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Compartmentalization, a key aspect of biochemical regulation, naturally occurs in cellular organelles,
including biomolecular condensates formed through liquid—liquid phase separation (LLPS). Inspired
by biological compartments, synthetic coacervates have emerged as versatile microreactors, which can
provide customed environments for enzymatic reactions. In this review, we explore recent advances
in coacervate-based microreactors, while emphasizing the mechanisms by which coacervates
accelerate enzymatic reactions, namely by enhancing substrate and enzyme concentrations, stabilizing
intermediates, and providing molecular crowding. We discuss diverse coacervate systems, including
those based on synthetic polymers, peptides, and nucleic acids, and describe the selection of enzymatic
model systems, as well as strategies for enzyme recruitment and their impact on reaction kinetics.
Furthermore, we discuss the challenges in monitoring reactions within coacervates and review the
Received 29th November 2024 currently available techniques including fluorescence techniques, chromatography, and NMR spectro-
DOI: 10.1039/d4cs01203h scopy. Altogether, this review offers a comprehensive perspective on recent progress and challenges in
the design of coacervate microreactors, and addresses their potential in biocatalysis, synthetic biology,
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1. Introduction

Compartmentalization of biochemical reactions is essential for
maintaining life and occurs mainly in cellular membrane-
bound or membraneless organelles. The latter are dynamic
assemblies, formed through liquid-liquid phase separation
(LLPS) of various biomolecules including intrinsically dis-
ordered proteins (IDPs) and nucleic acids.””> Membraneless
organelles, or biomolecular condensates, such as nucleoli,
Cajal bodies, PML nuclear bodies, stress granules, and germ
granules create distinct environments, which localize, organize,
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and concentrate enzymes and substrates and thus facilitate the
efficiency of biochemical transformations.®” For instance, the
mRNA decapping reaction occurs in P-bodies, where the Dcp1-
Dcp2 decapping complex facilitates the degradation of mRNA.®
This process involves the removal of the protective 5’ cap from
the mRNA molecule, marking it for degradation. PML protein
nuclear bodies recruit and enrich substrates and enzymes of
SUMOylation, a post transitional modification that covalently
conjugates a small ubiquitin-like modifier protein (SUMO) to a
target protein that is typically related to gene regulation.*®
In stress granules, enzymes involved in protein translation
regulation form condensates that modulate stress responses,
without inducing harmful aggregation.”'® Additionally, actin
polymerization and cytoskeleton stabilization in neuronal
synapses are often regulated by condensates composed of
postsynaptic density proteins, which are responsible for com-
munication between the postsynaptic neuronal activity and the
spine cytoskeleton of the synapse.™

Inspired by membrane-bound organelles and other hier-
archical biological compartments such as viral capsids, a large
variety of supramolecular nano- and micro-particles, including
polymersomes,"> "> liposomes'®'” protein, peptide, or DNA
cages have been examined as possible compartments for enzy-
matic reactions.””2° These particles are relatively stable and
can significantly enhance enzymatic reactions by mechanisms
including enzyme immobilization.'*'”'®?'72% Unfortunately,
due to their solid state, these particles may also have limited
diffusivity, which hinders the recruitment of large and super
charged macromolecules including enzymes present in oligo-
meric form.

In recent years and thanks to their liquid-like properties and
spontaneous assembly,> synthetic biomolecular condensates,
or coacervates, have emerged as powerful tools for a wide
range of nanobiotechnological applications, including drug
delivery,** 2 biochemical sensing,?*"** tissue engineering,** as
adhesives*>** and especially as microreactors.** *° The interest
in coacervate-based microreactor systems has grown rapidly,
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with a doubling in the number of studies in this field eviden-
cing their growing importance and the increasing recognition
of their potential.>**>*! Coacervates offer several key advan-
tages as microreactors, one being that they can provide a stable
microenvironment that protects sensitive intermediates from
degradation.** This provision of a favourable microenviron-
ment, by concentrating enzymes and substrates, providing
molecular crowding, protecting against inhibitors and degrada-
tion, and stabilizing enzyme conformation, can greatly accel-
erate reaction kinetics. Thus, utilizing coacervates as reaction
centers is especially attractive for applications where reaction
efficiency, molecular stability, and precise regulation of bio-
chemical processes are important.

The coacervates to be used as microreactors can be derived from
synthetic polymers,**™*® or biomolecules including polypeptides, or
nucleic acids,"**>* which are easy to produce by standard
chemical synthesis methods and can be modified for specific
applications. Typically, the polypeptide building blocks have intrin-
sic disordered regions, which gives them both flexibility and the
ability to form the intermolecular interactions necessary for LLPS,
while preventing the formation of more ordered secondary and
tertiary structures.®> Common coacervate building blocks include
simple polymers like polyethylene glycol and dextran (Dex), which
form two distinct phases in an aqueous solution,> but may also
be polyelectrolytes and charged polymers like diethylaminoethyl-
Dex,>>*® poly acrylic acid®*® or polylysine®® which undergo
complex coacervation through electrostatic interactions. Short pep-
tides with an intrinsic disorder, derived from natural IDPs may also
form condensates through multiple weak attractive forces.>"”>*
Importantly, coacervate microreactors can be designed to assem-
ble/disassemble in response to environmental changes in pH,
temperature, ionic strength, or molecular crowding. This dynamic
responsiveness enables precise spatial and temporal control over
the encapsulation and release of reactants or products, creating
opportunities for targeted in situ production of molecules and their
controlled delivery.®*

In this review, we focus on recent advancements from the
past 5-8 years in the field of coacervate-based microreactors.
We begin by introducing various types of these microreactors
and examining the criteria for selecting enzymatic models. Key
factors include analytical considerations, enzymatic reactions
that induce environmental changes (thereby affecting coacer-
vate structure), reactions that model cellular biosynthetic
pathways, and reactions with technological potential. We then
review strategies for enzyme recruitment into coacervates,
covering approaches such as spontaneous partitioning, enzyme
conjugation to coacervate building blocks, and enzyme con-
jugation to ligands that bind to specific coacervate compo-
nents. We discuss how these recruitment strategies influence
reaction kinetics. Additionally, we explore the factors that
impact reaction kinetics within coacervates, including molecu-
lar crowding and enzyme conformation stabilization by the
condensed phase, highlighting cases where reactions are either
accelerated or restricted. Finally, we review the methodolo-
gies currently available for monitoring enzymatic reactions in
coacervates and discuss the analytical challenges they present.

This journal is © The Royal Society of Chemistry 2025
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Overall, the aim of this review is to showcase recent progress in
the emerging field of phase-separated microreactors based on
designed coacervates, while exploring ongoing challenges and
potential future directions.

2. Selection of enzyme model systems

The selection criteria for a model system providing enzymatic
reactions in phase separated materials are reviewed below. In
general, systems are selected because of their well-characterized
properties, their complementary roles in enzymatic cascades,
their relevance in mimicking cellular biochemical processes and
studying spatial organization and reaction dynamics in synthetic
coacervate systems, and for their potential in technological appli-
cations. Table 1 summarizes the enzyme model systems utilized in
phase separated materials.

2.1 Analytical considerations

One of the most critical criteria from a technological aspect is
the analytical consideration, i.e. the ability to monitor reactions
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quantitatively. In most cases, this entails selection of a reaction
that gives rise to a chromophore product. The most common
enzyme model system in this category is the horseradish
peroxidase (HRP)-catalyzed oxidation of Amplex Red in the
presence of hydrogen peroxide (H,O,), which results in the
formation of the fluorescent compound resorufin.®*** Glucose
oxidase (GO,) is commonly paired with HRP due to its ability to
catalyze the oxidation of glucose into gluconic acid and hydro-
gen peroxide, forming a simple model cascade reaction.”® This
pairing facilitates the spatial analysis of reaction dynamics
within phase-separated materials, guiding the development of
more accurate enzymatic models that mimic the complexity of
cellular biochemical processes.®®** Additional well-charac-
terized enzymatic models that generate chromophores e.g
fluorescein and 4-methylumbelliferone, are B-galactosidase,>>”"**
cellulase and phosphatase-catalyzed hydrolysis reaction® and for-
mate dehydrogenase-catalyzed oxidation of formate, which donates
electrons to NAD+ to form NADH.*** An indigo forming enzymatic
cascade has also been used in synthetic coacervate-artificial proto-
cells. The cascade includes the enzymes tryptophan anhydrase,
which is responsible for the conversion of -Trp to indole, and

Table 1 Summary of enzyme models employed in phase separated systems

Enzyme Substrates Building blocks
HRP Amplex red, H,0,;°* % Trans-azoTAB/Su-Amy;** ELP-PEG;**> Q-Am/CM-Am;**
p y:
o-phenylenediamine® PDDA/ATP®
Catalase H,0,°%° PDDA/PAA®®
GO, Glucose*®*>¢7 ATP/polylysine phase inside a GO,/DEAE-Dex phase;*®

Formate dehydrogenase Formate and B-NAD+%%°

PDDA/dextran-sulfate and PLys/ADP;*” PDDA/ATP®®
PLys/ATP or CM-Dex;®® Plys/ATP or PDDA/CM-Dex®’

Nitric oxide synthase Arginine”® DEAE-Dex/PAA”°

B-Galactosidase 4-Methylumbelliferyl B-p-4- Ionized synthetic polymers;’> positive peptide/negative
galactopyranoside.”"”? peptide or RNA”

Urease Urea,”>™”* PEG/Dex/PAA;”* PEG/BSA;”®> PDDA/CM-Dex’?

a-Chymotrypsin Ala-Ala-Phe-7-amido-4-methylcoumarin”® PEG/Dex”®

Adenylate kinase ADP?*3777 Enzyme conjugated to LCD of LAF1, Dbp1, Dhh1?*?77"7

Luciferase Furimazine’® Enzyme conjugated to LCD of LAF17®

Chlorocatechol 1,2-dioxygenase 4-Chlorocatechol” Enzyme conjugated to LCD of Dhh1”®

C45 o-Phenylenediamine and H,0,"* DEAE-Dex/CM-Dex**

Dextranase Dex*"*® PDDA/ATP, tetraethyleneglycol/Dex;*” ATP/PDDA

GTP and ATP*°
Pyruvate,”> NADPH®'
Proteinosomes,®” FITC-BSA®?

GMP-AMP synthase
t-Lactate dehydrogenase
Proteinase K
Glucose-6-phosphate Glucose-6-phosphate®
dehydrogenase

Enzymatic cascades
GO,, HRP Glucose and amplex red;*®%>8

condensates in PEG/Dex*®

cGAS with dsDNA®°

PEG/BSA;”> NADPH/arginine-rich peptide®!
Poly-p-lysine/ADP, PDDA/Dex sulfate;*” C-Am/Q-Am
with Succinylated BSA, PEG-PCLgTMC and terpolymer
NADPH/arginine-rich peptide®

C-Am/Q-Am;**"®* PDDA/ATP;*® PEG/Dex*®

Glucose and o-phenylenediamine®

GO, and urease Glucose, urea®
Hexokinase and G6PDH
and NADP®®

ATP, phosphorylated c-Raf
pS233/pS259 peptide®”

Uric acid and H,0,%

Uric acid and Amplex Red®’
1-Tryptophan and NADPH*°

Protein kinase A and protein
phosphatase 1o
Uricase and catalase
Uricase and HRP
Tryptophanase and flavin-
containing monooxygenase
ASL and ATIC

and IMP*!

SAE1/2 and Ubc9 PML peptide, RanGAP peptide®

This journal is © The Royal Society of Chemistry 2025

ATP, glucose, glucose-6-phosphate,

SAICAR, AICAR, 10-fTHF, FAICAR

Negatively charged sodium alginate and
cationized silk fibroin®®

Polylysine and anionic nucleotides (ATP, ADP,
NADP, NADPH, NAD, and NADH)®*®
Q-Am/Cm-Am®”

Polylysine/DNA®®
PDDA/Succinylated Dex®’
Q-Am/Cm-Am and NTA-amylose”®
PEG/Dex”'

PolySH3 with polyPRM*?
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flavin-containing monooxygenase, which oxidizes indole by con-
suming nicotinamide adenine dinucleotide phosphate (NADPH).
The two enzymes do not have a natural affinity for each other but
serve as a synthetic cascade that provides a spectroscopic readout.”

2.2 Enzymatic reactions which regulate phase separation

Other enzyme model systems are selected based on the ability
to modulate environmental changes and thereby regulate phase
separation. For instance, the commonly used GO, catalyzes the
oxidation of glucose into gluconic acid and H,0,, which lowers
the pH.**%” This approach was used by Mann and coworkers
to construct pH-sensitive coacervates which disassemble in
response to glucose oxidation by GO,.®” Another study by the
same group employed GO, and urease and the corresponding
substrates glucose and urea to modulate the pH within coa-
cervates. Such changes induce reversible structural changes in
the coacervate system, which mimic the effects of pH fluctua-
tions seen in cellular processes and improve the functionality
of synthetic protocells.®® In this study, coacervate formation
and dissolution were regulated by the concentration of glucose,
which controls the level of GO, activity, the subsequent pH
change and the related assembly, stability, and dissolution of
the coacervates.®® An alternative approach involves the use of
glucose-6-phosphate dehydrogenase and lactate dehydrogenase
to regulate the redox state of NADPH/NADP+, which is key to
the formation and dissolution of the NADPH and peptide-based
coacervates.®'

2.3 Enzymatic reactions as models for cellular biosynthesis
pathways

Additional considerations in the enzyme model selection pro-
cess are the biological roles of the enzymes and their involve-
ment in sequential biosynthetic pathways. For example,
Xia and coworkers studied the impact of phase separation on
cascade reactions by examining enzymes involved in menaqui-
none (vitamin K2) and terpene biosynthesis.’® Additionally,
Liu and coworkers developed condensed systems to control
the biosynthesis of 2’-fucosyllactose, an ingredient in infant
formula.*’

The two-enzyme cascade from the SUMOylation pathway was
monitored in phase-separated artificial cells. In this system, the
dimer enzyme SAE1/2 activates the protein modifier SUMO by
conjugating it to an AMP molecule using ATP as a substrate, while
Ubc9 conjugates the activated SUMO to a protein or peptide with a
SUMO-binding motif. Since no fluorescent product is formed,
SDS-PAGE was used as a non-spectroscopic method to assess
product formation.”*

The effects of compartmentalization on reaction dynamics
were also studied by sequestering hexokinase and glucose-6-
phosphate dehydrogenase in liquid droplets. These enzymes
were selected for their biological significance and the sequen-
tial relationship in metabolic pathways.®®

2.4 The technological potential of the enzyme models

An important selection consideration for enzymatic reactions is the
technological potential ie. biotechnology- or biomedical-related
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applications. Enzymes that catalyze in vitro transcription-translation
of proteins have been employed in phase-separated mate-
rials,*>®”71% while other enzymatic model systems have poten-
tial in biomedicine. For instance, the enzyme nitric oxide
synthase (NOS), which catalyzes the formation of nitric oxide
and plays a critical role in inducing apoptosis in cancer cells,
was sequestered in coacervate microdroplets as a delivery
system for cancer therapy.”’ Another example involves the
enzyme catalase (CAT), which catalyzes the decomposition of
H,0, into water and oxygen, and protects cells by significantly
reducing oxidative stress and neutralizing reactive oxygen
species (ROS).®® Therefore, CAT opens opportunities in bio-
medical applications with potential as a therapeutic approach
to treat oxidative stress-related diseases including cardiovascu-
lar or neurodegenerative disorders and cancer.'®" Integrating
CAT in coacervates as delivery systems might improve the
efficacy in mitigating ROS-related cellular dysfunctions.®® This
concept is exemplified by coacervate protocells that combine
uricase and CAT-catalyzed reactions. Uricase degrades uric
acid, while CAT neutralizes the resulting H,0,, thereby redu-
cing blood uric acid levels and preventing renal injuries in
hyperuricemia mice. The combination of the two enzymes in
the coacervate system addresses the dual challenge of hyperur-
icemia treatment, namely effective uric acid degradation and
elimination of toxic by-products.®®

3. Analytical techniques for monitoring
enzymatic reactions in coacervates

Enzymatic reactions within coacervates present unique chal-
lenges and opportunities for analysis. Due to the distinct
environment within coacervates, conventional techniques must
often be adapted or combined with more advanced methods to
analyze reactions in the complex setting of phase separated
materials. In this section, we review the current analytical appro-
aches for studying enzymatic activity, structure, and interactions
within coacervate systems, focusing on methods tailored to these
specialized environments.

3.1 Spectroscopic and microscopic methods

Spectroscopic and microscopic techniques are among the most
common methods for analyzing enzymatic activity in coacer-
vates. These methods provide a straightforward and real-time
measure of enzymatic kinetics by monitoring changes in the
absorbance or fluorescence of the reaction product or substrate
over time.37'38’42’48’62_64’67_69’72’73'79’82_87’89’93'97’102 Fluorescence_
based methods are particularly advantageous in coacervate
environments as they allow for direct spatial analysis of reac-
tion products. The same fluorescent product can be analyzed
both spectroscopically and microscopically, enabling spatial
analysis of product localization. Notably, products may form
in the dilute phase and subsequently partition into the
dense phase.

Fluorescence-activated cell sorting (FACS) is another useful
technique that goes beyond simple fluorescence measurements

This journal is © The Royal Society of Chemistry 2025
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by providing insights into individual coacervates. FACS mea-
sures not only fluorescence intensity but also the size and
shape of each coacervate, allowing researchers to differentiate
between various condensate populations and acquire more
precise data.®”'®® However, these spectroscopic methods have
limitations, such as requiring substrates or products with
fluorescent or absorbent properties. Certain reactions, such
as post-transitional modifications of proteins, do not produce
products with spectroscopic properties.”>'®* In addition, cascade
reactions with an intermediate product whose absorbance or
fluorescence spectrum overlaps that of the final product cannot
be monitored spectroscopically.”® A further issue is that light
scattering within coacervates may either mask low absorbance
signals in the visible light or alter fluorescence signals,384471:9%105
These problems can be addressed by preparing calibration curves
of the products or substrates in the presence of coacervates.*®**”*
Interestingly, fluorescence quenching due to compartmentaliza-
tion in coacervates can be leveraged to monitor enzymatic
reactions. Studies on the coronavirus main protease (Mpro)
used this principle by employing fluorescent dye-labelled pep-
tides that form coacervates. Upon cleavage by Mpro, the
coacervates disassemble, increasing the fluorescence of the
labelling dye in the solution and enabling accurate measure-
ment of kinetic parameters.'®®

3.2 Advanced fluorescence techniques: FRET and AIE

Advanced fluorescence techniques, such as Forster resonance
energy transfer (FRET), have been used to monitor enzymatic
activity within coacervates. FRET occurs when energy is trans-
ferred from a donor fluorophore to an acceptor fluorophore in
close proximity. In studies of Mpro, a fluorescent dye that
serves as a donor was conjugated to a peptide containing the
cleavage site of Mpro, while the counterpart acceptor of this
FRET pair was conjugated to a second peptide with an opposite
charge. When the two peptides undergo LLPS to form coacer-
vates, the FRET signal increases. Following the cleavage of the
donor-carrying peptide by Mpro, the donor emission increases
and the FRET signal decreases, which allows a direct measurement
of the protease activity."” Another advanced fluorescence-based
approach is aggregation-induced emission (AIE), where fluores-
cence intensifies in the aggregated state. In Mpro studies, a
fluorescent dye with AIE properties termed PyTPE was attached
to peptides within coacervates. The coacervate formation
increases PyTPE fluorescence, which then decreases upon coa-
cervate disassembly following Mpro-catalyzed peptide cleavage,
thereby providing another method to monitor the enzymatic
activity.'%®

3.3 Luminescence-based assays

Luminescence assays, such as those involving luciferase, pro-
vide a means of detecting enzymatic reactions through light
emission without the need for external excitation. Luciferase
catalyzes the conversion of luciferin to luminescent oxyluciferin
in the presence of ATP, oxygen, and magnesium. This approach
is particularly valuable for real-time monitoring of reactions in
systems that lack fluorescent substrates or products. Artificial

This journal is © The Royal Society of Chemistry 2025
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cell lines, such as THP1-Lucia cells, can also be used to produce
luciferase when specific pathways are activated, thereby
supporting the indirect monitoring of enzymes like cyclic
GMP-AMP synthase.”®8°

3.4 Chromatography and mass spectrometry techniques

Chromatographic techniques like high-performance liquid
chromatography (HPLC) separate and quantify substances
based on hydrophobicity.**8%91:9%1% However, due to the need
for organic solvents, which may dissolve or damage coacer-
vates, HPLC is typically limited to endpoint analysis after the
reaction is terminated. Liquid chromatography quadrupole
time-of-flight mass spectrometry (LC-MS Q-ToF) offers a more
advanced option by combining separation with precise mass
detection. This method has been used to provide detailed
information about the reaction intermediates of enzymatic
phosphorylation by protein kinase A (PKA).*”

3.5 Sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and western blot

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) separates proteins on a polyacrylamide gel by mass
after treating the proteins with SDS to eliminate their spatial
structure and normalize the charge.’®” This method can be
used to analyze enzymatic reactions of post-transitional modi-
fications like SUMOylation®®> or phosphorylation.'®* Western
blots are an extension of SDS-PAGE, by which specific proteins
are identified by specific antibody binding. This method can be
useful when the enzymatic reaction is performed in vivo,
because the specific protein of interest can be distinguished
from the large variety of other proteins present in the cell.'**

3.6 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy provides
insights into molecular structures and dynamics within coa-
cervates. Specifically, 2D 'H-"*C NMR is commonly employed
to analyze protein structures by measuring the local magnetic
environments of nuclei through chemical bonds and spatial
interactions with surrounding atoms. This technique correlates
protons with the carbon-13 atoms they are directly attached
to, providing detailed structural information and provides
valuable information about real-time conformational changes
and reaction progress.'°® Additionally, 2D 'H-">N NMR is
commonly used to analyze protein structures and detect
changes in the chemical shifts of the amide backbone. It can
also be used to study post-translational modifications, such as
phosphorylation, and to quantify the extent of phosphorylation
at each residue, thereby enabling real-time kinetic analysis of
phosphorylation reactions."**'%

3.7 Fluorescence recovery after photobleaching (FRAP)

Fluorescence recovery after photobleaching (FRAP) is used to
measure molecular diffusion within coacervates and provide
information about the spatial distribution of reactants and
products. By analyzing diffusion patterns, FRAP helps reveal
how molecular mobility within coacervates influences reaction

Chem. Soc. Rev,, 2025, 54, 4183-4199 | 4187
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rates, enabling a deeper understanding of how these structures
affect enzymatic efficiency.®*°%¢%57:89

3.8 Red edge emission spectroscopy (REES) and fluorescence
anisotropy (FA)

Red edge emission spectroscopy (REES) and fluorescence ani-
sotropy (FA) provide additional means of analyzing changes in
enzymatic conformation and binding within coacervates. REES
takes advantage of the red shift in tryptophan fluorescence in a
slowly relaxing solvent environment to provide information
about changes in the tertiary structure and conformational
alterations of proteins.** While this method is relatively straight-
forward to perform using a spectrophotometer, it restricts
the use of tryptophan-containing building blocks in the design
of coacervate building blocks. When a fluorescently labelled
peptide binds to a larger protein, its rotational motion slows,
leading to an increase in anisotropy. These changes in FA can
therefore be used to quantify the binding affinities and protein
interactions within coacervates.?”*

4. Recruitment strategies of enzymes
into coacervates: enzyme
immobilization to coacervate building
blocks vs. enzymes as client molecules

4.1 Spontaneous diffusion of enzyme clients

Enzymes can be used as client molecules that spontaneously
partition into the coacervate dense phase, mimicking the intra-
Cellular Conditions Of thng. Ceus48,66,68,69,72,73,86,88,89,91,93,97,110—113
(Fig. 1(a)). The use of free and unconjugated enzymes in phase
separated systems is ideal in terms of biomimicry because it
better mimics the natural compartmentalization of enzymes in
cellular condensates while retaining the native conformation of
the enzyme binding and catalytic sites. Yet, it is important
to note that protein conformations may change upon uptake
into condensates, potentially influencing enzymatic activity and
interactions within the dense phase. However, the recruitment
and localization of enzymes in the coacervate dense phase

View Article Online
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depend heavily on the physicochemical properties of the coa-
cervate system ie. the polarity and hydrophobicity”"''* of the
building blocks, the propensity for electrostatic interactions and
charge stoichiometry,”*%"* and the localization of counterions.

4.2 Conjugation of enzymes to the coacervate building blocks

An alternative approach to the spontaneous diffusion of enzymes
into coacervates as intact client molecules requires conjugation or
fusion of enzymes to the coacervate-forming building blocks that
undergo LLPS (Fig. 1(b)). This approach allows the recruitment of
large enzymes, or enzymes which do not necessarily partition to
the dense phase if added as intact proteins, due to a higher
affinity for the dilute phase. The LLPS-promoting fusion domains
are typically low complexity domains (LCDs) from IDRs or IDPs
including LAF1, Ddh1, and Dbp1.***%”® These LCDs contain a
more charged and polar amino acids than hydrophobic residues
and are usually characterized by low sequence diversity.”””® ELPs
have been used to promote the recruitment of HRP through
ELP-HRP bioconjugates. Under hyperosmotic conditions, the
ELP-HRP bioconjugates undergo phase separation to form coacer-
vates that concentrate the enzyme and substrates. This concept was
further demonstrated by Arosio and coworkers in their study on
NADH oxidase, where the enzyme was conjugated to various IDRs
with varying net charges and the effect of IDR composition on the
high local concentration of the enzyme, substrate and cofactor was
studied.*® Another example involves fusing part of the enzyme
B-galactosidase to recombinant intrinsically disordered polypep-
tides. When produced in bacteria cells, these polypeptides assem-
ble into condensates that recruit the complementary part of
B-galactosidase and restore the enzymatic activity.*

4.3 Recruitment of enzyme-ligand conjugates

In addition to direct conjugation to coacervate building blocks,
enzymes can be recruited to the coacervate dense phase
through conjugation to macromolecules which serve as ligands
with specific affinity for the coacervate building block or
associated domains (Fig. 1(c)). This approach was utilized by
Rosen and Peeples® to facilitate the inducible recruitment of
enzymes of the SUMOylation enzymatic cascade into condensates

Spontaneous Diffusion

P
AT

LLPS v,

Conjugation of enzyme to IDR

Conjugation of enzyme to ligand

Fig. 1 Enzymes recruitment strategies to coacervate reactors. The three central strategies for the recruitment of enzymes to the coacervate dense
phase include spontaneous diffusion of enzymes into the condensates (left panel), conjugation of enzymes to IDRs which actively form the coacervates
(middle panel), and conjugation of enzymes to ligands which bind specific motifs that are conjugated to the coacervate building block. Enzyme 3D

structure is based on PDB 1IA7 (cellulase).
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that are formed by LLPS of the proteins PolySH33 and polyPRM5.
For this purpose, a domain called FRB was attached to the
N-terminus of polySH33, and the protein FKBP12 was attached
to the SUMO-conjugating enzyme, Ubc9, and its substrates.
Addition of the small molecule rapamycin triggers the binding
of FRB and FKBP12, which results in the recruitment of the
enzyme/substrate to polySH33 within the dense phase.’?

Another example, demonstrated by van Hest and coworkers,
involved recruiting the enzymes tryptophanase and flavin-
containing monooxygenase into amylose derivative coacervates.
This was achieved using NTA-modified amylose, which binds
Ni*" ions and enables the recruitment of His-tagged enzymes
through the formation of a strong coordination complex with
the Ni** ions.’® This specific interaction facilitated the targeted
and controlled sequestration of the enzymes into coacervate
droplets.

Fusion of ligands to enzymes has proven to be especially
efficient in coacervate systems where the enzymes cannot be
directly conjugated to the building blocks, such as in all-DNA
coacervate systems where LLPS is triggered by heating-cooling
cycles that can be damaging for enzyme conformation and
stability.'"® To address this challenge, Deng and Walther'"
fused GO, and HRP to streptavidin. This construct can then be
recruited to the dense phase when the streptavidin binds to
coacervate-forming biotinylated ssDNA. Similarly, conjugation
of DNAzyme to a ‘barcode’ ssDNA sequence enables recruit-
ment to the dense phase of all-DNA coacervates by hybridiza-
tion to a complementary ssDNA sequence conjugated to the
coacervate building block."%*'*¢

5. Design of microreactor coacervates

The need for stability, compatibility, and dynamic responsiveness
drives the selection of building blocks for condensate formation
in synthetic biology. Careful choice of components with specific
properties, allows researchers to construct coacervate systems
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that mimic natural cellular processes and enhance our under-
standing of enzymatic regulation and compartmentalization.
Several aspects should be considered when selecting the building
blocks for a designed coacervate microreactor i.e. the selection of
building blocks that provide a chemically favourable phase for
partitioning of the enzyme and substrate.

5.1 Coacervate reactors based on synthetic polymers

Synthetic polymers are frequently employed as building blocks
for coacervate-microreactors (Fig. 2). These are typically, two
immiscible polymers e.g. polyethylene glycol (PEG) and Dextran
(Dex),*83476:9L117:118 \which form distinct phases through dis-
sociative LLPS. Also, conjugation of positively or negatively
charged moieties e.g. dimethylaminomethyl (DEAE),”***%* or
carboxymethyl (CM),**%* respectively, to Dex, enables the con-
struction of multiphase reactor systems. Examples include
formation of complexes between DEAE-Dex and glucose oxidase
(GO,),*® poly(acrylic acid) (PAA), or DNA,"*® or construction of
multicompartment reactor protocells through a layer-by-layer
assembly of DEAE-Dex and CM-Dex.”

The cationic polymer PDDA has frequently been employed
as a coacervate reactor building block,*¢*8:65:66:69.73.93 where
the microreactor systems are based on the electrostatic com-
plexation of PDDA and negatively charged polyelectrolytes
including CM-Dex,**"”® PAA,®® ATP,*® DNA,® and ATP in combi-
nation with PEG/Dex.*® Similarly, PDDA has also been used
to form reactor coacervates by complexation with Dex sulfate
(DS).?”

5.2 Protein-based coacervate reactors

IDPs are the natural building blocks of the native cellular
biomolecular condensates that host and concentrate enzymatic
reactions physiologically. For this reason, both intact IDPs and
their intrinsically disordered regions (IDRs) are frequently
employed as building blocks of reactor coacervates (Fig. 2).
Notably, the DEAD-box RNA helicase proteins LAF1, Dbp1, and

Nucleic acids
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Fig. 2 Schematic illustration of the four common building blocks of designed coacervate microreactors, including polypeptides/peptides, nucleic acid-

based polymers, glycan-based polymers, and synthetic polymers.
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Dhhi, which contain the LLPS-promoting arginine-glycine—
glycine (RGG) repeating sequence are common sources of IDR
motifs.**3® Other proteins that also serve as coacervate reactor
building blocks are involved in transcription-translation®” or
are derived from the postsynaptic density (PSD) of neuronal
synapses. The latter include the proteins GKAP, Shank, and
Homer, which form cellular condensates that facilitate protein
binding to actin bundles and actin polymerization."*® Addi-
tional proteins that naturally form cellular hubs for catalytic
processes and were reported to undergo LLPS in vitro, include
the conserved mRNA decapping complex, composed of the
catalytic Dcp2 proteins and its corresponding activator Dep1,®
and cyclic GMP-AMP synthetase (cGAS), which forms conden-
sates with dsDNA through a disordered and positively charged
N-terminal domain.®

The elastin-like polypeptides (ELPs) and their conjugates,
including ELP-polyethylene glycol (ELP-PEG) together with
HRP linked to ELP (ELP-HRP) have been used as building
blocks for a reactor coacervate encapsulated in lipid vesicles.®
When exposed to hyperosmotic stress, the ELP conjugates
undergo phase separation where ELP-PEG acts as a stabilizer
that supports compartmentalization and generates coacervates
that increase the local concentration of HRP (Fig. 3(a)).®
Another example by Chilkoti and coworkers, mentioned in
Section 4.2, involves in vivo formation of reactor condensates
by 160-640 amino acid-long IDRs containing varying number of
repeats of the sequence GRGDSPYS, derived from the Rec-1-
resilin protein of Drosophilia melanogaster.>

5.3 Peptide based coacervate reactors

Designed peptides are increasingly utilized as coacervate build-
ing blocks for various applications,>®?7:>%31:°1,60:120-123 i ey ding
reactors*>”"% (Fig. 2). The building blocks are frequently based
on short IDR motifs with the incorporation of sticker amino
acids. According to the stickers and spacers model, sticker
amino acids promote associative forces including intermolecular
interactions and are found in IDRs alongside spacer amino
acids, which promote backbone flexibility.'** For instance,
a 14-mer peptide composed of the LLPS promoting motif
GRGRGR, three aromatic stickers, and an ELP domain®? was
used to construct homotypic or heterotypic reactor coacervates
(Fig. 3(b)).”"*° In addition, redox-responsive coacervate reactors
were constructed by complex coacervation of short arginine
(R)-rich peptides and NADPH. Incorporation of the fibronectin-
derived RGD sequence improves selective binding to activated
platelets at thrombus sites.®!

5.4 Nucleic acid based coacervate reactors

Several studies have utilized DNA coacervates as microreactors
(Fig. 2). These coacervates may be formed by electrostatic
interactions through demixing of RNA, double stranded DNA
(dsDNA) or single-stranded DNA (ssDNA) polymers with various
cationic polyelectrolytes,®®°® polypeptides, or peptides.**”"
Alternatively, all-DNA coacervates may be formed through
hydrogen-bonding of base pairs,'**1%12
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An all-DNA coacervate reactor developed by Walther and
coworkers,'” involves base pairing of ssDNA sequences con-
sisting of poly A, and poly T, strands, which contain barcode
sequences. A DNAzyme was then immobilized within the dense
phase through hybridization to the ssDNA barcode sequence
(Fig. 3(c))."*

Another type of DNA-based reactor system is based on DNA
nanostars.’* These are DNA assemblies with a secondary
structure composed of several hybridized DNA strands with
complementary sticky ends that hybridize to one another,
creating a porous network of nanostar-like structures with
liquid-like properties. The nanostar system described includes
a 54 nucleic acid-long anchor strand, which hybridizes with
ssRNA molecules and thereby becomes a substrate of RNase
H, which degrades only hybridized RNA strands. Attaching
different fluorophores to 14, 25 and 40 nucleic acid-long ssRNA
strands, enabled monitoring the dynamics of RNAse H degra-
dation of the differently sized materials. A further example
of how the ssDNA sequences influence the properties of the
coacervate reactor involves the light-controlled formation
and disassembly of arylazopyrazole (AAP)-conjugated ssDNA-
polylysine coacervates."”® Here, the results revealed that varia-
tions in the ssDNA sequences affect the efficiency of droplet
formation under light exposure.

5.5 Glycan-based coacervate reactors

Amylose and its derivates may be employed as coacervate
reactor building blocks (Fig. 2). Examples include coacervates
formed by complexation of an anionic amylose derivative
and synthetic cationic polymers, reinforced by a terpolymer
membrane,”” or by the cationic quaternized amylose (Q-Am)
and anionic carboxymethylated amylose (Cm-Am).5”%%127
In the latter coacervate system, amylose was functionalized
with a nitrilotriacetic (NTA) group that coordinates Ni** and
can bind his-tagged proteins. This approach was used to recruit
his-tagged scaffold proteins and protein binders to study
protein—protein interactions in the dense phase. Specifically,
the study demonstrates that recruitment of proteins can be
regulated by phosphorylation/dephosphorylation through
the use of kinase and sequestration of phosphatase to the
coacervate-artificial cell (Fig. 3(d)).*” As a further example,
Huang and coworkers developed amylose-based coacervates
with a light-controlled reactor. These coacervates are formed
by hydrophobic and electrostatic interactions between succiny-
lated amylose (Su-Amy) and azobenzene cation (¢rans-azoTAB).
Under UV light, trans-azoTAB transitions to the more polar cis-
azoTAB form, leading to the disassembly of the coacervate
microdroplets. Under blue light, trans-azoTAB favours an inter-
action with Su-Amy, and the coacervate reassembles.®®
Additional example of a polysaccharide-based reactor sys-
tem involves coacervates formed by electrostatic complexation
of alginate and the positively charged cationized silk fibroin
(CSF).®> The resulting membrane-like structures can be rever-
sibly controlled by adjusting the pH within the protocells by
adding the GO,/urease enzymatic system. Interestingly, the self-
organization of CSF at the droplet surface under non-neutral

This journal is © The Royal Society of Chemistry 2025
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coacervate reactors which are formed by sequence-controlled multiblock ssDNA polymers via rolling-circle amplification, leading to the formation of
all-DNA coacervates with a liquid core and a crosslinked duplex shell. (d) Glycan-based coacervate reactors formed by mixing positively charged Q-Am
and negatively charged Cm-Am and Ni-NTA-Am. His-tagged client proteins including phosphatase are recruited to the coacervate phase by Ni-His
affinity. Client proteins are taken up based on their phosphorylation-dependent affinity and are released following the enzymatic dephosphorylation in
the condensed phase. (a) was reproduced from ref. 62 with permission from Wiley-VCH GmbH; (b) was reproduced from ref. 52 with permission from
Nature Publishing Group; (c) was reproduced from ref. ¢ with permission from Nature Publishing Group; (d) was reproduced from ref. 8 with permission

from Wiley-VCH GmbH.

charge conditions creates vesicles that resemble the cell
membrane as they can selectively regulate the transport of
solutes.

6. The two-way effect of coacervates
on reaction kinetics

6.1 The increase in local enzyme/substrate concentration
in the condensed phase

Most studies on enzymatic reactions in phase-separated materials
report accelerated reaction rate within the enzyme-active dense
phase. This is because spatial compartmentalization of enzymes
and the appropriate substrate in membraneless condensates
improves reaction efficiency by increasing the local concen-
trations,*8:62:69:86:88-90,92,128 Aq apn example, encapsulation of
CAT within PDDA and polyacrylic acid (PAA) coacervates signifi-
cantly increases the global catalytic efficiency of H,O, degrada-
tion, and enhances ROS scavenging.®® This concept is also
exemplified by coacervate protocells that combine uricase and
CAT-catalyzed reactions. Uricase degrades uric acid, while CAT
neutralizes the resulting H,0,, thereby reducing blood uric acid
levels and preventing renal injuries in hyperuricemia mice. The
combination of the two enzymes in the coacervate system
increases their local concentration, and in turn the global
reaction rates, thus improving cells viability by addressing the
dual challenge of hyperuricemia treatment, namely effective
uric acid degradation and elimination of toxic by-products.®®

Similarly, the significant acceleration of Amplex Red oxida-
tion to resorufin by the DNAzyme quadruplex-duplex-hemin
in the photoswitchable coacervate system formed by AAP-
conjugated ssDNA and polylysine can be attributed to the increase
in local concentration of reactants within the droplets.'*®

In addition to the local concentration of reaction components,
coacervates can also accelerate the rate of enzymatic cascades
by reducing the diffusion distance of substrates and enzymes
in the different steps of the cascade.’****° For instance, co-
encapsulation and increase in local concentration of GO, and
HRP within hierarchical protocells facilitates the efficient
transfer of intermediates, such as H,0,, and accelerates the
global reaction rates. This is because the diffusion of H,O,
directly to HRP in the condensed phase of the co-encapsulated
system is faster than the diffusion from the coacervate to
the dilute phase.®” Moreover, enriching rate-limiting enzymes
within condensates can enhance their activity and accelerate
the overall reaction pathway. For example, enrichment of the
enzymes MenH, MenF, and MenD from the menaquinone
biosynthesis pathway within coacervates increases the global

4192 | Chem. Soc. Rev., 2025, 54, 4183-4199

production rate of 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-
carboxylate (SHCHC) by 70%. Notably, MenD remains the
rate-limiting step, because the partitioning does not increase
significantly.’® Similarly, the global conversion of the reaction
catalyzed by the enzymes Idi and IspA, involved in the terpene
biosynthesis pathway, was increased by their sequestration
in coacervates.”® The increase in the local concentration of
enzymes and substrates in the condensed phase of coacervates
not only facilitates standard enzyme-substrate reactions but
also enables the interaction of enzymes with non-canonical
substrates. Specifically, Holt, Zweckstetter and coworkers
reported that the increased phosphorylation activity in coacer-
vates composed of a polypeptide with small ubiquitin-like
protein (SUMO) and small ubiquitin-like protein interacting
motif (SIM), produces hyperphosphorylation and phosphoryla-
tion at unusual sites. Specifically, the kinases FUS3 and CDK1,
which normally do not phosphorylate ELK1, were able to
achieve a 3-10-fold increased phosphorylation within the coa-
cervate environment. This indicates that coacervate encapsula-
tion can expand the functional capabilities of enzymes beyond
their typical substrate specificity.'**

Multiphase coacervates in which the local concentrations of
enzymes and substrates are increased in the different phases
have also been used to enhance reaction kinetics.*®** For
instance, when coacervates composed of PDDA and succiny-
lated Dex (Su-Dex) at different charge ratios were formed within
protein cage hybrid microcompartments, the local uric acid
oxidation was sixfold faster than that observed when uricase
was dispersed in the protein cages.®’

6.2 The effect of the condensed phase on enzyme
conformation

Direct interactions between coacervate building blocks and
enzymes can cause conformational changes in enzymes, which
in turn can enhance or inhibit their catalytic efficiency. For
instance, the encapsulation of the negatively charged C45
peroxidase in positively charged DEAE-Dex/CM-Dex coacervates
through electrostatic interactions, not only enhances molecular
crowding but also increases the rigidity and stability of the
enzyme, which in turn improves the catalytic activity.**
As another example, the globular protein B-lactoglobulin, typi-
cally a transport protein not associated with cellular LLPS,
forms coacervates in vitro in the presence of PEG as a molecular
crowder. LLPS of the B-lactoglobulin leads to conformational
changes, including a reduction in B-sheet content, increased
structural flexibility, and prevention of aggregation and dena-
turation, which ultimately result in esterase-like properties

(Fig. 4(a)~(c)).**>
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Fig. 4 Acceleration of enzymatic reaction kinetics in coacervates. (a)-(c). Acceleration of hydrolysis by B-lactoglobulin coacervates. (a) Schematic
illustration of B-lactoglobulin and PEG LLPS which results in the formation into liquid droplets. B-Lactoglobulin undergoes conformational changes in the
coacervate phase which allows it to catalyze the hydrolysis of ester bonds. (b) and (c) Comparative analysis of B-lactoglobulin catalysis showing
4-nitrophenyl acetate hydrolysis rate (b) and k. (c). (d) and (e) Acceleration of NADH oxidation in coacervates that are formed by NADH oxidase
conjugated to IDRs. (d) Coacervate reactors are formed by IDRs (or LCDs) derived from the DEAD-box proteins Dbpl, Lafl, and Ddx4, that have varying
net charge. The IDRs are fused to the N-terminus of the enzyme, creating chimeric proteins with different net charges. (e) Reaction kinetics in
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The formation of coacervates by the decapping complex
Dcp1/2, which marks mRNA for degradation by removing
the 7-methylguanosine cap, can inhibit the mRNA decapping
activity due to interactions between the C-terminal and catalytic
domains of Dcp2. NMR analysis showed that when the
C-terminal inhibitory domain is removed, the mRNA decapping
rate in Dcpl/Dcp2(core) coacervates increases 30-fold. Addi-
tionally, adding the enhancer decapping protein Edc3 to Dcp1/
Dcp2 coacervates induces a conformational change in the
Dcp1/Dcp2 complex, which lowers the Kd for RNA by two orders
of magnitude, leading to a 90-fold increase in mRNA decapping
efficiency.® Similarly, cyclic GMP-AMP synthetase, which cata-
lyzes the conversion of GTP and ATP into cyclic GMP-AMP, has
a disordered and positively charged N-terminal region that
induces the formation of cellular condensates with dsDNA.
Removing this N-terminal region prevents the LLPS of cyclic
GMP-AMP synthetase with dsDNA and decreases the catalytic
activity. Furthermore, while cyclic GMP-AMP synthetase can
also form condensates with dsRNA, it only becomes catalyti-
cally active in condensates with dsDNA, indicating that binding
to the dsDNA induces a conformational change and exposure of
the catalytic site.®°

6.3 Reaction restriction

Inhibition of enzymatic reactions by compartmentalization
could be a result of several factors: (i) spatial segregation
between an enzyme and substrate, (ii) electrostatic and hydro-
phobic interactions of the enzyme with the coacervate building
block, which might hinder enzyme-substrate binding, and
(iii) changes in the chemical environment within the coacer-
vates. For instance, the activity of HRP is inhibited upon

This journal is © The Royal Society of Chemistry 2025

encapsulation in Q-Am/CM-Am coacervates. While the Michaelis-
Menten constant (K,,) of H,O, is similar in the dense and dilute
phases, the V., of HRP within the coacervates is 3-fold lower
than that in bulk solution. These changes are attributed to
coacervate-protein interactions and the excluded volume effect,
which restricts movement of the enzyme active site. This limited
flexibility hinders substrate binding, leading to a decreased Vyax.
A similar decrease in Vy,,y is observed for Amplex Red, where it is
thought to be due to interactions between Amplex Red and the
coacervate matrix, which may limit accessibility to the enzyme
active site. These findings were also observed for HRP when
substrates interact with increasing concentrations of crowding
agents, indicating that molecular crowding increases K, and
decreases Vi (Fig. 5(a)-(c)).** Keating and coworkers reported
that the inhibition of the two cascading enzymes from the
biosynthesis of purine in a PEG/Dex coacervate system is due to
spatial separation between the enzymes, which are recruited to
the condensed phase, and their substrates, which are mostly
found in the dilute phase.”® Partitioning of enzymes and sub-
strates in the coacervate phase are also affected by charge
stoichiometries. This can be demonstrated by comparing the
enzymes cellulase and alkaline phosphatase whose reactivity can
be monitored by the formation of the same fluorescent product
produced from different substrates. The results of a comparative
analysis indicated that while the substrates preferentially parti-
tion to the condensed phase in a charge-mediated manner, the
enzymes primarily partition to the dilute phase, resulting in a
spatial segregation that inhibits the reactions due to limited
enzyme-substrate interactions within the condensed phase
(Fig. 5(d)-(f)).”> Further evidence for spatial hindrance is given
by the inhibition of amide bond formation by the enzyme
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Fig. 5

Inhibition of enzymatic reaction kinetics in coacervates. (a)—(c). HRP-catalyzed reactions are restricted in coacervates that are formed by amylose

derivatives, surrounded by a terpolymer membrane structure (a). (b) Chemical structures of H,O, and Amplex red used as substrates to form the
fluorescent product resorufin. (c) Michaelis—Menten curve which shows the rate of the reaction catalyzed by free and compartmentalized HRP. (d)—(f).
Restricted phosphatase activity in peptide coacervates. (d) Schematic illustration of two oppositely charged peptide building blocks (WGR:WGE).

(e) Encapsulation efficiency (EE%) of fluorescently-labelled phosphatase

in peptide coacervates with varying charge ratio, achieved by varying the

stoichiometry of WGR:WGE. (f) Reaction kinetics of phosphatase-catalyzed hydrolysis in coacervates with varying charge ratios, monitored by
fluorescence spectroscopy of the MU product. (a)—(c) were reproduced from ref. 64 with permission from European Chemical Societies Publishing
and (d)—-(f) were reproduced from ref. 95 with permission from Wiley-VCH GmbH.

a-chymotrypsin in PEG/Dex coacervates. In this case, while both
the enzyme and substrate partition to the Dex condensed
phase, the reaction is restricted due to the low water content
in the Dex phase, which is crucial for hydrolysis.”®

6.4 Reaction can be either accelerated or inhibited

Understanding the effects of the spatial organization, concen-
tration, and interaction dynamics of enzymes and substrates
within confined environments can inform the design of coa-
cervates to modulate enzyme reaction rates as desired. Specifi-
cally, SUMOylation activity can be increased by up to 36-fold if
the coacervate concentrates the reaction components. For
substrates with a high K., LLPS accelerates SUMOylation,
whereas for those with a low K, it may lead to inhibition
due to competitive binding and substrate saturation.’* In the
case of [-galactosidase, lower charge-density polycations
enhance enzyme activity, which is inhibited by higher charge-
density polycations, such as those composed of p(TMAEMA)
and p(AEMA). This inhibition is probably due to competitive
interactions with the negatively charged Glu-537 residue on f3-
galactosidase, which hinder substrate binding (Fig. 6(a)~(c)).”

Another example of the effect of spatial organization is given
by coacervate-in-coacervates constructed by a layer-by-layer
assembly of PDDA and DNA, which form the inner coacervate
microdroplets, and subsequent deposition of CM-Dex/DEAE-
Dex, which forms the outer layer. Acceleration of the reaction is

4194 | Chem. Soc. Rev,, 2025, 54, 4183-4199

observed when GO, and HRP are separated from CAT within
distinct compartments, allowing HRP to operate more effi-
ciently with minimal competition for H,0,. Conversely, the
reaction is inhibited when GO,, HRP, and CAT are confined
within the same compartment, because the CAT consumes the
available H,0,, thus preventing the HRP reaction from progres-
sing effectively (Fig. 6(d) and (e)).>*

7. Conclusions

Designing coacervates as efficient microreactors holds several
challenges, particularly with respect to understanding how
these environments enhance or restrict reaction Kkinetics.
Coacervates typically accelerate enzymatic reactions by co-
recruitment of enzymes and substrates in the dense phase,
thereby increasing local concentrations and reducing diffusion
distances*®®¢12%128 or by reducing intermediate diffusion
times and enhancing turnover rates by ensuring proximity
between cascading enzymes.®* However, compartmentalization
can also hinder reactions through spatial segregation of enzy-
mes and substrates,”™*> unfavourable charge interactions,
or restricted enzyme flexibility.”> Thus, it is still not trivial to
predict which coacervate system will accelerate reaction
kinetics. Designing microreactor coacervates requires a deli-
cate balance between structural stability and the creation of a
chemically favourable environment that allows both enzymes

This journal is © The Royal Society of Chemistry 2025
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inner and outer coacervates were outlined with dashed blue and white circles,

respectively. (e) Time profile of resorufin fluorescence following oxidation

from Amplex Red by the cascade. (a)—(c) were reproduced from ref. 72 with permission from the American Chemical Society and (d), (e) were reproduced

from ref. 93 with permission from the Royal Society of Chemistry.

and substrates to partition effectively into the condensed phase.
For instance, PEG and Dex are frequently used in synthetic
polymer-based coacervates, where the more polar Dex preferen-
tially attracts polar and charged macromolecules like enzymes.
However, this poses challenges when apolar substrates, such
as chromophores, are involved, as they tend not to co-partition
with the enzymes.”®°" Fortunately, multiphase systems may
be obtained by conjugating Dex to positively or negatively
charged groups, such as DEAE or CM. Examples include
coacervate systems composed of DEAE-Dex and GO, or DNA,
which can facilitate enzyme localization and substrate
compatibility,*>°® and coacervates that are formed by highly
ionic polymers such as PDDA and Dex sulfate, which are stable
at acidic pH.®” In amino acid-based coacervates, short pep-
tides designed with aromatic or aliphatic stickers or short
IDRs enhance coacervate stability and phase separation
properties.’”"**"3! For example, ELP conjugates can phase-
separate under hyperosmotic stress, forming coacervates that
localize and concentrate enzymes like HRP.%> Similarly, com-
plexation of ssDNA or dsDNA polymers in nucleic acid-based
coacervates with cationic polyelectrolytes like PDDA, creates
microreactors that can host DNAzymes, and improve reaction
kinetics within the dense phase.'®* A key challenge in studying
enzymatic reactions within coacervates lies in achieving high-
resolution monitoring techniques that can accurately capture the
dynamics and activity of enzymes in these complex environments.

This journal is © The Royal Society of Chemistry 2025

Current methods,
cence-based approaches,
require specific fluorescent or absorbent substrates, thereby limit-
ing their applicability. Additionally, the unique environment of
coacervates can lead to significant light scattering and fluores-
cence quenching, which complicates data interpretation and
reduces signal sensitivity. Techniques like FRET and AIE'® a

useful but are restricted by the need for close ﬂuorophore
proximity and aggregation states, respectively. Chromatography
and mass spectrometry*”%®8791:961% provide detailed composi-
tional data but are typically limited to endpoint analysis due to
their reliance on organic solvents, which can dissolve or damage
coacervates, making real-time monitoring challenging. NMR
spectroscopy,®'**'%%1% while informative for structural analysis,
requires high sample concentrations and specialized equipment,
which limits its accessibility and utility for rapid kinetic studies.
Furthermore, methods such as FRAP and REES*#0366:68:87.89 gpe
useful in analyzing the diffusion in the dense phase and enzyme
conformation but do not directly quantify reaction rates or
activity. When coacervates are engineered within cellular environ-
ments, indirect measurements of enzymatic activity, like cell
growth or metabolite production,* introduce additional com-
plexity, as these indicators may be influenced by other cellular
factors. These limitations highlight the need for developing
advanced analytical tools and expanding the use of current
high-resolution techniques such as NMR to achieve accurate

such as spectroscopic and fluores-
42,48,62-64,67-69,72,73,82-87,89,93,97,102 g
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monitoring of enzymatic activity and dynamics within the
complex environment of coacervates. This will be required for
more precise and comprehensive analysis in synthetic biology
and biochemical research. Integrating computational models
and high-resolution techniques***"**® will provide further infor-
mation about coacervate dynamics and enable the rational
design of coacervates with optimal reaction rates while avoiding
inhibitory effects such as potential enzyme denaturation. These
approaches will ultimately pave the way for leveraging coacer-
vates for applications in biocatalysis, synthetic biology, and drug
delivery.
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