aldrich. Dichloromethane
(99.9%), N,N-dimethylformamide (DMF) (99.8%), Alexa Fluor 488 NHS
ester, SYBR Safe DNA gel stain, Opti-MEM, 5-bromo-4-chloro-3-indolyl
β-D-galactopyranoside (X-Gal), and Lipofectamine 2000, 3000, RNAi-
MAX, and CRISPRMAX were purchased from Thermo Fisher Scientific.
Cell counting kit-8 (CCK-8) was purchased from Abcam. PULSin pro-
tein transfection reagent was purchased from Polyplus. T7 Endonu-
clease I, Q5 Hot Start high-fidelity 2X master mix, and 100bp DNA
Ladder were purchased from New England Biolabs. Organic solvents,
including ethyl acetate (≥99.5%), hexane (≥98.5%) and diethyl ether
(≥99.0%) were purchased from Aik Moh Paints & Chemicals Pte Ltd.
Dulbecco’smodified Eaglemedium (DMEM), RPMI-1640medium, fetal
bovine serum (FBS), phosphate-buffered saline (PBS) and antibiotic-
antimycotic (100X) liquid were purchased fromGibco. EGFP-encoding
pDNA, EGFP-encoding mRNA, Cas9 all-in-one pDNA, Cas9-encoding
mRNA, HBB targeting sgRNA and EGFP-targeting sgRNA (Table S3)
were obtained from GenScript. FAM-siRNA (anti-PCSK9, antisense
sequence: FAM-ACAAAAGCAAAACAGGUCUAGAA) was purchased
from NAS Bioscience, and anti-EGFP siRNA (antisense sequence:
AUGAACUUCAGGGUCAGCUUGC) was purchased from Integrated
DNATechnologies. HeLa (CCL-2), Jurkat (TIB-152), andRAW264.7 (TIB-
71) cell lines were obtained from ATCC. The stable EGFP expression
HeLa cell line (HeLa-EGFP) was purchased from Cell Biolabs Inc. The
primary human foreskin fibroblast (HFF) cells were a generous gift
from Prof. Peter Dröge’s lab in the School of Biological Sciences,
Nanyang Technological University, Singapore.

Peptide synthesis and modification
The HBpep-SP variants were prepared by modifying the Lys sidechain
of the N-terminus-protected Fmoc-HBpep-K peptide, followed by the
Fmoc deprotection. First, the synthesis of Fmoc-HBpep-K backbone
was conducted on a microwave-assisted solid-phase peptide synthe-
sizer (Liberty Blue) using N,N′-diisopropylcarbodiimide (DIC)/Oxyma
as coupling reagents and 20% piperidine in DMF as deprotection
reagents. After the synthesis, peptides were cleaved from the resins
using a cocktail containing 95% of trifluoroacetic acid (TFA), 2.5% of
H2O, and 2.5% of triisopropylsilane (TIPS) for 2 h. Then the super-
natants were collected by filtration and concentrated using a nitrogen
flow, followed by precipitating into 50mL of cold diethyl ether. The
pellets fromcentrifugation (9180×g, 10min) were dried under vacuum
and re-dissolved using 5% acetic acid aqueous solution for purification
by HPLC (1260 Infinity, Agilent Technologies) equipped with a C8
column (Zorbax 300SB-C8, Agilent Technologies). The purified Fmoc-
HBpep-K variants were isolated by lyophilization from HPLC elutes.

The Lys side chain amine of Fmoc-HBpep-K could react with an
amine-reactive small molecule NHS-SS-Ph (Fig. S1), followed by
deprotection to produce HBpep-SP as described in our previous
works12,17. In detail, 15μmol of peptides was dissolved in 3mL of
dimethylformamide (DMF). Then, 450μmol of N,N-diisopropylethy-
lamine (DIEA) was added into the peptide solution, followed by
100 μL of DMF containing 20μmol of NHS-SS-Ph. After an overnight
reaction at room temperature, 1mL of piperidine was added to the
mixture for another 1 h of Fmoc deprotection. The rawproducts were
precipitated out by adding 30mL of cold diethyl ether and collected
by centrifugation (9180×g, 10min). The pellets were dried under
vacuum and re-dissolved using a 5% acetic acid aqueous solution for
purification by HPLC equipped with a C8 reverse phase column. For
HPLC purification, H2O (0.1% TFA) was used as mobile phase A and
acetonitrile (0.1% TFA) as mobile phase B. Peptide variants were
purified using the following gradient: 10% B at 0min, 20% B at 3min,
40% B at 33min, 100% B at 35min, 100% B at 40min, and 10% B at

42min. The peptide variants were collected at 15min (RP), 15.8min
(DP), 16.5min (HP), 18min (NP), 18.5min (SP), 19.2min (GP), 20min
(AP), 21min (RPY), 21.3min (DPY), 23.8min (VPL), and 25.6min (YP),
respectively. The purified HBpep-SP variants were isolated by lyo-
philization from the HPLC elutes, whose MW was confirmed by
matrix-assisted laser desorption/ionization (MALDI) time-of-flight
(ToF) mass spectrometry (AXIMA Performance spectrometer, Shi-
madzu), shown in Fig. S21. To prepare the samples for MALDI-ToF
experiments, 10μL of a matrix (saturated solution of α-cyano-4-
hydroxycinnamic acid dissolved in the mixture of 49.95% H2O,
49.95% acetonitrile, and 0.1% TFA) was mixed with 10μL of peptide
sample (1mg/mL) by vortexing. Then, 2 μL of the mixture was
transferred onto the sample plate and left to dry at room tempera-
ture before the test. The samples were tested using Reflectron mode
and 35% of maximum laser power.

LLPS of HBpep-SP variants
The phase diagram of variants was determined by observing the phase
separation of variants at different pHs and concentrations via an
invertedmicroscope (AxioObserver.Z1, Zeiss). HBpep-SP variants were
dissolved in 10mM acetic acid aqueous solution with various con-
centrations as stock solutions. The LLPS was induced by mixing the
stock solutions with buffers at a volume ratio of 1:9. The buffer details
are described in Table S1.

Surface force apparatus (SFA) measurements
The viscoelastic property of CM variants was measured using an SFA
2000 (SurForce LLC, Santa Barbara)25. As described in previous
studies26,55, a 55 nm silver layer was deposited on the back of freshly
cleaved mica, which was then glued on the glass disks. Next, 2μL of
peptide CMs prepared bymixing the peptide stock (3mM) with buffer
(pH 6.5 for VPL andpH7.0 for others) at the ratio of 1:9, were diluted in
18μL of PBS. The 20μL of CM suspensions were injected in the gap
between two mica surfaces, and equilibrated for 30min by keeping
two surfaces in contact with a bridging coacervate film. Then, the two
surfaces started to approach, followed by separation. The distance D
between two surfaces was measured and calculated based on the
fringes of equal chromatic order (FECO) technique. The measured
force F was normalized by the effective radius of the surface R.

Fluorescence recovery after photobleaching (FRAP)
experiments
To perform FRAP measurements, HBpep-SP peptide variants were
labeled with Alexa Fluor 488 NHS ester on the N-terminus. In detail,
3μmolof peptideswasdissolved in 1mLofDMFcontaining90μmolof
DIEA, followedby adding 500μL ofDMF containing 2.85μmolof Alexa
Fluor 488NHS ester. After an overnight reaction at room temperature,
the raw products were precipitated out by adding 30mL of cold die-
thyl ether and collectedby centrifugation (9180×g, 10min). The pellets
were dried under vacuum and re-dissolved using 5% acetic acid aqu-
eous solution for purification by HPLC equipped with a C8 reverse
phase column using the following gradient: 10% B at 0min, 25% B at
3min, 45%B at 33min, 100%Bat 35min, 100%Bat40min, and 10%Bat
42min. The labeled peptide variants were collected at 24min (GP),
26min (RPY), and 28.5min (VPL) and isolated by lyophilization,
respectively. The labeled peptides were mixed with pristine ones at a
ratio of0.5:99.5 to prepare stock solutionswith afinal concentrationof
3mM. The CMs were prepared by mixing the stock solution with the
pH 6.5 buffer (VPL) or pH 7.0 buffer (GP and RPY) at a ratio of 1:9. The
experiment started by applying a 488nm laser pulse at the power of
50% on the chosen area within a single CM from the confocal micro-
scope (Eclipse Ti2, Nikon) to bleach its fluorescence. The confocal
microscope then took images of the sampleevery 5 s. Thefluorescence
intensity was quantified by using ImageJ software and normalized by
the intensity before the photobleaching.
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Atomic force microscopy (AFM) measurements
The schematic of AFM measurements is shown in Fig. S22. After an
initial immobilization of CMs on mica (Ted Pella, Inc.) for a duration
of 5min. and removal of unbound droplets via buffer (PBS)
exchange, an AFM tip (SNL, Bruker) was brought in proximity to the
CMs. Single CMs were localized by imaging in tapping mode (fre-
quency about 30 kHz, amplitude setpoint about 90%). Generally,
images of individual CMs were acquired at a scan rate of 0.2–0.4Hz
and a resolution of 64 points per line. After localizing each sample,
the AFM tip was positioned over the apex of selected CMs using the
Point and Shoot function of NanoScope (Bruker). Indentation was
then conducted in ramp mode. As a control, indentations were also
performed on solid surfaces adjacent to the selected CMs. Both the
CMs and the control points were indented to a force threshold of
~2 nN, with a frequency set to 0.5Hz. Following indentation, the
indented CMs were re-imaged in tapping mode to monitor any
degradation, drift, or displacement potentially caused by lateral
forces of the tip. Height measurements for individual CMs, pre- and
post-indentation, were obtained by placing a trace line over the
particles in previously flattened images processed in Gwyddion
2.4756. For elasticity assessment, deflection versus piezo displace-
ment data was converted to force versus tip-surface separation (or
indentation distance) through custom protocols in Igor Pro
(Wavemetrics)57. Modulus calculations were performed by fitting the
force versus indentation distance curve in the tip-CM contact area,
employing the Sneddon model (NanoScope, Bruker), and were
adjusted using bottom effect cone correction (BECC)31. A total of ten
indentations per CM was performed for these assessments, and the
average modulus for GP CMs was derived from three independent
preparations. Additionally, measurements on GP and RPY CMs were
conducted with softer AFM tips (MLCT-Bio, Bruker). Before con-
ducting measurements, UV-ozone cleaning (Novascan) was applied
to the AFM tip. All measurements were carried out using Dimension
FastScan (Bruker). Tip parameters were calibrated with thermal
stiffness methods (approximately 0.2N/m for SNL and 0.04 N/m for
MLCT-Bio), while optical lever sensitivity was calibrated through
cantilever–mica hard contact, with a set point of 0.4 V57.

Cargo recruitment and redox-responsivity evaluations
The recruitment efficiency of CM variants was evaluated by mea-
suring the cargo concentration in the supernatant after centrifugat-
ing the cargo-loaded CMs at 21,500×g for 5min. For fluorescence
protein cargos like EGFP and R-PE, the peptide stocks (3mM in
10mMacetic acid aqueous solution) weremixed with the buffers (pH
6.5 buffer for VPL and pH 7.0 buffer for other variants) containing
0.1mg/mL proteins or 200 nM FAM-siRNA as a volume ratio of 1:9 to
induce LLPS and recruitment. Due to the slow coacervation process
of VPL (Fig. S23), all mixtures were incubated at room temperature
for 5min. and then centrifugated. The concentration of unrecruited
cargos in the supernatant was determined by their fluorescence
intensity measured by a plated reader (Infinite M200 Pro, Tecan)
using 488 nm/519 nm (EGFP and FAM) and 560 nm/590 nm (R-PE) for
the excitation/emission wavelengths. The EGFP- and FAM-siRNA-
loaded CMs were also measured by FACS (LSR Fortessa X20, BD
Biosciences) for the EGFP and FAM intensity within the CMs. For the
pDNA cargo (10 μg/mL), agarose gel electrophoresis was used to
evaluate the unrecruited cargo in the supernatant at various HBpep-
SP variant concentrations. The gels were stained with SYBR Safe and
imaged using a gel documentation system (iBright CL1500, Thermo
Fisher).

The difference in the reduction rate of self-immolative sidechain
of different HBpep-SP variants was evaluated by measuring the con-
centration decrease of unreacted GP and RPY peptides in the presence
of 1mM GSH. The freshly prepared GP and RPY CMs (100μL, 0.3mM)
were diluted in 900μL of PBS containing 1.11mMofGSH. Themixtures

were incubated at 37 °C for different time periods before adding 50μL
of acetic acid to dissolve all the unreacted peptides, and their con-
centrations were measured by HPLC.

Molecular dynamics (MD) simulations
Molecular dynamics (MD) simulations were carried out for two pep-
tides, GP and RPY, to understand how intermolecular interactions
modulate the properties of CMs. For each peptide, systems containing
4, 10, and 30 peptide molecules were simulated, respectively. Each
system was subject to three replicates of simulations, with each
replicate running for 1μs, resulting in a total simulation time of 18μs.
In each simulation, the required number of peptide molecules was
randomly placed in a cubic box and solvated with water molecules. To
be consistent with in vitro experimental conditions, 0.16M NaCl was
added to each system. Each system was initially subject to 500 steps
using steep descent energy minimization. Subsequently, a 100ps of
MD simulation in the NVT ensemble was carried out, followed by
production simulations in the NPT ensemble that proceeded in three
stages. The first stage involved a 300 ns of simulation at 300K, during
which the peptide was observed to aggregate and form irregular
clusters. In the second stage, a 200ns simulated annealing simulation
was applied to accelerate equilibration. Finally, a 500 ns production
run at 300K was carried out. The details of each system are sum-
marized in Table S2. The number of hydrogen bonds, proximal radial
distribution functions (pRDF)58,59, solvent accessible surface area
(SASA), and the number of π–π and cation–π interaction pairs were
calculated using the combination of the last 300 ns of the three
replicates.

In all simulations, the peptides were modeled using the
AMBER14sb force field, and water was described by the TIP3P
model60,61. Parameters of the unnatural amino acid KSP were obtained
using the antechambermodule of AMBER 20package62. Lennard-Jones
and short-range electrostatic interactions were computed using a
cutoff of 0.9 nm, while long-range electrostatic interactions were cal-
culated using PME63. All simulations were carried out in the NPT
ensemble with temperature and pressure maintained at 300K and
1 bar except for the simulated annealing simulations, which were
conducted at a temperature of 400K. All simulations were carried out
using GROMACS 2021 patched with Plumed-2.964,65.

Interactions between lipid bilayers and CMs
The giant unilamellar vesicles (GUVs) were prepared from 99.5% of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 0.5%
of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (Rhod-PE) using the gel-
assisted method described in previous studies66. In detail, glass
coverslips were cleaned with chloroform, treated with UV, and
heated up to 50 oC. Next, 100μL of polyvinyl alcohol solution (PVA,
5% w/w in water) was spread to cover the entire surface of treated
coverslips and dried at 50 oC for 60min. After that, 30μL of lipid
solution (1mg/mL in chloroform, 99.5% POPC, and 0.5% Rhod-PE)
was spread on the PVA-coated coverslips and dried at room tem-
perature in a vacuumdesiccator for 30min. A rubber O-ring was then
placed on the dry POPC-PVA film and sealed with grease. Subse-
quently, 250μL of 100mM sucrose solution was added and incu-
bated for 1 h at room temperature. The resulting solution was gently
transferred and diluted with 500 μL of 100mM glucose solution to
create the GUV stock.

To investigate the interactions between GUVs and CM variants,
100μLof freshly preparedGPorRPYCMs (0.3mMpeptide, containing
0.5% Alexa Fluor 488-labeled peptide) were diluted in 900 μL of PBS
containing 100μL of GUV stock. The mixture was visualized using a
confocal microscope (Eclipse Ti2, Nikon).

The adhesion of CMs on the supported lipid bilayers (SLBs) was
evaluated by quartz crystal microbalance (QCM). First, the SLBs were
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deposited on the silica sensor by solvent exchange method67. Then,
PBS flowed into the QCM chamber at a flow rate of 0.05mL/min until
Δf < 2Hz in 10min. After the system reached equilibrium, the mixture
of 100μL freshly preparedGPor RPYCMs (0.3mM) and 900μL of PBS
flowed in at the flow rate of 0.05mL/min for 15min, followed by
20min. of rinse with PBS.

Cell cultures
HeLa, primary human foreskin fibroblast (HFF), and RAW 264.7 cells
were cultured in DMEM supplemented with 10% FBS, 100U/mL peni-
cillin, and 100μg/mL streptomycin under typical conditions (37 °C and
5% CO2). Jurkat cells were cultured in RPMI-1640 Medium supple-
mented with 10% FBS, 100U/mL penicillin, and 100 μg/mL strepto-
mycin. HeLa-EGFP cells were cultured in DMEM supplemented with
10% FBS, 100U/mL penicillin, 100μg/mL streptomycin, and 10μg/mL
blasticidin.

For HeLa, HFF, and HeLa-EGFP cells, the subculture started by
detaching the cells with trypsin treatment, followed by centrifugation
(300×g, 5min) to collect the cells. Then the pellets were resuspended
with fresh media for subculture or experiments. The Jurkat cells are
suspension cells, the subculture was conducted by dilution of cell
culture in fresh media to achieve the required cell density. For RAW
264.7 cells, the cells were detached from the culture flask using a cell
scraper (Corning) andcollectedbycentrifugation (300×g, 5min). Then
the pellets were resuspended with fresh media for subculture or
experiments.

Cell internalization mechanism study
Based on the literature68–70, various inhibitors were used to study the
pathway of the coacervates internalization. HeLa cells with ~60% con-
fluency were treated with chlorpromazine (CPM, 30μM), 5-(N-ethyl-N-
isopropyl)amiloride (EIPA, 100 μM), methyl-β-cyclodextrin (MβCD,
2.5mM), or wortmannin (Wort, 350 nM)) separately for 1 h. Then
100μL of EGFP-loaded CMs (0.3mM HBpep-SP variants, 0.1mg/mL
EGFP) was added. After another 2 h of incubation, the cells were
washed twice with a pH 5.0 phosphate buffer, followed by PBS twice.
Then, the treated cells were dissociated by trypsin for FACS. For the
4 °C treated group, the cells were pre-incubated for 1 h and kept at a
low temperature during the 2 h of uptake process. The mean fluores-
cence intensity of treated HeLa cells measured by FACS was normal-
ized to the control group that was treated only with EGFP-loaded CMs
in the absence of inhibitors.

Protein and peptide delivery
To perform protein and peptide deliveries, cells were suspended in
1.5mL of full media and transferred into 35 cm2 culture dishes. When
the confluency reached ~60%, the medium was replaced with 900 μL
of Opti-MEM, then 100μL of freshly prepared CMs (0.3mM HBpep-
SP variants, 0.1mg/mL proteins, or 50μMpeptide) were prepared by
adding the HBpep-SP stocks into cargos containing buffer (pH 6.5
buffer for VPL and pH 7.0 buffer for other variants), and added into
the Opti-MEM. The treated cells were imaged at different time points,
including 10, 20, 30min, 2, and 4 h using fluorescence microscopy
(AxioObserver.Z1, Zeiss), the cellular uptake and cargo release were
also quantified by FACS (LSR Fortessa X20, BD Biosciences). After 4 h
of incubation, the CMs-containing medium was removed, and the
cells were washed with PBS twice before being cultured in 1.5mL of
fresh full medium. After another 20 h, cells were imaged under
fluorescence microscopy and analysed by FACS (LSR Fortessa X20,
BD Biosciences) to evaluate the 24 h release efficiencies of CM var-
iants. The commercially available protein transfection reagent PUL-
Sin (Polyplus) was used as a comparison according to protocols from
the manufacturers. The peptide delivery efficiencies of CM variants
were compared with octa-arginine conjugated Smac (R8Smac) at the

same concentration of 50μM. All fluorescence micrographs were
imaged on live cells.

Gene transfection
To evaluate the gene transfection efficiency of CM variants, the pDNA
and mRNA encoding EGFP reporter gene were used as cargos. Before
transfection, cells were incubated in 35 cm2 dishes until the confluency
reached ~60%. The medium was then replaced with 900μL of Opti-
MEM, followed by the addition of 100μL of freshly prepared pDNA- or
mRNA-loaded CMs (0.3mM HBpep-SP variants, 10μg/mL pDNA or
mRNA). After 4 h of incubation, the medium was removed, and the
cells were washed with PBS twice before adding 1.5mL of the full
medium. Transfection was then continued for another 20 h before
imaging the cells under a fluorescence microscope and testing the
transfection efficiency by FACS. All fluorescence micrographs were
imaged on live cells.

Two siRNAs, including FAM-labeled anti-PCSK9 and unlabeled
anti-EGFP siRNA were used to evaluate the delivery efficiency of CMs.
HeLa or HeLa-EGFP cells were cultured in 35 cm2 dishes with ~60%
confluency in the full medium before the transfection. Then, the
medium was replaced with 900μL of Opti-MEM and 100μL of freshly
prepared siRNA-loaded CMs (0.3mM HBpep-SP variants, 200nM
siRNA). After 4 h of uptake, the cells treated with FAM-siRNA were
imaged by fluorescence microscopy and the delivery efficiency was
quantified by FACS. On the other hand, to measure the knockdown
efficiency, after 4 h of uptake, the CMs-containing medium was
removed. The cells were washed with PBS twice and then cultured in
1.5mL of full medium for another 20h. The PCSK9 mRNA knockdown
efficiency was measured by reverse transcription-quantitative poly-
merase chain reaction analysis (RT-qPCR) and normalized by com-
paring it to glyceraldehyde 3-phosphate dehydrogenase (GADPH)
mRNA. Meantime, by delivering anti-EGFP siRNA into HeLa-EGFP cells,
the protein level knock-down efficiency could be visualized by fluor-
escence microscopy and quantified by FACS. All fluorescence micro-
graphs were imaged on live cells.

To deliver all three types of CRISPR/Cas9 genome editing
modalities, HeLa cells are cultured in 35 cm2 dishes until reaching
40% confluence. Then themediumwas replaced with 900 μL of Opti-
MEM and 100 μL of cargo-loaded CMs. The final cargo concentration
is 2 μg/mL for the all-in-one pDNA, 2 and 1 μg/mL for the mRNA and
sgRNA mixture, and 2 and 1 μg/mL for the Cas9 nuclease and sgRNA
complex. After 4 h of uptake, the medium was discarded. The cells
were washed with PBS twice and cultured in full media for another
44 h. The efficiency of 48 h of transfection can be evaluated by using
the T7 Endonuclease 1 (T7EI) assay. First, the genomic DNA was
extracted by using a DNeasy blood and tissue kit (QIAGEN). The
target genomic locus was amplified by PCR using Q5 Hot Start high-
fidelity 2X master mix (NEB) and primers listed in Table S3 and
purified by PureLink PCR purification kit (Thermo Fisher Scientific).
Then, 200 ng of PCR products were digested by T7EI and analyzed by
2% agarose gels before imaging with the gel documentation system.
The gray level of digested bands and undigested bands was mea-
sured by ImageJ. The indel percentage could be calculated by the
following formula71,72:

1� ð1� fraction cleavedÞ1=2
h i

× 100

where fraction cleaved = the sum of each digested band intensity/(the
sum of each digested band intensity + undigested band intensity).

The knock-out efficiency was also quantified by delivering Cas9
mRNA and EGFP-targeting siRNA into HeLa-EGFP cells following prior
protocols. After 48 h of transfection, treated HeLa-EGFP cells were
imaged under a fluorescence microscope, and their EGFP intensity
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decrease was measured by FACS. All fluorescence micrographs were
imaged on live cells.

Cytotoxicity study
The cytotoxicity of the saporin-loaded or pristine CMs was evaluated
using the Cell Counting Kit-8 (CCK-8). As described previously73, cells
were cultured in 96-well plates with 100μL of fullmedia and incubated
for 24 h, reaching ~60% confluency. The medium was then replaced
with 100μL of Opti-MEM containing saporin-loaded CMs (various
concentrations of saporin, 0.3mM HBpep-SP variants) or various
concentrations of HBpep-SP variants. After 4 h of uptake, the medium
was removed, and the cells werewashedwith PBS twice and cultured in
100μL of fresh full medium. The cells were incubated for another 20 h
before changing themedium to the full medium containing 10%CCK-8
solution. After 4 h of incubation, the cells were measured for absor-
bance at 460 nm using amicroplate reader (Infinite M200 Pro, Tecan).
The relative cell viability was calculated as:

At � Ab

Ac � Ab
× 100%

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

CM variants showed negligible cytotoxicity in all four cell lines,
including HeLa, HFF, Jurkat, and RAW 264.7 (Fig. S24).

Statistics and reproducibility
All experiments were repeated three times. The data are presented as
mean± standard deviation (SD). Statistical significance (*P <0.05,
**P <0.01, ***P <0.001)was evaluated using a two-sided Student’s t-test
when two groups were compared. All microscopy experiments were
repeated independently three times and the presented images are
representative of the obtained data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study are provided in the Supplementary
Information and Source Data file. The full image dataset is available
from the corresponding author upon request. Source data are pro-
vided with this paper.
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