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ABSTRACT  

There remains a gap in understanding the enzyme interactions with the coacervate as a substrate hub. Here, we study 
how the hydrophobicity nature of coacervate affects the interactions of the embedded substrate with a protease. We 
design oligopeptide-based coacervates that comprise an anionic Asp-peptide (D10) and a cationic Arg-peptide (R5R5) 
with a proteolytic cleavage site. The coacervates dissolve when exposed to the main protease. We exploit the condensed 
structure, implement a self-quenching mechanism, and characterize enzyme kinetics with Cy5.5-labeled peptides. The 
determined specificity constant is 5,817 M-1 s-1 and is similar to that of the free substrate. We further show that the 
enzyme kinetics depend on the amount of dye incorporated into the coacervates. Our work presents a simple design for 
coacervates with tuned bioactivities and provides insights into the kinetics between the enzyme and coacervates as a 
substrate hub. 
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1. INTRODUCTION  
Membrane-less cellular organelles exhibit liquid-like properties due to biomolecular coalescence. These include stress 
granules and processing bodies (P-bodies) that recruit mRNA and RNA-binding proteins through liquid-liquid phase 
separation (LLPS).1-4 Investigations into the fate of these organelles, as well as their responsive to stimuli such as pH,5 
redox potential,6 light,7-8 enzymes,9-10 among others, could enhance the comprehension of important biological events 
including protein condensate formation,11-12 substrate translocation,13 and genomes regulation.10 For example, condensed 
P-bodies are believed to physically protect the constituting mRNA from ribonuclease degradation, yet decay of specific 
substrate may still occur in these hubs.14-17 This indicates the complex and elusive nature of the interactions between 
non-membrane organelles and enzymes.  

Synthetic coacervates, which mimic membrane-free organelles, have gained significant attention for their ability to 
uncover the dynamics such as compartmentalization,8-9, 18 mesostructured manipulations,19-22 local reactions,23-24 
biomolecule transportation,13 among others. Proteases are key participants in many biological events in cells, with 
proteolytic processing being critical to post modification, activity regulation, protein turnover, and signal transduction. 
In vitro evidence from Keating et al. have demonstrated that kinase and phosphatase can manipulate the reversible 
formation of coacervates by modifying the phosphorylation states and Coulombic interactions among the comprising 
peptides.9, 25 Rosen et al. reported that the reversible LLPS of reconstituted chromatin droplets in vivo is histone tail-
dependent, induced by histone acetyltransferase.10 These examples indicate that enzymes have a significant impact on 
the coacervate dynamics, nonetheless, the enzymatic kinetics on the condensed liquid-like substrate hub remain largely 
unexplored. 

In this work, we present a simple system for modeling the proteolysis of complex coacervates. The coacervates were 
designed with oppositely charged peptides that coded a specific cleavage site, e.g., D10 and R5R5 peptides. We validated 
the system’s response to the coronavirus main protease (Mpro) in vitro. Upon cleaving the R5R5 substrate, Mpro reduced 
the charge valence and weakened the electrostatic interactions, leading to the disassembly of the coacervates. To 
quantify the proteolytic kinetics, we introduced Cy5.5-R5R5 strand to the coacervates as optical reporters. A notable 
decrease in dye photoluminescence (PL) occurred through self-quenching within the droplets. However, the PL 
recovered in the presence of Mpro. We discovered that enzyme-coacervate interactions are influenced by droplet 
characteristics. Adding one dye-labeled strand minimally affects catalytic efficiency (kcat/KM). Yet, labeling both strands 
with dye entirely prevents the protease from interacting with coacervates. Our results provide valuable insights into the 
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interactions between the protease and non-membrane coacervates and suggest a tunable bioactivity of coacervates for 
sensing and delivery applications. 

2. RESULTS AND DISCUSSION 
2.1 Rationale  

Our representative coacervates used R5R5 and D10 peptides (Figure 1a). The modular cationic peptide has two charged 
(Arg)5 termini flanking a specific Mpro cleavage site, and the counterpart uses a decapeptide, (Asp)10. The prevalent 
electrostatic interactions between the two peptides yield complex coacervates because of the charge valence of 10 seen 
on the backbone from positive guanidine and negative carboxylate groups.26 Mpro is used as a model protease.27 In 
Figure 1b, our hypothesis is that the endoproteolysis of cationic R5R5 peptides would reduce their charge multivalency 
by half, thereby diminishing Columbic attractions and causing the dissolution of coacervates. Moreover, we employed 
dye-labeled peptides to construct optically addressable coacervates, which evaluate enzymatic kinetics via a self-
quenching transduction mechanism (Figure 1a). 
 

 
Figure 1. Protease-responsive oligopeptide-based coacervates. (a) Complex coacervates comprise of cationic Arg-rich 
oligopeptides, which have a cleavage site (R1) and a free N-terminal amine for dye conjugation (R2). The confinement 
structure enables self-quenching signal transductions in coacervates. After proteolysis, photoluminescence (PL) recovers. (b) 
A mixture of R5R5 and D10 at pH 8 results in a turbid emulsion containing the coacervates. Addition of the Mpro leads to a 
clear solution. The electrostatic interactions holding the coacervates can be broken by SDS surfactant. 

 

2.2 Oligopeptide coacervates 

The charge effects on complex coacervation were studied, including charge valence, charge density, and net charge. 
Table 1 summarizes the peptides used in this work. For example, the cationic R10 decapeptide was derivatized to an RkRl 
formula (k, l−number of repeating unit) to encompass varying charge valency and a central Mpro cleavage sequence, 
AVLQ↓SGF.28 In Figure 2a, the mass spectrum (MS) of R5R5 (i.e., RRRRRAVLQ↓SGFRRRRR) showed a strong peak 
at 2282.9 that was attributed to its [M + H]+ ion (calcd 2280.4). Incubating R5R5 with Mpro in phosphate buffer (20 mM, 
pH 8.0) at 37 °C for 1 h resulted in peaks at 1209.8 and 1088.6, ascribed to the [M + H]+ ion of the N-terminal (calcd 
1209.8) and C-terminal fragments (calcd 1088.7), respectively. This suggests the successful synthesis of peptides and 
enzymatic cleavage. The MS of other substrates exhibited close alignment with the calculated values.  

The anionic counterparts used D10 and D5D5 peptides for coacervation. In addition, zwitterionic peptides were designed 
and synthesized such as R10D5, R10D10, and R5D10, with varying net charges of +5, 0, and -5, respectively. Ion-pairing 
interactions arising from opposite charges on the mentioned peptide backbones drive the formation of complex 
coacervates. 

We first evaluated the impact of charge valence on the coacervation of RkRl (k+l = 5, 7, 10) with D10. When combining 
oligopeptides with opposing charges, two results were observed: a transparent solution and an emulsion of coacervates. 
The conditions used 5 mM total charge, 0.5 charge ratio, 20 mM PB at pH 8, and 0.2% w/v Tween-20 unless otherwise 
indicated. In Figure 2b, the minimal charge valence for coacervation was found to be (k+l)min = 10 (second column), 
which also held true for D5D5 (first column). For example, the coacervation occurred between combinations of (R5R5, 
D10), (R10, D10), (R5R5, D5D5), and (R5R5, D10), while R2R3 and R3R4 failed to condense with D10 or D5D5 (Table 2). This 
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Table 1. Information of the (dye-)oligopeptides for complex coacervation. 

Effect 
Peptide 

name 

Peptide sequence [a] 

(red-positive; green-cleavage; blue-negative) 

M. 

W.[g/mol] 

Net 

charge 

[b] 

Description 

ch
ar

ge
 v

al
en

cy
, c

ha
rg

e 

de
ns

ity
 

R2R3 RRAVLQ↓SGFRRR 1499.9 +5 cationic  

R3R4 RRRAVLQ↓SGFRRRR 1813.1 +7 cationic  

R5R5 RRRRRAVLQ↓SGFRRRRR 2280.4 +10 cationic  

r5r5 RRRRRQ×FAGSLVRRRRR 2280.4 +10 
cationic, 

scramble 

R10 RRRRRRRRRR 1578.0 +10 cationic 

ne
t c

ha
rg

e 

R10D5 RRRRRRRRRRAVLQ↓SGFDDDDD 2855.5 +5 zwitterionic 

R10D10 RRRRRRRRRRAVLQ↓SGFDDDDDDDDDD 3430.6 0 zwitterionic 

R5D10 RRRRRAVLQ↓SGFDDDDDDDDDD 2650.2 -5 zwitterionic 

ch
ar

ge
 

de
ns

ity
 D5D5 DDDDDAVLQ↓SGFDDDDD 1869.6 -10 anionic  

D10 DDDDDDDDDD 1167.3 -10 anionic 

si
gn

al
 tr

an
sd

uc
tio

ns
 Cy5.5-R5R5 Cy5.5-RRRRRAVLQ↓SGFRRRRR 2850.7 +11 

cationic, for 

self-quenching 

Cy3-R5R5 Cy3-RRRRRAVLQ↓SGFRRRRR 2721.4 +11 
cationic, for 

FRET 

Cy5.5-D10 Cy5.5-DDDDDDDDDD 1733.7 -9 
anionic, for 

self-quenching 

m
ol

ec
ul

ar
 

pr
ob

e Cy5.5-

R5R5-Cy3 
Cy5.5-RRRRRAVLQ↓SGFRRRRRC-Cy3 3528.1 +12 FRET probe 

 [a] All peptides contain a free N-terminal amine and an amidated C-terminus; ‘↓’ designates the Mpro cleavage site (coded in 
green); ‘×’ designates non-cleavable sequence by Mpro; NHS-ester dye was conjugated to the N-terminal amine; positively 
and negatively charged segment is coded in red and blue, respectively. [b] The electrophoretic property of peptide at pH 8.0, 
where the N-terminal amine is neutral in charge, and the Cy5.5 dye contributes to the net charge.29-30 

 

aligns with Keating et al.'s discovery that peptidic polyions need to be at least 10 units long for coacervation, driven by a 
critical level of ion-pairing interactions.26 This also suggests that the inner positioning of cleavage site in RkRl (e.g., at 
the center for R5R5) is essential for the current design. It enables the intact coacervation of R5R5 with D10, while 
predicting the subsequent coacervate disassembly after endoproteolysis. Work from other groups and ours also 
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emphasize the significance of polyion's electrophoretic characteristics in dictating the least charge valence of its 
counterpart required for coacervation:31-32 we observed coacervation when mixing R3R4 with the zwitterionic R5D10 
peptide, which can be ascribed to the pendant R5 domain on the zwitterionic backbone reinforcing electrostatic 
interactions (third column). These collective observations underscore the significance of balanced charge valence in 
regulating complex coacervation. 

 

  

Figure 2. Optimization of oligopeptide coacervation. (a) MALDI-TOF MS data show that Mpro cleaves the R5R5 substrate. 
(b) Modular peptides of varying charge valence, charge density, and net charge are investigated for complex coacervation. 
The empty and green dots indicate no formation and formation of coacervates, respectively. The blue and pink shadow 
designates relatively stable and unstable coacervates, respectively. (c) Increasing total charge increases the hydrodynamic 
diameter (DH) and turbidity of freshly mixed coacervates. (d) The relation between the charge ratio (i.e., [Arg] / [Asp]) and 
DH/turbidity of freshly mixed coacervates. (e) Agarose gel electrophoresis acquired from the fluorogenic (Cy3-R5R5, Cy5.5-
D10) coacervates of varying charge ratios (wells 3 to 7), side-by-side with the controls (Cy3-R5R5 and Cy5.5-D10 only in 
wells 1 to 2) and the coacervates with 0.2% surfactant (SDS, CTAB, and Tween-20 in wells 8 to 10). The optimal charge 
stoichiometry is 0.5 in well 4.33 (f) DLS profiles of sub-micron coacervates by freshly mixing R5R5 with D10 (red) or R10 
with D5D5 (blue). (g) TEM image of the negative-stained coacervates. (h) Bright field confocal image of the aged 
coacervates. The size is 3.0 ± 1.1 μm. Error bars = standard deviations (n = 3). 

 

Following that, we examined how the peptide's net charge influences coacervation dynamics. The net charge of -5 
carried by the zwitterionic R5D10 peptide exhibited coacervation properties similar to those of D10 (see second vs third 
column, Figure 2b). Likewise, numerous droplets were resulted by mixing the zwitterionic R10D5 with either D10 or 
D5D5 peptide. Additionally, we disclose that the zwitterionic R10D10, possessing a neutral net charge, undergoes self-
coacervation, leading to the formation of surface wrinkles on the droplets. Therefore, the effect of net charge is marginal 
on the formation of coacervates.  

In contrast, the net charge plays an important role on the colloidal stability of coacervates.34 This is indicated by the zeta 
potential (ζ) and hydrodynamic diameter (DH) values in Table 2. For example, the combination of (R10D5, D10) yielded 
the most stable droplets with a low surface potential of -10.4 ± 1.1 mV and a compact size of DH = 0.25 μm. This low 
potential is from the negatively charged D5 moiety on R10D5. In addition, ζ(R5R5, D10) and ζ(R10, D5D5) at -6 to -7 mV showed 
moderate stabilities with larger sizes (DH = 0.65 μm). While the positively charged R5 moiety in R5D10 peptide 
neutralized and reversed the zeta potential and led to unstable and larger droplets when mixing with R10. This 
emphasizes the significance of adjusting the net charge of constituent peptides to improve colloidal stability and 
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compactness. These results coincide with recent research underscoring the role of surface electrostatics and viscosity in 
determining the stability of condensates.34  

To this end, we have investigated the influence of charge density on complex coacervation, defined as the charge 
valence per unit length.31, 35 In the first, despite R5 and R10 have similar charge densities, coacervation was only observed 
in (R10, D10) mixture and not with (R5, D10) under the same conditions. In the second, R5R5 peptide coacervated with D10 
despite being almost twice longer than R10 with a same charge valence (third row in Figure 2a). We found similar 
coacervation abilities of D10 and D5D5 (first vs second column, Figure 2a). These observations, coupled with the existing 
literature,35 suggest that charge density may not be crucial for coacervation. 

 
Table 2. Hydrodynamic size (DH), polydispersity index (PDI), and surface potential of the peptide coacevates. 

Peptides DH (μm) PDI  
Zeta potential 

(mV) 

(R2R3, D10) N.D. [a] N.D.  N.D. 

(R3R4, D10) N.D. N.D. N.D. 

(R5R5, D10) 0.64 0.10 -6.2 ± 0.8 

(R10, D5D5) 0.68 0.02 -7.4 ± 1.7 

(R10D5, D10) [b] 0.25 0.01 -10.4 ± 1.1 

(R10, R5D10) [b] 1.30 0.05 +4.4 ± 0.5 

(R10D10) [b] 1.78 0.05 +5.7 ± 0.3 

[a] ‘N.D.’ designates coacervate Not Detected by DLS. The conditions used 5 mM total charge, 0.5 charge ratio, 20 mM PB 
at pH 8, and 0.2% Tween-20 unless otherwise specified.  [b] For zwitterionic peptides, the charge ratio uses [Arg, (+)] = [net-
positively-charged peptide] × Arg valence, and [Asp, (–)] = [net-negatively-charged peptide] × Asp valence. Remark: the 
charge ratio in D10R10 self-coacervates is 1. 

 

2.3 Coacervate characterization  

We exploited a representative (R5R5, D10) system and optimized the conditions such as total charge (from peptides, [Arg] 
+ [Asp]), charge ratio ([Arg] / [Asp]), pH, ionic strength (from inorganic salts), and surfactants. In Figure 2c, we 
observed a slight increase in turbidity at total charges of 0.8 - 3 mM, followed by a substantial rise when exceeding 3 
mM. This indicates the formation of numerous droplets. The corresponding DLS measurement showed a similar trend, 
with a critical total charge of 0.8 mM resulting in a droplet size of 0.1 μm. We chose 5 mM total charge for subsequent 
experiments, which gave a sufficient number of droplets. 

Next, a closer examination in gel electrophoresis demonstrated that the optimal charge stoichiometry is 0.5 for (Cy3-
R5R5, Cy5.5-D10) system using the dye-labeled peptides, with approximately 100% of the peptides concentrated in 
coacervates (Figure 2d,e). Different charge ratios and control samples included free peptide-dye migrating towards 
either the cathode or anode. The lack of mobility shift observed for the coacervates at 0.5 charge ratio was due to their 
large size compared to the dimensions of the pores (see well 4, Figure 2e),33 rather than a charge neutrality. 
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The size of coacervates was then characterized by DLS, TEM, and confocal microscope. The fresh coacervates showed a 
DH of 0.64 μm with a low polydispersity index PDI = 0.09, indicative of a homogeneous population of droplets (Figure 
2f). Other peptide combinations, such as (R10, D5D5), also exhibited coacervates in the (sub)micrometer regime with an 
average size of 0.68 μm (Table 2). TEM images outlined sub-populations of stained coacervates with a size range of 0.4 
to 0.8 μm (Figure 2g). Confocal microscopy posed challenges due to the rapid movement of droplets. However, after 
allowing the samples to age, the majority of coacervates settled, enabling imaging with an average size of 3.0 ± 1.1 μm 
(Figure 2h). The observed droplet enlargement after aging can be attributed to coalescence facilitated by the fluid-like 
character of the membrane-less system.20, 36 

To enhance colloidal stability and reduce interparticle coalescence, we incorporated the non-ionic surfactant Tween-20 
(0.2% w/v) during the coacervation of (R5R5, D10) peptides.37 The efficacy of this approach was monitored by time-
resolved turbidity measurements, as shown in Figure 3a. Tween-20 significantly slowed turbidity decay compared to the 
surfactant-free control, preserving 70% of initial turbidity after 3 h. In contrast, the control experienced an 80% turbidity 
drop within 0.5 h, and microscopy revealed a bulk liquid instead of well-dispersed droplets. This discrepancy is 
attributed to the Tween-20 above critical micelle concentration (CMC) acts as non-interacting physical barrier and 
impedes colliding coalescence of the membrane-less droplets. Gel electrophoresis confirmed that Tween-20 did not 
compromise the droplet integrity (see well 10, Figure 2e). In contrast, ionic surfactants such as SDS and CTAB, above 
their CMC, disrupted our complex coacervates by engaging in electrostatic competition with the counter polyions (wells 
8-9).29, 38 This further verifies that electrostatic interactions are the predominant driving force in our system. Collectively, 
Tween-20 emerges as a straightforward method for stabilizing non-membrane coacervates.20, 36 

 

 
Figure 3. (a) The turbidity decay of the (R5R5, D10) coacervates with (blue) and without (red) 0.2% w/v Tween-20. (b) 
Phase diagram indicates that pH 6 - 8 is the optimal pH range for (R5R5, D10) coacervation. The green area designates 
coacervation. (c) Time-dependent turbidity decay of the (R5R5, D10) coacervates with Mpro. [S] : [E] = 800 :1 was applied. 
Controls used without Mpro and a scramble r5r5 peptide with Mpro. Error bars = standard deviations (n = 3).  

 

pH and ionic strength are crucial factors that determine the outcome of coacervation. In Figure 3b, a pH range of 6 - 14 
is essential for the coacervation of (R5R5, D10) peptides because deprotonation of the carboxyl in Asp occurs above pKa ≈ 
3.9.39 However, overly basic conditions hinder coacervation, likely due to the deprotonation of guanidinium group in 
Arg (pKa ≈ 13.8)40 and high ionic strength. Therefore, the optimal pH range for favorable (R5R5, D10) coacervation is 
near the physiological range.23  

Regarding ionic strength, it is widely recognized that low ionic strength promotes complex coacervation, as illustrated 
by our observed empirical correlation between the maximum NaCl concentration and the total charge of coacervates: 
[NaCl]max ≈ [total charge] × 10. The salt stability of (R5R5, D10) coacervates is specific to NaCl because sub-millimolar 
concentrations of CaCl2 rapidly crosslinks and aggregates the droplets.30, 41 In summary, we optimized a phosphate 
buffer (20 mM, pH 8.0) without NaCl but with 0.2% (w/v) Tween-20 to investigate the interactions between the 
coacervates and Mpro.  

2.4 Enzyme modeling with non-fluorescent coacervates 

We asked whether Mpro interacts with R5R5 substrate trapped within the (R5R5, D10) coacervates. To generate coacervate 
samples, the peptides were mixed thoroughly in a clear cuvette for 10 s, and the resulting turbid dispersion was 
photographed every 30 s. Other conditions used 5 mM total charge, 0.5 charge ratio, 20 mM PB (pH 8), 0.2% Tween-20, 
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and a substrate-to-enzyme ratio of 800:1. In Figure 3c, the addition of 200 nM Mpro to the opaque emulsion led to a clear 
solution in 5.5 min. This offered compelling proof of the protease cleaving the confined R5R5 substrate, generating 
fragments unable to maintain the required charge valency essential for sustained coacervation. The control trial without 
Mpro remained turbid. The coacervates constituting the scramble sequence r5r5 and Mpro also showed no turbidity drop, 
indicating the need for specific recognition between substrate and protease.  

2.5 Enzyme modeling with self-quenching coacervates 

 
Figure 4. Enzyme studies of fluorogenic coacervates. Absorption (a,c) and PL (b,d) of the (Cy5.5-R5R5, D10) and (Cy5.5-
R5R5, Cy5.5-D10) coacervates with (blue) and without (red) 1% SDS, respectively. (e) Time-dependent ∆PL720 nm of the 
coacervates at various total charges (0.024 – 0.8 mM) incubated with Mpro (200 nM). This corresponds to final [S] 
concentrations of 0.8 – 26.6 μM. (f) Determination of kcat/KM = 5,817 M-1 s-1 for hydrolysis of the (Cy5.5-R5R5, D10) 
coacervates by Mpro in 20 mM PB, pH 8.0, at 37 °C. Time-dependent PL720 nm of the (Cy5.5-R5R5, Cy5.5-D10) coacervates 
of various total charge (0.024 – 1.2 mM) without (g) and with (h) Mpro (200 nM) over 3 h. This corresponds to a final [S] 
concentration of 0.8 – 39.4 μM. Absorption (i) and fluorescence (j) profile of the FRET-based (Cy3-R5R5, Cy5.5-D10) 
coacervates with (blue) and without (red) 1% SDS. The inset picture shows a slight color change upon coacervation. (k) 
Time-dependent PL560 nm recovery of the FRET coacervates at varying total charges from 0.024 mM to 1.2 mM incubated 
with Mpro (600 nM). This corresponds to final Cy3-R5R5 concentrations from 0.8 μM to 39.4 μM. (l) Determination of 
kcat/KM for hydrolysis of the FRET coacervates by Mpro. 

 

Coacervates demonstrate a confined structure and facilitate energy transfer-based transductions by bringing interacting 
moieties close together. Other research groups have utilized this feature to investigate associations both within and 
between coacervates.19, 42 However, the subsequent dissolution of coacervates has received little attention, which also 
impacts the separation distance and energy transfer. Here, we used a dye-labeled peptide in the (Cy5.5-R5R5, D10) and 
(Cy5.5-R5R5, Cy5.5-D10) coacervates and realized a self-quenching43-44 effect resulting from an increase in the local dye 
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concentration, reaching approximately 100-fold based on related work.4, 19, 45 We also observed that integration of Cy5.5 
dye to the coacervate led to a reduction in the critical total charge from 0.8 mM for (R5R5, D10) to 0.024 mM. This is 
presumably due to additional cation-π interactions that reinforce the interpeptide association. Following the addition of 
Mpro, the coacervates were disassembled, the dye PL was recovered, and this enabled the modeling of enzyme kinetics. 

Figure 4a-d shows the immediate optical differences of conjugated Cy5.5 upon incorporation into coacervated. The 
introduction of 1% w/v SDS (above CMC) to coacervates is twofold: (i) it breaks the ion-pairing interactions and 
disassembles the coacervates,29 and (ii) it minimizes dye-dye stacking interactions and favors its monomeric state.38, 46 
The absorbance peak wavelength (λmax) of Cy5.5 in coacervates blue-shifts from 687 nm for the monomeric dye to 677 
nm, indicating strong intermolecular interactions of Cy5.5.44 This shift is accompanied by intensity reductions of the 
hypochromic peak and peak broadening. The PL peak wavelength also exhibits a 20-nm hypsochromic shift along with a 
high PL quenching efficiency of 93%. This efficiency is calculated using . The decrease in 
quantum yields from 0.16 for the free dye to 0.05 also supports the observed PL quenching. Our group has reported near-
complete self-quenching of the dye PL, realized by bringing a dye dimer in close proximity using a short linker.44  

Next, we monitored the reaction of Mpro (200 nM) on the fluorogenic coacervates with varying total charges ranging 
from 0.024 mM to 0.8 mM. The ∆PL at 720 nm (PLt – PL0) was recorded for 2 h at 37 °C and pH 8. By modulating the 
total charges, we could simultaneously adjust the substrate concentrations ranging from 0.8 μM to 26.6 μM. Figure 4e 
shows that the enhancement in the ∆PL720 nm with time that is commensurate with the Cy5.5-R5R5 employed. Up to 2.7-
fold PL recovery was measured at a substrate concentration of 16 μM. The control showed no PL enhancement under 
identical conditions in the absence of Mpro. Therefore, we selected a substrate concentration of 16 μM for further study 
unless otherwise indicated. 

The progressive increase in PL demonstrates that the digestion of the (Cy5.5-R5R5, D10) coacervates releases the dye 
from the droplets. The data in Figure 4e were further converted to the amount of cleaved Cy5.5-R5R5 for quantifying the 
kinetic parameters. To do this, we retrieved the proteolyzed samples at 12 h and quantified the dye amount in the 
supernatant (i.e., fragment). A linear standard curve was found between the ∆PL and the dye-fragment concentration. 
This linear fit was then used to back-calculate the amount of product in the real-time proteolysis and build a classical 
Michaelis-Menten (MM) plot. Our results show that Mpro can digest up to 75% of the coacervates, while the portion 
remaining undigested can be attributed to the bulk phase induced by coalescence and sedimentation, rendering the 
substrate inaccessible to the protease. (Table 3). 

 

Table 3. Kinetic parameters for Mpro interacting with the fluorogenic coacervates.  

Transduction 
mechanism Component Mpro, 

nM 
vmax, 

nM/min kcat, s-1 KM, 
μM 

kcat/KM, 
M-1 s-1 

Digestion 
yield [b] 

FRET probe Cy5.5-R5R5C-Cy3 200 780 0.065 12.6 5,159 85% 

Self-quenching 
coacervate 

(Cy5.5-R5R5, D10) 200 747 0.062 10.7 5,817 75% 

(Cy5.5-R5R5, Cy5.5-
D10) 200 N.D. [a] N.D. N.D. N.D. 0% 

FRET coacervate (Cy3-R5R5, Cy5.5-D10) 600 35 0.0014 5.4 259 5% 
[a] ‘N.D.’ designates Not Determined. [b] The yield for FRET probe is from area integration in HPLC, and that for 
coacervates is estimated from the absorbance of the supernatant using εCy3 = 1.5 × 105 M-1 cm-1 at Abs555 nm and εCy5.5 = 1.98 
× 105 M-1 cm-1 at Abs685 nm. 

 

The specificity constant, kcat/KM, for the (Cy5.5-R5R5, D10) coacervates by Mpro was calculated to be 5,817 M-1 s-1 
(Figure 4f). This finding provides valuable insights into the interactions between non-membrane droplets and enzymes, 
as a comparison of kcat/KM for the substrate in coacervate versus in solution has not been previously reported. To address 
this, we further measured the kcat/KM for free substrate by Mpro using a synthetic peptide (Cy5.5-R5R5C-Cy3) and 
obtained a value of 5,159 M−1 s−1. This value is slightly or 1.1-fold lower than that of coacervates. In this case, both 
systems exhibited a similar KM value of 10 μM, which indicates that Mpro binds to the substrate with a comparable 
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affinity irrespective of the coacervates.47 The obtained specificity constants are consistent with prior findings.41, 48  The 
slight differences may arise from variations in assay conditions or substrate sequence customization (Table 3). 

We then examined the kinetics of Mpro on (Cy5.5-R5R5, Cy5.5-D10) coacervates and compared to that of the previous 
(Cy5.5-R5R5, D10) droplets. Self-quenching in optical profiles of (Cy5.5-R5R5, Cy5.5-D10) were observed (Figure 4c,d). 
However, the introduction of Mpro to the (Cy5.5-R5R5, Cy5.5-D10) samples showed no PL recovery, with the intensity 
remaining a constant for over 3 h (Figure 4g,h). The control without Mpro yielded the same result. To confirm the effect 
of hydrophobicity effect on the enzyme-coacervate interactions, we further measured the kinetics on fluorescence 
resonance energy transfer (FRET)-based (Cy3-R5R5, Cy5.5-D10) coacervates. The PL profile exhibited a substantial 
donor quenching with an efficiency more than 99.9 % (Figure 4i,j). We monitored the PL560 nm for Mpro (600 nM) 
interacting with the (Cy3-R5R5, Cy5.5-D10) coacervates at various total charges (0.024 – 1.2 mM). Figure 4k shows that 
more PL recovery of Cy3 donor is observed for higher substrate concentration, implying that Mpro releases partial of the 
coupled Cy3 from the droplets. However, the attainment of kinetic equilibrium required an hour-scale time and resulted 
in a low digestion yield of 5% (Table 3). In Figure 4l, the (Cy3-R5R5, Cy5.5-D10) coacervates with Mpro exhibited a 
kcat/KM of 259 M-1 s-1, which was about 20-fold lower than that of the free substrate (Table 3).41, 48  The decrease in 
specificity constant was primarily attributed to a decrease in turnover number (kcat), while KM remained at a similar level 
(5-15 μM). This behavior resembles to non-competitive inhibition, where the inhibitor binds to a non-active site of the 
enzyme. We thus suggest that the inclusion of larger hydrophobic moieties in (R5R5, D10) coacervates is likely to bind to 
the hydrophobic domain of Mpro, distinct from the active site, resulting in a reduction in enzyme kinetics. This 
observation is consistent with a previous study by Gianneschi et al., where an increase in the hydrophobicity of the 
scaffold leads to a decrease in the associated peptide cleavage sites due to limited water solvent molecules, thereby 
reducing their accessibility to proteolytic enzymes. 

Our results are not uncommon, as the study of enzyme kinetics on various scaffolds such as polymers, particles, or 
membranes has been a subject of discussion, with some supporting a slow kinetic model that considers slow diffusion, 
increased hydrophobicity, and steric crowdedness,49-51 while others favor a fast kinetic model that emphasizes enzyme 
hopping and high local concentration.52 On the one hand, our finding on (Cy5.5-R5R5, D10) coacervates agrees with a 
recent study by Keating et al., showing that phosphatase exhibits slightly higher activity towards substrates within 
coacervates compared to free substrates, and kinase activity was not significantly altered by the presence of coacervates.9 
On the other hand, we stress that the bioactivity of coacervates for proteolysis can be fine-tuned by changing the scaffold 
properties such as hydrophobicity and others. 

2.6 Inhibition, specificity, and matrix effects 

The identification of a characteristic specificity constant with Mpro in responsive (Cy5.5-R5R5, D10) coacervates signifies 
a promising platform for enzyme studies. To estimate the limit of detection (LoD), increasing amount of Mpro from 0 − 
500 nM were incubated with (Cy5.5-R5R5, D10) coacervates containing a fixed amount of substrate at 16 μM. Figure 5a 
indicates that higher Mpro concentration resulted in more PL recovery, and vice versa. Figure 5b shows the ∆PL720 nm as 
a function of Mpro concentration at 1 h readout time: The LoD was determined to be 55.7 nM, following a previously 
established method.53 This LoD is 2-fold higher than that of our previous colorimetric sensors due to the short readout 
time of the current system.29  

The confirmed PL recovery resulting from targeted proteolysis was validated through inhibition assays. For example, 
Mpro (200 nM) was incubated with GC376 inhibitor at varying molar ratios ([I]/[E] = 0 − 10) for 10 min before mixing 
with (Cy5.5-R5R5, D10) coacervates containing 16 μM substrate. In Figure 5c, increased inhibitor concentrations led to 
reduced enzymatic reactions and delayed PL recovery, with a tenfold excess of GC376 inhibiting protease activity. This 
excludes the PL recovery by non-specific interactions between the coacervates and Mpro. A closer examination of the 
PL720 nm at 30 min yields a typical inhibitor titration curve (Figure 5d). The Henderson equation estimated the active 
Mpro fraction to be 70%, and the potency of GC376 inhibitor is Ki (app) = 138 nM and IC50 = 208 nM. These values are in 
line with our previous findings.54-56 The specificity of (Cy5.5-R5R5, D10) coacervates was evaluated towards other 
proteins (200 nM), including trypsin, thrombin, α-amylase (200 U/mL57), bovine serum albumin (BSA), and 
hemoglobin. In Figure 5e, no PL activation was detected in the presence of BSA, hemoglobin, and other enzymes, 
except for trypsin, which led to an undesired signal higher than that of Mpro. This comes as no surprise, considering that 
trypsin cleaves at the C-terminal of Arg, and the R5R5 substrate includes multiple potential cleavage sites.29, 47  

We evaluated matrix effects by spiking the (Cy5.5-R5R5, D10) coacervates in PB buffer, exhaled breath condensate 
(EBC),29 urine, DMEM culture media, BSA solution (1% w/v), human pooled saliva,57 and human plasma.58 We first 
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assessed the stability of (Cy5.5-R5R5, D10) coacervates in the above matrices. The coacervates showed great stability 
without PL changes in buffer, EBC, urine, and saliva. Nonetheless, these coacervates showed rapid dissolution in high 
concentrations of BSA and were prone to competitive binding with constituents in cell growth media and human plasma, 
thus leading to fully recovered PL prior to the onset of proteolysis.59 Subsequently, 200 nM of Mpro was introduced to the 
coacervates in buffer, EBC, urine, and saliva, and the time-dependent PL recovery was recorded. Figure 5f shows the 
relative PL changes at 20 min in various matrices by establishing a complete PL recovery in buffer as the topline. The 
interactions between coacervates and the enzyme remained consistent in buffer, EBC, and urine. The coacervates in 
saliva showed a 19% PL recovery independent of Mpro addition, presumably due to non-specific interactions.60 

 

 
Figure 5. Enzyme studies of the self-quenching-based (Cy5.5-R5R5, D10) coacervates. (a) Time progression of ∆PL720 nm in 
enzyme sensitivity assays, where the coacervates at 0.48 mM total charge ([S] = 16 μM) were incubated with increasing 
Mpro concentrations from 0−500 nM. (b) The PL720 nm as a function of Mpro concentration was extracted from panel (a) at 1 
h. The limit of detection (LoD) is 55.7 nM in PB buffer. The inset shows the linear fit for LoD calculation.53 (c) Time-
dependent PL720 nm in inhibition assays. Increasing molar ratio of [I]/[E] from 0 – 10 was employed where GC376 is used as 
the inhibitor. (d) Inhibition curve collected by titrating Mpro (200 nM) with varying amounts of GC376; the coacervates at 
0.48 mM total charge were used. The inset shows the chemical structure of GC376 inhibitor. (e) The reactivity of the 
fluorogenic coacervates towards other proteins (200 nM).57 (f) The interactions of the fluorogenic coacervates with Mpro in 
biological matrices. All the above time progression data were collected every 1 min for 2 h, and the ∆PL720 nm = PLt - PL0 
was used for the plot. Error bars = standard deviations (n = 3). 

3. CONCLUSION 
We have studied the interactions between complex coacervates and main protease. The non-membrane coacervates 
constitute of R5R5 and D10. We first identified several optimal conditions for coacervation: (i) The lowest charge valence 
for Arg-peptide was 10, given D10 as the counter polyanion. (ii) The critical total charge was 0.8 mM. (iii) The exact 
charge ratio was 0.5 for a 100% of peptide complexation. (iv) pH above 6 was required. (v) A 0.2% non-ionic Tween-20 
enhanced the stability. We found that the enzyme-coacervate interactions depend on the specific nature of the droplets, 
such as the quantity of dye integrated. The incorporation of one dye-labeled strand has a minimal effect on the 
interacting kinetics [e.g., kcat/KM = 5,817 M-1 s-1 for (Cy5.5-R5R5, D10) coacervates], while two dye-labeled strands [e.g., 
(Cy5.5-R5R5, Cy5.5-D10) coacervates] essentially quench the proteolysis reactions. This work presents a simple design of 
enzyme-responsive coacervates and provides informative insights into the tunable interactions between the enzyme and 
complex coacervates as a substrate hub. 
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4. EXPERIMENTAL SECTION 
4.1 Materials  

Fmoc-protected amino acids, hexafluorophosphate benzotriazole tetramethyl uronium (HBTU), and Fmoc-Rink amide 
MBHA resin (0.67 mmol/g, 100-150 mesh) were purchased from AAPPTec, LLC (Louisville, KY). The recombinant 
SARS-CoV-2 main protease (Mpro) was expressed using the Mpro plasmid provided by Prof. Rolf Hilgenfeld, University 
of Lübeck, Germany and purified as previously described.48 The N-hydroxysuccinimide (NHS)-ester dyes were from 
Lumiprobe Corp. (Hunt Valley, MD). Ultrapure water (18 MΩ.cm) was obtained from a Milli-Q Academic water 
purification system (Millipore Corp., Billerica, MA). More materials can be found in SI. 

4.2 Peptide synthesis 

Peptides were chain assembled by Fmoc-SPPS (solid-phase peptide synthesis) on Rink-amide-MBHA-resin (0.67 
mmol/g, 200 mg) following our previous protocol using an automated Eclipse™ peptide synthesizer (AAPPTec, 
Louisville, KY).41 The synthetic peptides were cleaved from the resin using the cleavage cocktail (3 mL) that contained 
TFA (82.5%), EDDET (2.5%), phenol (5%), thioanisole (5%), and H2O (5%). Resins were treated with the cleavage 
cocktail for 10-12 h with gentle shaking to ensure a full cleavage of side chain protection groups. The peptides were 
purified by the reversed phase HPLC (Shimadzu LC-40), confirmed by the MALDI-TOF MS, aliquoted (ε205 = 31 
mL.mg-1.cm-1) using a NanoDrop™ One UV-vis spectrophotometer (Thermo Fisher Scientific), and stored in dry 
conditions at room temperature for further use. 

4.3 Cy5.5-labeled peptides 

An aqueous solution of D10 peptide (3.0 mg or 2.6 μmoles, in 1 mL of PB, pH 8.0) was mixed with NHS-Cy5.5 (1.0 mg 
or 1.3 μmoles, in 1.5 mL of DMSO); the final pH of the mixture was adjusted to ~8 using NaOH solution (1 M) if 
needed. The reaction was stirred for 1 h protected from light, followed by drying in a speed vacuum system at 60 °C. 
The conjugation yield was ~40% after HPLC purification. 

4.4 Coacervates preparation 

The complex coacervates (60 μL) were prepared by thoroughly mixing the desired amount of negatively charged 
peptides, PB buffer (20 mM, pH 8.0), and positively charged peptides in order at room temperature. Coacervate 
formation was initially examined by an optical microscope (40×) on a EVOS XL Core imaging System (Thermo Fisher 
Scientific). The fluorogenic coacervates were typically studied at a total charge of 0.48 mM (e.g., for detection limits) 
and 0.8 mM (e.g., for studying photophysical properties). For example, the conditions of R5R5-Cy5.5 and D10 at 0.5 
charge ratio and 0.48 mM total charge used the D10 (2.1 mM, 0.92 μL), PB (20 mM, pH 8.0, 0.2% Tween-20, 54.7 μL), 
and R5R5-Cy5.5 (0.78 mM, 1.2 μL) in order. 

4.5 Proteolysis on self-quenching coacervates 

A series of coacervates (charge ratio = 0.5, pH 8, 0.2% Tween-20, 60 μL) with various total charges (i.e., 0.024, 0.08, 
0.16, 0.24, 0.48, 0.8, and 1.2 mM) were prepared by thoroughly mixing a desirable amount of D10 (2.1 mM in PB, pH 8), 
PB (20 mM, pH 8, 0.2% Tween-20), and R5R5-Cy5.5 (0.78 mM in PB, pH 8) in order in a 96-well plate. This 
corresponds to a final substrate concentration (here, [S]0, or [R5R5-Cy5.5]) of 0.8, 2.7, 5.3, 8.0, 16, 26.6, and 39.4 μM. 
The resulted coacervates were then pre-incubated at 37 °C for 20 min using a hybrid multi-mode microplate reader to 
stabilize the PL signal. Next, the desired amount of Mpro ([Mpro]final = 200 nM, 70% active) was then added to each well, 
and the mixture was thoroughly pipetted. The plate was immediately sealed and incubated at 37 °C in the hybrid multi-
mode microplate reader with 3 s of shaking before each cycle of reading, and the PL intensity (excitation/emission 
wavelength = 630 nm/720 nm) was recorded over 12 h with 1 min intervals between each cycle. Control used the same 
protocol without introducing Mpro. Experiment was done in triplicate. 
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