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1. Introduction

Compartmentalization is a hallmark of life 
and is a central goal in current efforts to 
construct artificial cells.[1] Different types 
of compartments, including liposomes, 
proteinosomes, polymersomes, and 
coacervates, have been studied to obtain 
insights into the role of compartmentali-
zation on biomolecules and biochemical 
reaction networks commonly found in 
living cells.[2] However, these compart-
ments are unable to mimic all the func-
tional characteristics of living cells, which 
include a high internal concentration of 
biomolecules, a selective membrane and 
an ability to interact with other cells.

Coacervate droplets are one type of 
cell-like compartment, which are formed 
spontaneously through liquid–liquid 
phase separation (LLPS) of RNA, peptides 
or small molecules, driven by a multi-
tude of non-covalent interactions.[3] The 
physical properties of coacervates depend 
on the structure–function relationships of 
their constituting building blocks. In gen-
eral, they contain high concentrations of 

peptides or RNA, which mimics the physicochemical environ-
ment inside living cells.[4] However, the lack of a membrane, 
which typically leads to rapid coalescence, poses a challenge to 
their stability. Moreover, the absence of a barrier means that 
selectivity in the uptake of nutrients, and removal of waste 
while retaining useful products, is difficult.[3,5] Lipid-based 
membrane-bound compartments, of which liposomes are the 
best-known example, are also commonly studied as protocells 
models, but they usually contain low concentrations of solutes 
inside compared to the concentration of biomolecules in living 
cells, or they risk bursting when the high osmotic pressure is 
not carefully balanced.[6]

Therefore, researchers have sought to combine these two 
worlds and construct hybrid protocells with a coacervate-based 
interior and a membrane-based casing. The membrane can 
either be formed directly around a coacervate droplet, which 
acts as a template, or the membrane can enclose one or mul-
tiple coacervate droplets dispersed in solution. Using the tem-
plate approach, coacervates with membranes made of various 
phospholipids and fatty acids have been reported. Typically, two 
oppositely charged components were mixed to form complex 

Coacervates droplets have long been considered as potential protocells to 
mimic living cells. However, these droplets lack a membrane and are prone 
to coalescence, limiting their ability to survive, interact, and organize into 
higher-order assemblies. This work shows that tyrosine-rich peptide con-
jugates can undergo liquid–liquid phase separation in a well-defined pH 
window and transform into stable membrane-enclosed protocells by enzy-
matic oxidation and cross-linking at the liquid–liquid interface. The oxidation 
of the tyrosine-rich peptides into dityrosine creates a semipermeable, flexible 
membrane around the coacervates with tunable thickness, which displays 
strong intrinsic fluorescence, and stabilizes the coacervate protocells against 
coalescence. The membranes have an effective molecular weight cut-off of 
2.5 kDa, as determined from the partitioning of small dyes and labeled pep-
tides, RNA, and polymers into the membrane-enclosed coacervate protocells. 
Flicker spectroscopy reveals a membrane bending rigidity of only 0.1kBT, 
which is substantially lower than phospholipid bilayers despite a larger mem-
brane thickness. Finally, it is shown that enzymes can be stably encapsulated 
inside the protocells and be supplied with substrates from outside, which 
opens the way for these membrane-bound compartments to be used as 
molecularly crowded artificial cells capable of communication or as a vehicle 
for drug delivery.
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coacervates in the first step, and lipids or fatty acids were 
assembled into a bilayer around the coacervates in a second 
step.[4b,7] The interfacial self-assembly of block copolymers out-
side coacervates[8] and assembly of polyoxometalate layers have 
also been reported.[9] Both of these dramatically increase the 
stability of coacervates, but are considered to be more distant 
from the origins of life.

Recently, coacervates have also been encapsulated inside 
liposomes through several approaches. Deng et  al. used a 
microfluidic platform to separate the components of a com-
plex coacervate in parallel flows and encapsulate them in a 
liposome.[10] Upon encapsulation, the components were mixed 
and coacervate droplets nucleated inside the liposomes. They 
showed that this approach yielded monodisperse coacervate 
organelles and that the coacervates were able to localize the 
aptamer product of a cell-free transcription reaction. Moreover, 
this platform could be used to create liposomes containing 
coacervates that formed in response to temperature changes,[10] 
and ionic strength changes applied by shrinking.[11] Deshpande 
et  al. used a slightly different microfluidic platform to encap-
sulate one of the coacervate-forming components together with 
a pore-forming protein inside liposomes.[12] Coacervation was 
then induced by influx of small nucleotides (ATP) through the 
membrane pores. The nucleation and coalescence of coacer-
vate droplets inside liposomes could be monitored, and it was 
shown that the coacervate could act to localize an enzymatic 
reaction. Finally, Last et al.[13] and Love et al.[14] encapsulated a 
mixture of oppositely charged molecules just outside the phase-
separated region in a liposome, and induced coacervation by 
changing the pH of the surrounding solution.

However, in all these “hybrid” protocells the membranes are 
made of different building blocks than the coacervates, and 
they have limited permeability. From a primitive cell perspec-
tive, one of the simplest scenarios is a single species that is 
able to both condense into droplets and form a membrane layer 
that offers stability and selectivity, for example through cross-
linking. Moreover, by forming a membrane directly from the 
coacervate forming molecules, it may be possible to alter the 
membrane thickness or permeability, and by extension other 
membrane properties like stiffness, by tuning the crosslinking 
extent.

Here, we show that tyrosine-rich short peptide derivatives are 
indeed capable of forming hybrid protocells with a coacervate 
core and a flexible, semipermeable membrane that provides 
stability to the coacervates, and enables size-selective uptake 
of molecules from the surrounding solution. Inspired by our 
recently reported short-peptide synthon for phase separation,[15] 
we designed a series of tyrosine-rich peptide conjugates that 
show a remarkable variety of phase transitions, depending 
on the molecular characteristics of the spacer connecting the 
tyrosine-rich stickers. We observed needle-like fibers nucle-
ated from a central core, fractal-like structures of agglomerated 
nanoparticles, and LLPS droplets that could undergo fusion 
and wetting. Unlike previously reported short peptide deriva-
tives, the phase separation of these tyrosine-rich conjugates can 
be controlled in a well-defined pH window, which makes them 
interesting protocell candidates that could form at specific 
locations in response to pH changes. Moreover, the tyrosine 
residues enable oxidative crosslinking, which can be used to 

stabilize the coacervates from coalescence. By using an enzyme 
that is only active outside the coacervates, the oxidation results 
in a relatively thin membrane-like layer with a significant flex-
ibility (surface tension 45 nN m−1, bending rigidity 0.1kBT), that 
acts as a protective membrane around the dense coacervate 
core, and keeps the coacervate protocells stable for more than a 
month. The membranes are permeable to small molecules and 
have a molecular weight cut-off of 2.5 kDa. Because the core of 
the vesicles is a peptide-based coacervate, small molecules that 
can pass the membrane can be concentrated more than tenfold, 
while large molecules are effectively excluded, making these 
hybrid coacervate compartments suitable for storage and trig-
gered release of nutrients or drugs in crowded biomolecular 
environments.

2. Results and Discussion

2.1. Molecular Design of Peptide Conjugates for Crosslinkable 
Coacervates

We previously found that short peptide conjugates with two 
hydrophobic dipeptide stickers connected by a polar, flexible 
spacer are able to condense into liquid droplets at neutral pH 
and sub-millimolar concentrations.[15] Here, we aim to create 
a semipermeable membrane around these droplets in order 
to improve their stability and enable a size-selective uptake of 
molecules by introducing tyrosine residues in the dipeptide 
stickers. Tyrosines commonly occur in the intrinsically disor-
dered regions of proteins that are known to phase separate,[16] 
and they can interact through cation–π and π–π interactions. 
The presence of a phenol group is expected to lower the hydro-
phobicity of the stickers compared to diphenylalanine and lead 
to an increased solubility.[17] However, by introducing a single 
tyrosine in each dipeptide sticker, we expect the conjugates to 
still phase separate, as stickers with a single leucine (FL and 
LF), which have comparable hydrophobicity, and also stickers 
with a double leucine (LL) were previously found to phase sepa-
rate.[15] Because the spacer is known to have a more subtle effect 
on the final appearance and properties of the condensates, we 
first investigated the phase behavior of a series of peptide con-
jugates with tyrosine-containing stickers and spacers with dif-
ferent polarities.

We designed and synthesized five small peptide-based 
sticker–spacer–sticker molecules with different spacers, 
as shown in Figure 1a and Table S1, Supporting Informa-
tion. All five peptide conjugates were soluble in water at pH 
below 6.5, and initially underwent LLPS (self-coacervation) 
upon increasing the pH to 7 or above. The coacervates fur-
ther coalesced or agglomerated into various types of structures 
(droplets, urchin-like microstructures or fractals) depending 
on the spacer. The peptide derivative with a spacer of 
2,2′-thiobis(ethylamine) (TBEA) and two tyrosine-phenylalanine 
(YF) stickers (abbreviated as YFsFY) formed clear liquid coac-
ervates (Figure 1b) that fused readily (Figure S1 and Video S1, 
Supporting Information). Changing the position of the amino 
acid residues in the sticker did not affect the self-coacervation 
of these derivatives (Figure 1c), similar to previous studies with 
stickers containing leucines.[15] When we replaced the TBEA 
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spacer with 2,2′-oxydiethylamine dihydrochloride (ODEA), the 
physical appearance of coacervates remained the same, which 
may be attributed to the similar polarity[15] of the two spacers 
(Figure 1d).

Contrary to the coacervates of short peptide conjugates with 
polar spacers, the coacervates of more apolar spacers, like pen-
tane-1,5-diamine carbonate (cadaverine), showed a rapid liquid-
to-solid transition (less than 1 min), resulting in star-shaped 
needle-like microstructures with a striking resemblance to the 
“sea urchin” structures observed for FUS droplets (Figure  1e, 
and Figure S2a–d and Video S2, Supporting Information).[18] 
Finally, conjugates with a cystamine spacer formed small gel-
like coacervates upon increasing the pH (Figure  1f). Interest-
ingly, these gel-like coacervates did not fuse as readily as the 
coacervates in Figure 1c,d, but slowly agglomerated into fractal 
microstructures around sparse nuclei through collisions. The 
collision-induced growth leaves a clear depletion zone around 
the fractal microstructures which grows as t1/2 (Figure S3 and 
Video S3, Supporting Information), and can be visualized by 
dark-field microscopy (Figure 1g). It is not clear why nucleation 
of these fractals only occurs in a few sparsely distributed loca-
tions, but we speculate that exposure to air can create phenoxy 
radicals at the surface of certain coacervates, which react with 
other tyrosines upon collision. Interestingly, the coacervates 
within the fractal microstructures remain solvated and can still 
take up selected dye molecules, resulting in highly fluorescent 
stars (Figure S4, Supporting Information).

2.2. pH Window for Stable Coacervates

Of the designs shown in Figure 1, we selected the YFsFY con-
jugate with a 2,2′-thiobis(ethylamine) (TBEA) spacer to create 

coacervate protocells with a semipermeable stabilizing mem-
brane by oxidation. Because the phenolic side group of tyrosine 
has a pKa ≈ 10.5, we first investigated if these coacervates could 
also be dissolved at high pH. For complex coacervates, it has 
been shown that they are only stable when the two components 
are charged: they can be dissolved either by deprotonating the 
cationic species or by protonating the anionic species, since the 
phase separation is driven by charge interaction.[19] However, 
for simple coacervates, where phase separation is driven by a 
combination of cation–π and π–π interactions, it is not clear if 
(de)protonation could disrupt these interactions sufficiently to 
destabilize the coacervates (Figure 2a).

Therefore, we investigated the phase behavior of YFsFY as 
a function of pH by combined turbidity and microscopy meas-
urements. Figure  2b shows that coacervates are formed in 
a specific pH window between 6.8 and 10.5. When the pH of 
an initially transparent solution (Figure 2c) was increased to 7 
by using NaOH (1 m) or a Tris-buffer (100  × 10−3 m), coacer-
vates emerged (Figure 2c) and the solution turned very turbid 
within seconds. As the pH was increased further, turbidity 
reached a maximum around pH 9 and decreased to baseline 
levels above pH 10.5. At that point, all coacervates had dissolved 
and the solution became transparent again (Figure  2c,d).[20] 
Note that the point at which coacervates dissolve is dependent 
on the concentration of the peptide-based conjugates and the 
salt concentration.[15,21] Without added salt, YFsFY dispersions 
were still turbid at pH 10.5 and coacervates could be observed 
(Figure S5a,b, Supporting Information).

To connect the pH-induced formation and dissolution of 
simple coacervates to changes in the molecular protonation 
state, we fitted the turbidity data to a model of a weak diprotic 
acid with two dissociation equilibria. When we plotted the 
relative amount of the intermediate, zwitterionic form, the 
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Figure 1.  a) General chemical structure of designed small peptide-based molecules with four different spacers. Full structures are shown in Table 
S1, Supporting Information. b–f) Optical microscopy images of the coacervates formed from the derivatives depicted in (a): b) 2 mg mL−1 YFsFY, 
c) 2 mg mL−1 FYsYF, d) 2 mg mL−1 YFoFY, e) 2 mg mL−1 YFc5FY, and f) 2 mg mL−1 YFssFY. g) Dark-field image of fractal microstructures of YFssFY. 
The scale bar in all images represents 10 µm.
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model with two pKa values of 6.9 and 10.4, respectively, could 
capture the data surprisingly well (Figure  2b and Figure S5c, 
Supporting Information, for YFssFY). This suggests that only 
the zwitterionic species is able to form coacervates. The higher 
pKa value of 10.4 found from our fit corresponds well with the 
expected pKa of the tyrosine side group, indicating that deproto-
nation of the phenol can solubilize YFsFY and YFssFY coacer-
vates. The lower pKa value of 6.9 corresponds most likely to the 
protonation of the primary amines at the termini of the conju-
gates. This value is on the lower end of typical pKa values for 
protein terminal amine groups,[22] which is most likely caused 
by the Born effect (dehydration) inside the relatively hydro-
phobic coacervates.

2.3. Oxidative Formation of Fluorescent Membranes around 
Coacervates: Coacervate-Core Vesicles

To create protective membranes around the peptide-based coac-
ervate protocells, we used oxidative crosslinking of tyrosines 
to form dityrosine (Figure 3a), a process that occurs in nature 
under conditions of oxidative stress,[23] and has been used to 
create crosslinked networks in a variety of bioinspired struc-
tures and materials.[24] Tyrosine oxidation can be catalyzed 
by enzymes and UV light, typically leading to the formation 
of dopa, dityrosine, and melanin compounds, and has been 

used to create nanofibers, peptidosomes, and photothermal 
sheets.[24a,c,25]

We used horseradish peroxidase (HRP) and hydrogen per-
oxide (H2O2) to convert tyrosine residues into dityrosines at the 
outer surface of YFsFY coacervates (Figure 3a). After the forma-
tion of coacervates, we added 2–10 µL H2O2 (1 m) to 100 µL of 
coacervates at pH 10–10.5, and subsequently 5–15 µL of freshly 
prepared HRP solution (5 mg mL−1). We note that the pH used 
for oxidation differs from the pH at which maximum turbidity 
is reached (Figure  2b), because the HRP-catalyzed oxidation 
reaction requires the tyrosine residues to be mostly deproto-
nated. We confirmed that coacervates were not dissolved under 
the conditions selected for the oxidation reaction (Figure S5a,b, 
Supporting Information). The reaction mixture was kept at 
4  °C for 24 h, because HRP has shown significant tyrosine 
oxidation activity at lower temperatures. After 24 h of oxida-
tion, we examined the oxidized YFsFY coacervates by optical 
and fluorescence microscopy. We found that coacervate-core 
vesicles (CCVs) had been formed with a diameter ≈1–10  µm 
(Figure  3a and Figure  S6a–e, Supporting Information), which 
showed strong fluorescence upon excitation at 315  nm, corre-
sponding to the absorption maximum of dityrosine (Figure 3e). 
Interestingly, we did not observe any coalescence of CCVs, 
despite their sometimes very close packing (Figure 3c), which 
already suggests that the membranes are solid-like and capable 
of stabilizing the YFsFY coacervates. The solid nature of the 

Figure 2.  Simple coacervate formation in a pH window. a) Schematic illustration of YFsFY in solution at pH 4 (positively charged), in coacervates at 
pH 9 (zwitterionic form) and in solution at pH 12 (negatively charged). b) Turbidity of 1 mg mL−1 YFsFY as a function of pH with constant salt con-
centration of 65 × 10−3 m shows the formation of coacervates in a pH window between 7 and 10.5. The solid line is a fit of the turbidity data to a 2-pKa 
model. c) Appearance of 2 mg mL−1 YFsFY solution at pH 5, 9, and 12. d) Bright-field optical microscopy of the samples in (c) shows the presence of 
coacervates at pH 9. The scale bar in (d) is 10 µm.
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membrane was confirmed by photobleaching experiments 
(Figure S7, Supporting Information). Finally, the presence and 
stabilizing effect of the membrane could also be seen in trans-
mission electron microscopy (TEM) images of the dehydrated 
CCVs. Unoxidized coacervates were dried into amorphous 
deposits (Figure 3f, left panel), while the oxidized samples did 
not spread out and retained their structure (Figure  3f, right 
panel). Similar CCVs could be formed from FYsYF coacervates 
(Figure S6f, Supporting Information), indicating that the order 
of amino acids in the stickers does not affect the crosslinking.

We analyzed the fluorescence of the CCVs by fluorescence 
spectroscopy and found an emission maximum at 405  nm 
(Figure 3e). Control samples with only HRP, with non-oxidized 
YFsFY dissolved at pH 6, and non-oxidized coacervates of 
YFsFY at pH 9 did not show any fluorescence signal at the 

same excitation wavelength (Figure  3e). This confirms that 
the oxidation of YFsFY with H2O2/HRP results in the forma-
tion of dityrosines, which have strong intrinsic fluorescence. 
The HRP-catalyzed oxidation of tyrosines leads to formation of 
dopa, as well as dityrosines via tyrosyl radical rearrangement, 
as confirmed by matrix-assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) mass spectrometry (Figure S8, 
Supporting Information). High-performance liquid chroma-
tography (HPLC) and NMR analysis of CCVs collected by sedi-
mentation, washed and dissolved in acetonitrile containing 1% 
v/v TFA showed that, besides dimers, oligomers with a broad 
distribution of sizes had formed (Figures S9 and S10, Sup-
porting Information).

The thickness of the membranes was estimated from fluo-
rescence microscopy images (Figure  3d) to be ≈800  nm, 

Figure 3.  a) Schematic illustration of formation of CCVs. b) Bright-field and c) fluorescence microscopy of the CCVs formed after the oxidation of YFsFY 
coacervates (10 mg mL−1). Scale bars indicate 10 µm. d) Intensity profile across a CCVs in (c). e) Fluorescence spectra of YFsFY coacervates before 
and after oxidation along with controls. f) Transmission electron microscopy images of coacervates (left) and CCVs (right); scale bars: 5 and 1 µm, 
respectively. g) Stability of CCVs in comparison with the coacervates without oxidizing agents (min = minutes and h = hours).
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independent of the coacervate size. The thickness of the mem-
brane can be tuned between roughly 300–900  nm by varying 
the concentrations of H2O2 and HRP as shown in Figure S6b–e, 
Supporting Information. In general, a lower coacervate concen-
tration and a higher concentration of H2O2 and HRP lead to 
more rapid crosslinking and thinner membranes.

The fact that all CCVs formed under a certain set of condi-
tions have a similar membrane thickness indicates that the 
membranes were formed by oxidation taking place at the inter-
face of the coacervates, originating from the localization of HRP 
to the interface (Figure S11, Supporting Information). Radicals 
generated at the outer surface have a finite reactivity radius that 
is the same for all coacervates, since their internal peptide con-
centration is the same. Because of the low saturation concentra-
tion of YFsFY in the solution outside of the coacervates, only 
the radicals generated by enzymes present near the surface are 
able to induce crosslinking between YFsFY conjugates, which 
results in the formation of a dityrosine membrane.

Non-stabilized coacervate protocells undergo rapid coales-
cence, resulting in accelerated sedimentation and macroscopic 
separation of phases. A concentrated dispersion of microm-
eter-sized coacervates is therefore usually not stable for much 
longer than a few hours.[26] Adding a stabilizing membrane 
should prevent coalescence and wetting, and result in a sig-
nificant increase in stability. We thus investigated the effect of 
dityrosine membranes on the stability of YFsFY coacervates by 

monitoring the appearance of a dispersion of oxidized coac-
ervates in a cuvette. While untreated coacervates show rapid 
coalescence followed by sedimentation in ≈2 h, the vesicles 
formed after the oxidation of YFsFY sediment much slower, 
with a significant fraction of the coacervate-core vesicles still 
dispersed after 28 h (Figure 3g). Moreover, these vesicles retain 
their “identity” even after sedimentation, as they do not coa-
lesce or spread on the cuvette bottom or side walls. They can be 
easily redispersed (Figure S12b, Supporting Information), and 
remain stable for more than 30 days (Figure S13, Supporting 
Information).

2.4. Membrane Permeability of Coacervate-Core Vesicles

Many stable membrane-bound compartments, including 
liposomes and polymersomes, have limited permeability for 
polar and charged nutrients. Proteinosomes[27] and colloi-
dosomes[28] are notable exceptions, showing excellent stability 
and permeability to short oligonucleotides, peptides and even 
nanoparticles. We studied the permeability of coacervate-core 
vesicles formed by oxidation of YFsFY coacervates with a series 
of probe molecules with increasing molecular weight and 
varying charge.
Figure 4a–f shows fluorescence microscopy images of 

coacervate-core vesicles in the presence of ≈100  × 10−6 m of 

Figure 4.  a–f)  Permeability of coacervate-core vesicles with crosslinked dityrosine shells for probe of increasing molecular weight: a) resorufin, 
b) 4-amino fluorescein, c) FITC–GSH, d) FITC–K10, e) FITC–dextran (4 kDa), and f) FITC–dextran (40 kDa). The upper panels are fluorescence micros-
copy images, lower panels intensity profiles across a vesicle. The scale bar in all images is 2 µm. g) Relative client concentration in the coacervate core 
and vesicle membrane as a function of molecular weight in kilodaltons (n = 10). The error bars represent the standard deviation over 10 CCVs. Images 
of neutral FITC–dextran (10 kDa), positively charged FAM-(RRASL)3 and negatively charged ssDNA are shown in Figure S15, Supporting Information. 
The solid lines are fits of the data to a logistic function, from which a molecular weight cutoff (relative intensity < 1 shown by green dotted line) of 
2.5 kDa was obtained.
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fluorescently labeled probe molecules. Small molecular weight 
dyes and short peptides (up to 1 kDa) are able to cross the dity-
rosine membrane and end up being concentrated inside the 
vesicles, compared to the concentration of the solution outside. 
Zwitterionic dyes (aminofluorescein) and positively charged 
peptides (fluorescein isothiocyanate (FITC)–oligo-l-lysine 
(K10) and FAM-(RRASL)3) are preferentially accumulated at 
the membrane surface, or in the membrane layer, which we 
found carries a net negative charge at pH > 8.2 (Figure S14b, 
Supporting Information). However, these probes are also sig-
nificantly concentrated in the coacervate core of the vesicles. 
Neutral dyes (resorufin) are more strongly taken up inside the 
core, although FITC–gluthathione (GSH) was found to be accu-
mulated at the vesicle surface as well. When we use the com-
paratively bigger negatively charged DNA oligomers, we found 
that they were weakly excluded from the coacervate cores and 
the vesicle surface (Figure S15a, Supporting Information). Also 
larger neutral probe molecules were unable to permeate the 
membrane and were excluded from both the coacervate core 
and vesicle layer (Figure  4e,f), even after 24 h of incubation 
(Figure S16, Supporting Information). By plotting the apparent 
partitioning coefficients of all probe molecules in the coacervate 
core and the shell layer, as a function of their molecular weight, 
we found a molecular weight cut-off (where K < 1) of 2.5 kDa 
(Figure 4g).

2.5. Membrane Characteristics of Coacervate-Core Vesicles 
Enables Budding

The bending rigidity and surface tension of a membrane 
quantify the energy that is required to change the membrane 
curvature and increase the area, for example during shape 
deformations, endocytosis, tubulation, budding or division.[29] 
The intrinsic rigidity (bending modulus) stabilizes the mem-
brane against fluctuations that result in local bending of the 
membrane, while the surface tension (mechanical membrane 
tension) acts within the membrane and stabilizes against 
deformations that result in stretching of the membrane.[30] 
Phospholipid-based bilayers exhibit a bending rigidity of 
the order of 25kBT,[29a,31] and a membrane tension between 
100 nN/m and 2 mN m−1, depending on the osmotic balance,[32] 
which enables thermal fluctuations to induce undulations 
in the shapes of GUVs that can be measured by microscopic 
contour analysis,[33] while energy-driven perturbations, usually 
mediated by enzymes, can easily lead to strong deformations, 
including tubulation and budding.[34]

We quantified the membrane characteristics of CCVs by 
flicker spectroscopy. Oxidized YFsFY vesicles show clearly meas-
urable shape fluctuations despite their small size (Figure 5a 
and Video S4, Supporting Information). Frequency analysis of 
these fluctuations reveals a bending rigidity of 0.1kBT and sur-
face tension of 45 nN m−1 (Figure 5a), substantially lower than 
membranes composed of phospholipids, despite their larger 
thickness. This suggests that the dityrosine membranes can 
display large thermal shape fluctuations.

Interestingly, we found that these shape fluctuations can 
be further enhanced by adding a small amount of base to the 
oxidized CCVs to increase the pH further to 10.5. Figure  5b 

shows snapshots of a vesicle displaying large amplitude and 
wavelength shape fluctuations, as a result of the mismatch 
between the membrane area and the preferred area of the 
coacervate core. The addition of base leads to partial dissolu-
tion (Figure 2b) and shrinkage of the coacervate core, while the 
membrane area is not decreased simultaneously. As a result, 
the vesicle adopts a shape with larger area to volume ratio than 
the original spherical shape, and, interestingly, this shape can 
fluctuate. Ultimately, these fluctuations can lead to the appear-
ance of one or more buds on the membrane (Figure  5c and 
Video S5, Supporting Information), resembling budding in 
yeast. We did not observe the spontaneous abscission of the 
formed buds, but we note that shear forces or other forms of 
agitation could have caused the abscission in primitive cells 
made from peptide-based coacervates with membranes.[35]

2.6. External Nutrient Supply to Enzymes Stored in 
Coacervate-Core Vesicles

The assembly of a semipermeable membrane around these 
coacervates could provide a strategy to sequester and retain large 
functional molecules, such as enzymes. As a proof of principle, 
we encapsulated the enzyme beta-galactosidase (β-Gal) inside 
the shells and supplied it with a fluorogenic substrate in the 
outer solution (Figure 6a). We first mixed a low concentration 
of β-Gal (120 µg mL−1) with the YFsFY pre-coacervate solution 
(5 mg mL−1) at pH 6.5. Then, the pH was increased to 10.4 to 
induce coacervation and the tyrosine oxidizing mixture (H2O2 
and HRP) was added and aged for 24 h. After membrane for-
mation, the sample was centrifuged for 5 min at 4000 rcf, the 
supernatant was removed and the pellet of CCVs was washed 
with 20 × 10−3 m Tris- buffer pH 7.5, to remove nonencapsulated 
enzymes. The CCVs were resuspended in Milli-Q.

As the tyrosine oxidation occurs exclusively at the surface of 
the coacervates, active enzymes (β-Gal) that have been seques-
tered inside the coacervate core before the addition of H2O2 
and HRP should be protected from oxidation. We confirmed 
that β-Gal enzyme is encapsulated inside the vesicle by using 
an Alexa-647 labeled β-Gal (Figure  6b). To show that seques-
tered enzymes are still active and can be supplied with sub-
strates from outside, we added 2  µL of fluorogenic substrate 
Fluorescein-di-beta-d-galactopyranoside (FDG, Mw  = 657  Da) 
to the coacervate-core vesicles containing β-Gal. As shown 
in Figure  6c, we could observe clear fluorescence appearing 
inside the vesicles, and localizing in the shell region. This can 
be explained by the fact that FDG enters the coacervates from 
the outer solution through the semipermeable dityrosine mem-
brane. Conversion will thus occur first at the boundary between 
the membrane and the coacervate core. Control experiments 
with empty CCVs and without substrate showed no significant 
fluorescence, (Figure  6d and Figure S17, Supporting Informa-
tion) which confirms that the enzyme is encapsulated and 
active inside coacervate-core vesicles and that its substrate can 
diffuse through the membrane and reach the enzyme inside 
the coacervate protocells. These results show that tyrosine-
containing peptide-based coacervates are promising compart-
ments for encapsulation of active enzymes and other large 
molecules, which can be protected and retained by the oxidative 
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assembly of a semipermeable membrane, and supplied with 
substrates and nutrients from the surrounding solution.

3. Conclusion

We report a new type of tyrosine-containing peptide conju-
gates that are able to undergo LLPS. Depending on the mole-
cular characteristics of the spacer, the initial condensates can 
undergo rapid liquid-to-solid transition into needle-like fibers, 
a slow diffusion-limited agglomeration into fractals, or growth 
into large droplets by coalescence. The use of tyrosine residues 
makes these coacervate droplets responsive to alkaline condi-
tions, which results in a well-defined pH window in which 
condensation occurs. We were able to crosslink the tyrosines 
at the coacervate surface by oxidation into semipermeable 
membranes with a thickness between 300–900 nm. The mem-
brane is intrinsically fluorescent, and stabilizes the coacer-
vate protocells against coalescence and ripening. Dispersions 
of coacervate-core vesicles can withstand centrifugation 

and redispersion and they can be stored for more than a 
month, while unoxidized coacervates coalesce and settle in 
several hours. Despite its larger thickness, the dityrosine 
membrane resembles a phospholipid bilayer in terms of its 
bending rigidity (0.1 kBT) and surface tension (45 nN m−1), as 
determined by flicker spectroscopy. By slightly changing the 
volume of the coacervate core, deformations of the membrane 
can be enhanced to the point that buds are formed, which 
opens the way for fission of these hybrid protocells. The dity-
rosine-based membranes are significantly more permeable for 
small and polar molecules than phospholipid bilayers, readily 
taking up peptides like GSH and K10 and concentrating them 
tenfold. By analyzing the uptake as a function of probe mole-
cular weight, we found an effective molecular weight cut-off 
of the membranes of 2.5  kDa. Finally, we demonstrated that 
these CCVs can be used to sequester and protect enzymes, 
and carry out reactions inside the vesicles on demand by sup-
plying them with substrates from the outside solution. Taken 
together, these CCVs are promising hybrid protocell candi-
dates, while their stability, intrinsic fluorescence and ability to 

Figure 5.  Characterization of the membrane flexibility of CCVs. a) The processed image of a vesicle, with the surface outlined in white, calculated during 
the image-processing step of the flicker spectroscopy analysis (left). The intensity spectrum of the surface fluctuations is a function of Fourier mode 
(right). Blue dots: the fluctuations corrected for the possible nonspherical base shape of the CCVs. Black line: the best fit curve of the theoretical model 
to the corrected spectrum, which yields the estimates for surface tension and bending rigidity. b) Enhanced shape fluctuations of CCVs by increasing the 
pH after crosslinking (Video S4, Supporting Information). c) Shape fluctuations can result in the formation of buds at the surface of CCVs (Video S5, 
Supporting Information). Scale bars represent 3 µm in all images in (b) and (c).



www.advmat.dewww.advancedsciencenews.com

2202913  (9 of 11) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbHAdv. Mater. 2022, 34, 2202913

sequester and maintain active enzymes make them also inter-
esting for drug delivery applications.

4. Experimental Section
Synthesis of Peptide Derivatives: All peptide derivatives were 

synthesized in the laboratory by using standard solution phase peptide 
synthesis. Detailed procedures and characterization are provided in 
the Supporting information.

Preparation of Coacervates: The lyophilized powder of all peptide 
derivatives was dissolved in Milli-Q water (typically, 5 mg mL−1), resulting 
in a clear solution with a pH ≈ 6. To induce phase separation, the pH 
was increased by addition of 1  µL of 1 m NaOH per mL solution. The 
solution became immediately turbid, and the formation of coacervates 
was confirmed by optical microscopy. Alternatively, coacervation was 
induced with Tris- buffer (100  × 10−3 m, pH 7.4) or phosphate buffer 
(100  × 10−3 m, pH 7.4) by mixing 1:1 with 2  mg mL−1 stock solution of 
the peptide derivatives. An Olympus optical microscope IX81 with an 
Orca Flash4.0 sCMOS camera was used to observe the coacervates 
in bright-field transmission or epifluorescence mode. The 5  µL turbid 
solution right after increasing the pH was placed on the cover glass with 
a thickness of 24 × 50 mm.

pH Window by Turbidity Measurements: The turbidity of coacervates 
was monitored by the Tecan Spark multimode plate reader with an 
in-built spectrophotometer. The detailed procedure is given in the 
Supporting Information.

Preparation of Semipermeable Coacervate-Core Vesicles: Coacervates 
of YFsFY and other derivatives were oxidized with horseradish 
peroxidase (HRP) in the presence of hydrogen peroxide (H2O2) to 
make semipermeable coacervate-core vesicles (CCVs). CCVs shown in 

Figure  3 were prepared by using 400  µL containing YFsFY coacervates 
(concentration 10 mg mL−1) at final pHs of 10–10.4, as measured by a pH 
meter and 40 µL H2O2 (1 m) was added and the sample was equilibrated 
for 1 min, and then 40  µL HRP (5  mg mL−1) was added and the vial 
was kept at 4 °C for 24 h. CCVs presented in all other experiments were 
prepared from 5 mg mL−1 concentration of YFsFY coacervates: to 300 µL 
of coacervate dispersion at pH 10–10.5 we added 6 µL H2O2 (1 m), 18 µL 
HRP, mixed by mild vortexing and stored the reaction mixtures at 4 °C for 
24 h. For effect of the concentration of oxidizing agent on the thickness 
of membrane (Figure S6, Supporting Information), 100 µL coacervates 
was used to prepare four different final concentration (3.7 × 10−3 m H2O2 
and 0.056 mg mL−1 HRP), (18.5 × 10−3 m H2O2 and 0.28 mg mL−1 HRP), 
(46  × 10−3 m H2O2 and 0.56  mg mL−1 HRP), and (139  × 10−3 m H2O2 
and 0.83 mg mL−1 HRP) of oxidizing agents. The result of the oxidation 
process was checked under the microscope after 24 h.

MALDI-TOF for Confirmation of Dityrosine: 100 µL YFsFY (3 mg mL−1) 
was diluted in 900 µL Tris buffer (100 × 10−3 m, pH 9), which resulted in 
coacervates and 50 µL HRP (5 mg mL−1) and 50 µL H2O2 were added 
to make the vesicles (24 h, 4  °C). After 24 h, the vesicles were freeze-
dried to obtain a solid powder. Acetonitrile with 0.1% TFA was used to 
dissolve the oxidized YFsFY followed by 2 min of vortexing and 2 min of 
sonication. MALDI-TOF sample was prepared by 1:1 v/v with the MALDI 
matrix (α-cyano-4-hydroxycinnamic acid in 50% acetonitrile, 0.1% TFA in 
Milli-Q). The samples were dried in air and observed by MALDI-TOF.

Confocal Microscopy for the Encapsulation of Dyes: The permeability 
of fluorescent probe molecules into the coacervate-core vesicles was 
quantified by confocal fluorescence microscopy on a Leica Sp8x confocal 
microscope. The samples for confocal measurement were prepared by 
adding 1 µL of the stock solution containing the probe molecules into 
50  µL volume (5  mg mL−1 YFsFY concentration) of coacervate-core 
vesicle dispersion. Concentration details of stock solutions of probe 
molecules are given in the Supporting information.

Figure 6.  Enzymatic activity of β-Gal inside the CCVs and encapsulation ability of bigger molecular weight macromolecules. a) Schematic illustration 
of β-Gal encapsulation inside the CCVs, b) Alexa-647 labeled β-Gal encapsulated inside the coacervate-core vesicles, c) CCVs with encapsulated β-Gal 
after addition of the fluorogenic substrate FDG. d) β-Gal activity calculated from fluorescence signal of CCVs with encapsulated β-Gal (n = 10) and 
controls without encapsulated β-Gal or without FDG added. The scale bar in all images represents 2 µm.
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Flicker Spectroscopy Calculations: Time-series microscopy videos 
of thermally fluctuating coacervate-core vesicles were obtained as 
described above. Flicker spectroscopy was carried out as described in 
Law et  al.[36] Briefly, the boundary of thermally fluctuating coacervate-
core vesicles was extracted from confocal microscopy videos and the 
Fourier transform of this boundary was taken for each vesicle and 
averaged over time, yielding a fluctuation spectrum. A correction was 
made to account for the possible non-spherical base-shape.[33a] The 
resulting spectrum was fitted to the theoretical spectrum[37] which 
has two fitting parameters: surface tension and bending rigidity. The 
values reported in the text are the average and standard deviation of 
10 analyzed time-series microscopy videos of thermally fluctuating 
coacervate-core vesicles.

Cleavage of a Substrate by the Enzyme: 10 µL of β-Gal 3 mg mL−1 was 
added to 250 µL of YFsFY solution at pH 6.5. The pH was increased to 
10.4 by adding NaOH (1 m) to induce coacervation and subsequently 
5 µL H2O2 (1 m) and 15 µL HRP (5 mg mL−1) as oxidizing agents were 
used to make the vesicles. After 24 h, the coacervate-core vesicles 
were centrifuged at 4000 rcf for 5 min and supernatant was gently 
removed by pipetting, and the pellet was resuspended in the same 
volume of Milli-Q. 2  µL of the fluorogenic substrate fluorescein-di-
beta-d-galactopyranoside (FDG) (15.4 × 10−3 m in DMSO) was added 
to 50  µL of fourfold diluted resuspended coacervate-core vesicles. 
The same concentration and volume of coacervate-core vesicles 
containing β-Gal was used for controls and the same FITC channel 
was used. Another control experiment was where the same volume 
and concentration of substrate was used in coacervate-core vesicles 
with no enzyme inside.

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