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ABSTRACT: Bottom-up synthetic biology seeks to construct artificial cells with biomimetic
or novel functionalities to uncover the fundamental principles of cellular evolution and drive
advances in medicine and bioengineering. Among them, membranized coacervate micro-
droplets (MCM) uniquely combine a molecularly crowded aqueous interior with a
surrounding membrane, both hallmarks of eukaryotic cells. Replicating cellular functions
requires synthetic cells to remain structurally stable in biological environments, where ionic
strength presents a significant threat to the integrity of complex coacervates. By leveraging the
globular and rigid architecture of dendrimers, MCM, composed of oppositely charged small
dendrimers and polypeptides—further stabilized by a charged PEG-dendritic copolymer
assembled at the periphery—exhibits a critical salt concentration more than twice that of
coacervates formed from polypeptides or branched polyelectrolytes with significantly higher %,
degrees of polymerization. This highlights the enhanced robustness of dendritic MCM under
physiological conditions and their suitability as synthetic cells in biological media. By
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mimicking key cell-like behavior such as efficient enzyme encapsulation (irrespective of the isoelectric point), fast internal dynamics,
and chemical communication, dendritic MCM emerge as a promising synthetic cell platform for the selective delivery of therapeutic
enzymes. In addition, their ability to engage in signal transduction pathways within synthetic-natural cell consortia, enabling
responses to extracellular cues via chemical signaling, paves their way in tissue engineering and regenerative medicine.

Bl INTRODUCTION

Bottom-up synthetic biology' aims to engineer artificial cell
models from synthetic and natural components, incorporating
biomimetic or entirely novel functionalities.””* Reducing the
complexity of natural cells offers promising avenues for
uncovering the fundamental principles underlying cellular
evolution and driving advances in medicine and bioengineer-
ing.>~” Despite the extensive reliance of synthetic cells on
vesicles for their ability to mimic natural membranes, they fall
short in replicating the molecularly crowded interior that
characterizes eukaryotic cells.” Complex coacervates, originally
proposed by Oparin,”'” represent an intriguing alternative.
Coacervates are microdroplets formed spontaneously by phase
separation of oppositely charged polyelectrolytes in water." ">
They have a highly concentrated aqueous interior, enriched
with biomolecules and small molecules that closely mimics the
intracellular milieu, surrounded by a diluted environment.'*"*
The structural versatility of coacervates makes them attractive
models for synthetic cells with multiple biomimetic func-
tions.”'> However, a key challenge with coacervates is their
inherent lack of an enclosing membrane. In the absence of
interfacial stabilization, coacervates tend to coalesce, restricting
their applicability. Pioneering work by the groups of Mann,
Keating, and van Hest has overcome this limitation by
developing membrane-stabilized coacervates with auxiliary
fatty acids,'® phospholipids,'” polymers,'® liposomes,'® in-
organic nanoparticles,” proteins,”’ or even living bacteria®* on

© 2025 The Authors. Published by
American Chemical Society

WACS Publications

the surface that prevent aggregation while preserving
permeability to small molecules. The resulting membranized
coacervate microdroplets (MCM) prove to be hybrid systems,
combining the advantages of vesicle- and coacervate-based
models in a single construct.”®

To replicate cellular functions, synthetic cells must retain
their structure and properties in biological media.” Modeling
cell-like behavior, such as compartmentalization, energy supply
and metabolism, gene replication, biosynthesis, communica-
tion, growth and division or motility, requires stability in the
extracellular environment.® For coacervates, this is especially
dependent on their resistance to variations in ionic strength.
While low concentrations of salts favor coacervation, higher
concentrations destabilize phase separation.””** Ironically, the
driving force behind the formation of complex coacervates is
also a threat to their stability. With the aim of increasing
coacervate resistance to salt, we focus on dendrimers: tree-like
polymers with a globular architecture, synthesized with
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unprecedented control over size and multivalency.
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Figure 1. Structure of 3[G2]-Bz, PEG[G3]-Bz, and PLL (A). Schematic representation of the complex coacervation of 3[G2]-Bz and PLL and
subsequent interfacial stabilization with PEG[G3]-Bz (B). Brightfield and confocal laser scanning microscopy (CLSM) images of dendritic
membranized coacervate microdroplets (MCM). CLSM image shows AF488-PEG[G3]-Bz (green) hierarchically assembled at the external
interface of the droplets. Scale bar 10 um (C). Cross sectional AF488 fluorescence intensity profile (line in C) (D). 3D reconstructed image
showing selective peripheral localization of AF488-PEG[G3]-Bz. Scale bar 2.5 ym (E). Ionic strength stability of dendritic MCM analyzed by
turbidity measurements (F). Size distributions and CLSM images of MCM prepared at increasing polymer concentrations. MCM interfacially

stabilized with AF488-PEG[G3]-Bz (green). Scale bars 10 ym (G).

Recently, charged dendrimers have been described to increase
the stability of nanosized, coacervate-like polyion complex
(PIC) micelles.”* " Like coacervates, PIC micelles suffer from
low salt stability, often disassembling at 150 mM NaCl,
characteristic of physiological conditions.”’ However, when
charged dendrimers are incorporated into PIC micelles,
unprecedented stability in serum and toward ionic strength
has been reported.’* >’ Fundamental differences in local
dynamics between linear polymers and dendrimers™® explain
this “dendritic effect”."' Whereas the local dynamics of linear
polymers are governed by repeating segments and remain
independent of molecular weight, dendrimer dynamics depend
on the dendritic generation, and hence molecular weight.40
Therefore, incorporating charged dendrimers into coacervates
offers a promising strategy for enhancing their stability under
physiological conditions. In addition, although the mono-
dispersity of dendrimers makes them ideal candidates for
evaluating new technologies and bioapplications,42 their use in
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the construction of coacervate-based synthetic cells has
remained surprisingly unexplored. This is particularly note-
worthy because dendrimers are regarded as mimetics of
proteins,*" which make up about 30% mass of the cytoplasm.”

Herein, we describe robust dendritic MCM formed through
a two-stage coacervation process shown in Figure 1: an initial
complexation of 3[G2]-Bz — a dendrimer of the gallic acid-
triethylene glycol (GATG)**** family with 27 peripheral
carboxylates — and poly-L-lysine (PLL, DP 101), followed by
an interfacial stabilization of the resulting coacervates with
PEG[G3]-Bz — a PEGg-dendritic block copolymer with 27
carboxylates (PEG is poly(ethylene glycol)). This strategy
endows dendritic MCM with superior salt resistance compared
to coacervates formed from linear polyamines and polycarbox-
ylates with an even higher multivalency. The ability of
dendritic MCM to emulate cell-like behaviors, such as
compartmentalization, enzyme encapsulation, and biochemical
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reactions, positions them as synthetic cell models capable of
chemical communication with neighboring living cells.

B RESULTS AND DISCUSSION

Preparation and Interfacial Stabilization of Dendritic
Coacervates. Dendritic coacervates were prepared by mixing
solutions of 3[G2]-Bz and PLL at a stoichiometric charge ratio
of carboxylate and ammonium groups, in 10 mM phosphate
buffer (PB) pH 7.4, 150 mM NaCl (Figures 1A and 1B).
Although the interaction between the oppositely charged
polyelectrolytes resulted in a phase separation, the lifetime of
this turbid coacervate suspension was short, with coacervates
coalescing into a bulk phase after only 2 h. Conversely, long-
term stability was achieved via interfacial stabilization with
PEG[G3]-Bz added to the suspension 40 min after mixing
(Figure 1B). The copolymer hierarchically assembled on the
surface of the coacervate microdroplets leads to a stable
dispersion of PEGylated MCM with a mean diameter of 3.60
+ 1.02 ym as determined by optical microscopy (Figure 1C).
The effectiveness of the stabilization was immediately apparent
as the lifetime of the droplets increased from minutes to several
days (Figure S1A). Coacervate membranization was confirmed
by confocal laser scanning microscopy (CLSM) using AF488-
PEG[G3]-Bz, a fluorescently labeled version of the block
copolymer incorporating Alexa Fluor 488 (AF488, green) at
the distal end of the PEG block. Figures 1C-1E show a well-
defined MCM organization with a continuous green coating
membrane, indicating that PEG chains from PEG[G3]-Bz are
selectively exposed at the external interface of the coacervates,
while 3[G2]-Bz and PLL are confined within the droplets.

The coacervate aging time prior to the addition of
PEG[G3]-Bz and the amount of copolymer used were both
optimized. A 40 min coacervation time was selected, as shorter
or longer durations resulted in smaller MCM with high
tendency to aggregate and coalesce after 24 h. This behavior is
consistent with previous findings on the interfacial stabilization
of MCM,"® as well as with reports from our group and
others®”** describing the formation of PIC micelles as a two-
step process, involving an initial kinetic step followed by a
second equilibration process. In our case, the aggregation of
3[G2]-Bz and PLL to form minimum polyelectrolyte
complexes, which subsequently assemble to induce phase
separation. An amount of PEG[G3]-Bz equivalent to 9 mol %
of 3[G2]-Bz was determined as optimal for coacervate
stabilization. Although lower concentrations of PEG[G3]-Bz
had no immediate effect on the size and number of prepared
droplets, a reduction in long-term turbidity was seen, indicative
of a less efficient stabilization (Figure S1B). Interestingly,
coacervates were also found to be efliciently stabilized by a
cationic PEG-dendritic block copolymer as AF488-PEG[G3]-
NH,-HCI, functionalized with 27 peripheral ammonium
groups (Figure S2), indicating the generalizability of the
strategy independently of the copolymer charge.

Complex coacervation is strongly dependent on the ionic
strength of the medium. A critical salt concentration is defined
as the threshold above which no phase separation is
observed.””** To assess the ionic strength stability conferred
by the rigid dendritic architecture, MCM were treated with
increasing concentrations of NaCl and the effect was analyzed
by turbidity. As shown in Figure 1F, the addition of salt leads
to a slight decrease in turbidity up to 0.6 M, followed by a
more pronounced decay until a critical NaCl concentration is
reached above 2.5 M. This concentration is more than twice

that of coacervates prepared from PLL — or branched
poly(ethylenimine) — and anionic polypeptides (poly-L-
glutamic and poly-L-aspartic acid) with significantly higher
degrees of polymerization,*~** which highlights the robust-
ness of dendritic MCM under physiological conditions and
their potential as a synthetic cell platform in biological media.
Complex coacervation is also influenced by polymer
concentration, with higher concentrations leading to larger
droplet sizes,*>*” a property exploited to tune the size of
dendritic MCM. Droplets prepared with polymer concen-
trations ranging from 1.1 to ca. 9.0 mg/mL — maintaining a
stoichiometric charge ratio — were analyzed by confocal and
brightfield microscopy, which showed an increase in size from
3.60 + 1.02 to 525 + 1.16 ym while preserving a spherical
morphology and selective membranization (Figures 1G and
S3).

Cytomimetic Functions of Dendritic MCM: Protein
Encapsulation and Internal Dynamics. A fundamental
property of complex coacervates is their ability to efficiently
partition biomacromolecules, such as proteins and nucleic
acids, into the polymeric rich phase. This internal organization,
which mimics the compartmentalization of living cells, creates
specific microenvironments to regulate biochemical reactions.
The potential of dendritic MCM to emulate life-like
technologies, such as enzyme encapsulation and chemical
communication, was assessed using a well-established signal
transduction pathway: the enzymatic cascade reaction
composed of glucose oxidase (GOX, 160 kDa, pl 4.2; pl is
the isoelectric point) and horseradish peroxidase (HRP, 44
kDa, pI 9.0). Both enzymes fluorescently labeled with Cyanine
5 (GOX-CyS and HRP-CyS) were encapsulated into MCM by
addition to the coacervate mixture immediately after the
polyelectrolytes. Following interfacial stabilization, GOX-
CyS@MCM and HRP-CyS@MCM were obtained with very
high encapsulation efficiencies (EE, 82% for GOX and 76% for
HRP), regardless of the protein molecular weight and pI — the
latter facilitated by the stoichiometric charge ratio used during
coacervation. CLSM experiments showed a selective local-
ization of the enzymes, primarily driven by the protein charge
(Figure 2, CyS is shown red). While HRP-CyS predominantly
distributes within the crowded coacervate interior (Figure 2A),
GOX-CyS5 locates at the MCM periphery forming discrete
patches (Figure 2C). This latter arrangement, also observed for
other negatively charged proteins, such as bovine serum
albumin (BSA, 66 kDa, pl 4.7; EE 82%) and insulin (6 kDa, pI
5.3; EE 71%) (Figures 2D and 2E), is consistent with the
formation of a second coacervate phase where negatively
charged proteins are largely found, independently of their
molecular weight. Similarly to HRP, lysozyme (14 kDa, pl
11.4; EE 81%), another positively charged protein, also
localizes homogeneously throughout the coacervate (Figure
2B). Competition between GOX and the other negatively
charged proteins with 3[G2]-Bz for binding to PLL results in a
patchy phase, separated from the main coacervate phase.
Although similar multiphase patterns have been described for
coacervates of PLL and oligonucleotides (RNA and
DNA),*° to the best of our knowledge, such distributions
have not previously been observed for proteins. While these
experiments need to be extended to other proteins, we believe
that the rigid and globular structure of the dendrimer precisely
regulates this spatial arrangement, which could be particularly
useful for studying protein functions associated with cell
membranes. Notably, coencapsulation of GOX and HRP in a
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HRP-Cy5

Figure 2. CLSM images of fluorescently labeled enzyme-loaded
MCM show selective enzyme localization: HRP (A, F) and lysozyme
(B) distributed within the coacervate and GOX (C, F), BSA (D), and
insulin (E) forming discrete localized patches at the MCM periphery.
Scale bars 10 pm, AF488-PEG[G3]-Bz (green), CyS (red), RITC
(cyan). Images of individual channels are shown in Figure S4.

single coacervate retained their selective localization with
comparable EE: 76% for GOX-CyS (red) and 67% for HRP-
RITC (functionalized with rhodamine B isothiocyanate, cyan)
(Figure 2F).

The ability of distinct dendritic MCM populations to coexist
was then verified. Fluorescently labeled MCM were prepared

using/encapsulating PLL-CyS (red), PLL-AF488 (green),
HRP-CyS (red), GOX-CyS (red), and HRP-RITC (cyan),
and the transfer of macromolecular components between
populations was analyzed by time-dependent CLSM. Interest-
ingly, while migration of polyelectrolytes and loaded proteins
was not observed between single-phase MCM (PLL-CyS
versus PLL-AF488 in Figure 3A, HRP-CyS versus PLL-AF488
in Figure 3B), transfer of macromolecules from single-phase
(PLL-AF488 and HRP-RITC) toward GOX-loaded multi-
phase droplets was seen (Figures 3C and 3D). These results
underscore the ability of dendritic MCM to compartmentalize
biomacromolecules, mimicking the complex and dynamic
cellular scenario. Regulation of migration between coacervates
in response to a protein-rich phase provides an interesting
model for studying partitioning among microenvironments,
exploiting the known ability of dendrimers to selectively bind
proteins.” 32

Phase fluidity is a key consideration in designing coacervates
that mimic natural cell behavior. Maintaining enzyme activity
upon encapsulation requires effective diffusion within the
spatially confined coacervate core. The internal mobility of
macromolecular species within dendritic MCM was studied by
fluorescence recovery after photobleaching (FRAP) experi-
ments (Figure 3E). In a FRAP experiment, fluorescent
molecules within a region of interest are irreversibly photo-
bleached by transient exposure to a laser beam. The analysis of
the fluorescence recovery within that region due to the internal
mobility of the molecules provides information about their
diffusion rate (see the SI).>* Independent populations of PLL-
CyS5/MCM and HRP-CyS@MCM were selected to compare
the mobility of a polyelectrolyte scaffold and a model
encapsulated protein cargo. Figure 3E shows fast fluorescence
recoveries for both species. Fitting the FRAP recovery curves
to an exponential function (Figure SS) yielded very similar
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(red), GOX-CyS (red), and HRP-RITC (cyan) taken at varying time points after mixing. Scale bars 10 ym (A—D). Images of fluorescence recovery
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Figure 4. Scheme of the GOX-HRP enzymatic cascade and MCM intradroplet chemical communication (A). CLSM images showing enzymatic
production of 2,3-DAP (yellow) by GOX-CyS/HRP-RITC@MCM (red and cyan, respectively) in the presence of oPD, before (0 min) and after
(20 min) addition of glucose. Scale bars 10 m. (B) Cross-sectional fluorescence intensity profiles (line in B at 20 min) show peripheral localization
of GOX-CyS and uniform distribution of HRP-RITC and 2,3-DAP within the coacervate interior (C). Time dependence of the cascade reaction
monitored using ATBS as HRP substrate by measuring the absorbance of the ABTS radical cation (405 nm) (D).

fluorescence recovery half-times (t,,,) of 4.55 & 0.25 and 4.72
+ 0.24 s for PLL and HRP, respectively. These values reflect a
liquid-like state inside the droplets despite the rigid 3[G2]-Bz
architecture. Determination of the apparent diffusion coef-
ficients (D,y,,) afforded an identical value of 0.017 + 0.001
um?/s for PLL and HRP, independently of their MW,
suggesting compensating effects of conformation and net
charge. This value is two to 3 orders of magnitude lower than
the D,,, determined by FRAP for proteins in the cytoplasm
and nuclei of various cell lines.”*™® Given the known
relationship between cell activity and viscosity,” future studies
will focus on modulating macromolecular diffusion within
MCM by tuning the molecular weight of PLL and the dendritic
generation.(’o’(’1

Cytomimetic Functions of Dendritic MCM: Chemical
Communication. Having demonstrated that dendritic MCM
efficiently encapsulate biomacromolecules, their permeability
to small molecules and ability to process chemical signals was
assessed using the GOX-HRP enzymatic cascade (Figure 4A).
In the presence of O,, GOX catalyzes the oxidation of S-D-
glucose to D-glucono-1,5-lactone and H,O,, which is used by
HRP to oxidize an organic molecule. If a nonfluorescent/
noncolored HRP substrate is oxidized to a fluorescent/colored
species, its detection can be exploited to monitor the progress
of the enzymatic cascade by confocal microscopy or visible/
fluorescence spectroscopy. The selective and complementary
localization of GOX and HRP at dendritic MCM was exploited
to assess the efficiency of the enzymatic cascade — including

membrane permeability to small molecules (glucose and HRP
substrates) and chemical communication (H,0,) — using a
single droplet population coencapsulating both enzymes. The
spatially coupled cascade reaction was initially investigated by
CLSM experiments. To this end, o-phenylenediamine (oPD)
was selected as a nonfluorescent HRP substrate, which is
oxidized to fluorescent 2,3-diaminophenazine (2,3-DAP)
(Figure 4A). Upon addition of glucose to a mixture of oPD
and a MCM loaded with GOX-CyS (red) and HRP-RITC
(cyan) (80 nM GOX and 75 nM HRP), the fluorescent signal
of 2,3-DAP (yellow) appeared within minutes at the MCM
interior, confirming facile membrane permeability to sub-
strates, rapid enzymatic reactions and intradroplet communi-
cation (Figures 4B and 4C). Notably, control experiments
carried out under identical conditions in the absence of glucose
or any of the enzymes did not produce fluorescence output,
confirming the necessity of both proteins for a successful
enzymatic cascade (Figure S6).

To analyze the time-dependence of the cascade, 2,2-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was chos-
en as HRP substrate (Figure 4A). The one-electron oxidation
of ABTS by H,O, in the presence of HRP produces the ABTS
radical cation, a colored product that absorbs at 405 nm.
Continuous measurement of the absorbance increase in a
mixture composed of ABTS, GOX/HRP@MCM, and glucose
(80 nM GOX and 75 nM HRP) allowed monitoring the
reaction progress. Absorbance reached a plateau within 1 min
of glucose addition, indicating that the reaction had completed
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(Figure 4D). No absorbance increase was observed in the
absence of glucose or with MCM populations lacking GOX or
HRP. Interestingly, when the cascade reaction was performed
with free enzymes in solution at the same concentration as in
the MCM, absorbance increased more slowly, stabilizing at
values comparable to those of the MCM only after more than 4
min (Figure 4D). This significantly more efficient communi-
cation for the spatially coupled cascade is likely facilitated by
locally increased enzyme and substrate concentrations in the
coacervate core.®”®> Taken together, these findings demon-
strate the ability of dendritic MCM to mimic cell-like behaviors
such as enzyme encapsulation, fast internal dynamics, and
chemical communication, which make them promising
synthetic cell models and bioreactors.

Communication between Dendritic MCM and Natu-
ral Cells: A549 and Red Blood Cells. Despite significant
advances in the complexity of synthetic cells over the past
decade, communication between artificial and living cells
remains a key challenge in synthetic biology.64_68 Progress in
this area is expected to drive major breakthroughs in advanced
therapies, tissue engineering, and regenerative medicine.®”~"*
In particular, enabling synthetic cells to exchange chemical
signals with living cells could unlock new opportunities in drug
and gene delivery, as well as the development of
compartmentalized enzymatic bioreactors.””’* In an effort to
integrate synthetic and natural cells, we have explored the
potential of dendritic MCM as bioreactors capable of
interacting with living cells. As proof of concept, we have
selected MCM loaded with GOX (and HRP) as transmitter
synthetic cells and human adenocarcinoma alveolar basal
epithelial (A549) and red blood cells (RBC) as receiver natural
cells (Figures S and 6). Interest in the GOX-catalyzed
production of H,0, stems not only from its role as a model
enzymatic reaction for studying communication in synthetic-
natural cell consortia,”>~"” but also as a versatile strategy for
multimodal cancer therapy increasing the levels of tumor
oxidative stress, with concomitant consumption of glucose and
O, (synergistic cancer-starvation and hypoxia-activated thera-
pies).”®

A tandem composed of GOX/HRP@MCM and AS49 cells
was first investigated to study the transfer of a model signaling

molecule (2,3-DAP enzymatically produced at the MCM)
from synthetic to natural cells (Figure SA). Prior to the
experiments, the cytotoxicity of blank MCM and polyelec-
trolyte constituents was assessed by CCK-8 assay in AS49 cells
(Figure SC). The minimal impact of 3[G2]-Bz, PEG[G3]-Bz,
and the MCM on cell proliferation, even at the highest
concentration analyzed (cell viability close to 70% for MCM
after 48 h), contrasts with the well-documented toxicity
displayed by PLL, confirming the structural integrity of
dendritic MCM under cell culture conditions. Then, A549
cells were incubated with GOX-CyS/HRP-RITC@MCM (red
and cyan by CLSM, respectively) in Dulbecco’s modified
Eagle’s medium (DMEM) with high glucose, containing 10%
fetal bovine serum. After the addition of oPD to initiate the
cascade reaction (80 nM GOX and 75 nM HRP), CLSM
confirmed the accumulation of 2,3-DAP (yellow) not only in
synthetic but also in living cells with a preferential localization
in the cytoplasm and, to a lesser extent, in nuclei (Figure SB).
In control experiments performed in the absence of any of the
enzymes or oPD, no 2,3-DAP was observed in AS549 cells
(Figure S7). These results highlight the potential of dendritic
MCM as a synthetic cell platform for the selective delivery of
therapeutic enzymes for treating disease through in situ
production/activation of therapeutics and prodrugs.””*’
Next, signal transduction between synthetic and natural cells
was investigated using GOX@MCM and RBC (Figure 6A).
The strategy pursues endowing mammalian cells with
peroxidase activity in response to extracellular glucose via
chemical communication (H,O, signaling) with a glucose-
responsive synthetic cell. The cascade, inspired by earlier work
by Mann and co-workers,”"*” exploits the peroxidase-like
activity of methemoglobin (metHb) produced by H,O,
oxidation of hemoglobin (Hb) present in RBC. Hb is the
major heme protein of RBC and is responsible for the
transport of O, to the tissues. The redox state of the heme
group of Hb is crucial. While O, binds to the ferrous heme to
form oxyhemoglobin (oxyHb), it does not bind to the ferric
form of metHb. Interestingly, oxyHb undergoes spontaneous
auto-oxidation to metHb at a rate of 3% Hb per day, a process
accelerated in the presence of exogenous H,0,, which diffuses
across the RBC membrane very rapidly.*” RBC are particularly
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individual MCM and RBC, respectively.

The lack of a nucleus or
mitochondria limits their ability to repair components,
resulting in oxidative damage of the membrane and
hemolysis.***° Despite its primary role as O, carrier, Hb also
possesses various enzymatic activities due to its structural
similarity to other heme-bearing proteins.”’ In particular,
peroxidase-like activity of metHb has been demonstrated in the
H,0,-dependent oxidation of various organic compounds,
including stylrene,88 S-heterocycles,gg’90 polycyclic aromatic
hydrocarbons,gl’92 oPD,”*** and Amplex Red.®! Among these,
oPD and Amplex Red, nonfluorescent substrates that are
respectively oxidized to the fluorescent products 2,3-DAP and
resorufin, were selected as reporters for MCM-to-RBC signal

..  1es 84
sensitive to oxidative stress.

transduction (Figure 6A). Before initiating these experiments,
the oxidation of oxyHb to metHb in response to H,O,
signaling was assessed by incubating a suspension of rat-
derived RBC with GOX@MCM in the presence of glucose
(Figure 6B). UV—vis spectroscopy confirmed the oxidation
process through characteristic changes in the absorbance
a shift of the Soret band from
414 to 404 nm, the disappearance of oxyHb absorbance peaks
at 540 and 578 nm, and the emergence of characteristic metHb
signals at 500 and 630 nm.

Subsequently, MCM-to-RBC communication experiments
were performed to assess the peroxidase-like activity of metHb
using oPD and Amplex Red as substrates. The outcome of the

spectra of the involved species:”

29463 https://doi.org/10.1021/jacs.5c09772
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cascade reaction was expected to depend on the preferential
localization of the substrates and products: within MCM or
RBC. Whereas the small, charged oPD was expected to
undergo extracellular oxidation by released metHb, leading to
2,3-DAP accumulation within MCM (Figure 6C), the more
hydrophobic Amplex Red was anticipated to diffuse across the
RBC membrane and be oxidized to resorufin intracellularly
(Figure 6D). The cascade between fluorescently labeled GOX-
CyS@MCM and RBC was monitored for both substrates by
CLSM and brightfield microscopy following glucose addition
(40—45 nM GOX). Visualization of the 2,3-DAP (yellow) and
resorufin (red) fluorescence readouts after 10—15 min
confirmed efficient communication between synthetic and
natural cells — via H,O, signaling in response to an
extracellular glucose input — and RBC transduction of the
signal into peroxidase activity. As expected, a selective
localization of the reporters was observed. While 2,3-DAP
fluorescence accumulates at dendritic MCM (Figure 6C),
resorufin is also detected inside RBC (Figure 6D). Control
experiments using a blank MCM (lacking GOX) or in the
absence of either GOX-CyS@MCM or glucose resulted in no
detectable fluorescence readout, confirming the necessity of
the glucose input and synthetic cell for a successful cascade
(Figures S8 and S11). Finally, the time-dependent communi-
cation within the synthetic-natural cell consortium was
monitored by fluorescence spectroscopy using oPD as the
substrate. Continuous measurement of 2,3-DAP fluorescence
reached a plateau after approximately 3 h (Figure S9). Overall,
our findings underscore the capacity of dendritic MCM to
perform enzyme-driven biochemical reactions and to engage in
chemical communication with neighboring natural cells, two
essential cellular functions for sustaining life.

B CONCLUSIONS

Synthetic cells that replicate cellular functions must remain
structurally stable in biological environments. For complex
coacervates, stability under physiological ionic strength is
especially critical. Here, we introduce membranized coacervate
microdroplets (MCM) with enhanced salt resistance by
employing charged dendrimers — a strategy that leverages
the globular, rigid architecture of these tree-like polymers. The
complexation of 3[G2]-Bz (an anionic dendrimer with 27
peripheral carboxylates) and cationic PLL (DP 101) under
stoichiometric charge ratio, followed by interfacial stabilization
of the resulting coacervate with PEG[G3]-Bz (a PEG-dendritic
block copolymer with 27 carboxylates), affords stable MCM
with the copolymer hierarchically assembled at the external
interface. The critical salt concentration of dendritic MCM
exceeds by more than 2-fold that of coacervates composed of
PLL — or branched poly(ethylenimine) — and anionic
polypeptides of much higher degrees of polymerization,
highlighting their robustness under physiological conditions
and suitability as synthetic cells in biological media. The ability
of dendritic MCM to mimic cell-like behavior such as efficient
protein encapsulation irrespective of the isoelectric point
(GOX, HRP, BSA, lysozyme, insulin), fast internal dynamics
(studied by FRAP), and chemical communication (GOX-HRP
enzymatic cascade) makes them a promising synthetic cell
platform for the selective delivery of therapeutic enzymes for
treating disease through in situ production/activation of
therapeutics and prodrugs. Finally, their ability to engage in
signal transduction pathways with neighboring living cells
(AS49 and RBC), enabling cellular responses to extracellular

inputs via chemical signaling, paves their way in tissue
engineering and regenerative medicine.
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