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ABSTRACT: Better insights into the fate of membraneless
organelles could strengthen the understanding of the transition
from prebiotic components to multicellular organisms.
Compartmentalized enzyme reactions in a synthetic coacervate
have been investigated, yet there remains a gap in under-
standing the enzyme interactions with coacervate as a substrate
hub. Here, we study how the molecularly crowded nature of the
coacervate affects the interactions of the embedded substrate
with a protease. We design oligopeptide-based coacervates that
comprise an anionic Asp-peptide (D,,) and a cationic Arg-
peptide (R;R;) with a proteolytic cleavage site. The coacervates
dissolve in the presence of the main protease (M) implicated
in the coronavirus lifecycle. We capitalize on the condensed
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structure, introduce a self-quenching mechanism, and model the enzyme kinetics by using CyS.5-labeled peptides. The
determined specificity constant (k_,/Ky) is 5817 M™! s™! and is similar to that of the free substrate. We further show that the
enzyme kinetics depend on the type and quantity of dye incorporated into the coacervates. Our work presents a simple design
for enzyme-responsive coacervates and provides insights into the interactions between the enzyme and coacervates as a whole.
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INTRODUCTION

Membraneless organelles within cells are now recognized to
exhibit liquid-like properties that arise from the coalescence of
functional biomolecules. These include stress granules and
processing bodies (P-bodies) that recruit mRNA and RNA-
binding proteins through liquid—liquid phase separation
(LLPS) or coacervation.' ™ Investigations into the fate of
these organelles, as well as their responsive to stimuli such as
pH,S redox potential,6 1ight,7’8 and enzymes,9 among others,
could strengthen the understanding of the progression from
inanimate prebiotic components to life. Recent studies have
shed light on the factors influencing stress granules. Taylor et
al. reported that a light-triggered chimeric protein could drive
their condensation in cells,”” and Wang et al. highlighted the
impact of energy deficiency on the generation and clearance of
stress granules through protein complex assembly or RNA
"9 In related studies of P-bodies, these
condensed organelles are believed to prevent the constituting

condensation.

mRNA from ribonuclease degradation, yet decay of specific
mRNA may still occur in these hubs.''~'* This indicates the
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complex and elusive nature of the interplay between non-
membrane organelles and enzymes.

Synthetic coacervates, which mimic membrane-free organ-
elles, have gained significant attention for their ability to
uncover the dynamics such as compartmentalization,””"*
mesostructured manipulations,ls_18 and local reactions,
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 Rosen et al. and Keating et
al. have demonstrated that kinase and phosphatase can
manipulate the reversible formation of coacervates by
modifying the phosphorylation states and Coulombic inter-
actions among the comprising peptides.””" Although effective,
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Figure 1. Protease-responsive oligopeptide-based coacervates. (a)

Complex coacervates comprise cationic Arg-rich and anionic Asp-rich

oligopeptides. The substrates have a cleavage site (R,) and a free N-terminal amine for dye conjugation (R,). (b) A mixture of R;R; and Dy,
at pH 8 results in a turbid emulsion containing the coacervates. Addition of MP™ leads to a clear solution. The electrostatic interactions
holding the coacervates can be broken by SDS surfactant. (c) The confinement structure enables signal transductions in coacervates such as
self-quenching, fluorescence resonance energy transfer (FRET), and aggregation-induced emission (AIE). After proteolysis, photo-
luminescence (PL) recovers in the FRET and self-quenching systems, whereas PL in the AIE system decreases.

Table 1. Information on the (Dye-)Oligopeptides for Complex Coacervation

M. W. Net
Effect Peptide name Peptide sequence” [g/mol] charge” Description
charge valency, charge RyR; RRAVLQ|SGFRRR 1499.9 +S cationic
density
R;R, RRRAVLQJSGFRRRR 1813.1 +7 cationic
R(R¢ RRRRRAVLQ|SGFRRRRR 2280.4 +10 cationic
I'sl's RRRRRQ X FAGSLVRRRRR 2280.4 +10 cationic, scramble
Ryp RRRRRRRRRR 1578.0 +10 cationic
net charge RyoDs RRRRRRRRRRAVLQJSGFDDDDD 2855.5 +5 zwitterionic
RyoDo RRRRRRRRRRAVLQ 3430.6 0 2witterionic
SGFDDDDDDDDDD
R:Dg RRRRRAVLQ|SGFDDDDDDDDDD 2650.2 =S zwitterionic
charge density DyD; DDDDDAVLQJ|SGFDDDDD 1869.6 —-10 anionic
Dy, DDDDDDDDDD 1167.3 -10 anionic
signal transductions CyS5.5-RsR¢ CyS5.5-RRRRRAVLQ|SGFRRRRR 2850.7 +11 cationic, for self-quenching
Cy3-RR¢ Cy3-RRRRRAVLQ| SGFRRRRR 27214 +11 cationic, for FRET
Cy5.5-Dyy CyS.5-DDDDDDDDDD 1733.7 -9 anionic, for FRET and self-
quenching
PMR*® PyTPE-(Pra)GSAVLQJ 2989.7 +9 cationic, for ATE
SGFRKMAGRRRRRR
PyTPE-R;R;  PyTPE-(Pra) GRRRRRAVLQ) 29654 +11 cationic, for AIE
SGFRRRRR®
molecular probe CyS.5-RsRs-Cy3  Cy5.5-RRRRRAVLQ|SGFRRRRRC-Cy3 3528.1 +12 FRET probe

“All peptides contain a free N-terminal amine and an amidated C-terminus; “|” de51gnates the MP™ cleavage site (coded in green); “ X ” designates
noncleavable sequence by MP™; NHS-ester dye was conjugated to the N-terminal amine. *The electrophoretic property of peptide at pH 8.0, where
the N-terminal amine is neutral in charge, and the dye (Cy and PyTPE) contributes to the net charge.””*° “Pra” designates propargylglycine.

this strategy stringently requires a sufficient number of
phosphorylatable Ser residues in the substrate. Furthermore,
the kinetics of the enzyme on coacervate as a substrate hub
remains largely unexplored.

In this article, we present a simple model for studying the
endoproteolysis of complex coacervates. The coacervates were
designed with oppositely charged peptides that coded a specific
cleavage site, e.g, Dy, and RsRs peptides. We validated the
system’s response to coronavirus main protease (MFP®) in vitro.
Upon cleavage of the concentrated RyRy substrate, MP™
reduced the charge valence and weakened the electrostatic

interactions, leading to the disassembly of the coacervates. To
quantify the proteolytic kinetics of the coacervates by MP™, w

further introduced the CyS.5-RsR; conjugate to the coac-
ervates as optical reporters. For example, a significant
reduction in dye photoluminescence (PL) was realized via a
self-quenching (or contact quenching) mechanism upon
confinement within the droplets, while the dye PL recovered
in the presence of MF®. We found that the molecularly
crowded nature of the coacervate had a minimal impact on the
catalytic efficiency (k.,/Ky,) of the protease on the substrate in
the coacervates. In addition, the results from other trans-
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Figure 2. Optimization of oligopeptide coacervation. (a) MALDI-TOF MS data show that MP™ cleaves the RiR substrate. The intact and
fragments are shown in red and blue profiles, respectively. (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 the formation of coacervates, respectively.
The blue and pink shadows designate relatively stable and unstable coacervates, respectively. Representative coacervates (RsRs, Do) are
highlighted in the dashed red box. (c) Increasing total charge increases the hydrodynamic diameter (Dy) and turbidity of freshly mixed
coacervates. (d) The relation between the charge ratio (i.e., [Arg]/[Asp]) and Dy/turbidity of freshly mixed coacervates. (e) Agarose gel
electrophoresis acquired from the fluorogenic (Cy3-R;R;, Cy5.5-Dy,) coacervates of varying charge ratios (wells 3 to 7), side-by-side with
the controls (Cy3-R;R; and Cy5.5-D;, 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.>* (f) DLS profiles of submicron coacervates by freshly mixing RsR; with D, (red)
or R, with D;D; (blue). (g) TEM image of the negative-stained coacervates. (h) Bright-field confocal image of the coacervates aged for 24 h.
The size is 3.0 &+ 1.1 pm. (i) The turbidity decay of the (R;Rs, D) coacervates with (blue) and without (red) 0.2% w/v Tween-20. (j) Phase

diagram indicates that pH 6—8 is the optimal pH range for (R;R;,

D,,) coacervation. The green area designates coacervation. (k) Time-

dependent turbidity decay of the (RsRs, D) coacervates with MP™. [S]/[E] = 800:1 was applied. Controls used were without M** and a
scrambled rsrs peptide with MP™. The conditions used the R;R; and D, at 5.0 mM total charge, 0.5 charge ratio, pH 8, and 0.2% Tween-20,

unless otherwise specified. Error bars = standard deviations (n = 3).

duction mechanisms such as fluorescence resonance energy
transfer (FRET) and aggregation-induced emission (AIE)
revealed that doubling the amount of dye completely halted
the protease from interacting with the coacervates. Finally, we
confirmed that dye molecules trapped within the coacervates
could be fully released with MP™ stimulation. Our results
provide valuable insights into the interactions between the
protease and nonmembrane coacervates and suggest an
alternative model for studying enzymes.

RESULTS AND DISCUSSION

Rationale. Modeling the interactions between coacervates
and proteases was motivated by the desire to understand how
the nonmembrane organelles could respond to enzymatic
stimuli. Complex coacervation is an LLPS resulting from the

16982

interactions of two or more oppositely charged macroions.””
Charged amino acid residues are important for regulating
protein condensation in cells by forming ion pairs, hydrogen
bonds, and nonspecific electrostatic interactions.””**

Our representative coacervates used R;R; and D, peptides
(Figure 1a). The modular cationic peptide has two charged
(Arg)s termini flanking a specific MP* cleavage site, and the
counterpart uses a decapeptide, (Asp),,. 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.”> MP™ is used as a model protease because
it processes viral polypeptides into functional proteins and,
thus, is important for diagnostics and therapeutics, e.g,
Paxlovid.” In Figure 1b, we hypothesized that endoproteolysis

https://doi.org/10.1021/acsnano.3c04259
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of the cationic RsRs peptides would halve their charge
multivalency, thus weakening Coulombic attractions and
dissolving coacervates. Moreover, we employed dye-labeled
peptides to construct optically addressable coacervates, which
evaluate enzymatic kinetics via transduction mechanisms, such
as self-quenching, FRET, and AIE (Figure 1c).

Initial experiments focused on optimizing the peptide
sequence (charge valence, net charge) and coacervation
conditions (pH, charge ratio, surfactant, etc). The coacervates
were then characterized by optical absorption, dynamic light
scattering (DLS), transmission electron microscopy (TEM),
confocal microscopy, mass spectroscopy, and gel electro-
phoresis. The enzyme kinetic of the coacervates by MP™ was
quantified. The effects of molecular crowdedness and hydro-
phobicity of coacervates on the proteolysis were discussed. We
also exploited enzyme assays such as sensitivity, specificity,
inhibition, and matrix effects. Finally, we evaluated the
coacervate as a potential delivery system triggered by enzyme.

Oligopeptide Coacervates. The effects of charge 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 Ry,
decapeptide was derivatized to an RR; formula (k, I-number
of repeating unit) to encompass varying charge valency and a
central MP™ cleavage sequence, AVLQJSGE.” In Figure 2a,
the mass spectrum of R¢R; (i.e,, RRRRRAVLQJSGFRRRRR)
showed a strong peak at 2282.9 that was attributed to its [M +
H]* ion (caled 2280.4). Incubating RsRs with MP® 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 indicates successful peptide syn-
thesis and enzyme cleavage. The mass spectra of other
substrates also nicely matched the calculated values (Figures
S1-S4).

The anionic counterparts used D;, and DDy peptides for
coacervation. In addition, zwitterionic peptides were designed
and synthesized such as R(Ds, R;(D;, and RsD, with varying
net charges of +5, 0, and =S, respectively. The opposite charge
on the peptide backbones above leads to ion-pairing
interactions that drive complex coacervation.

We first evaluated the impact of charge valence on the
coacervation of RiR; (k+! = S, 7, and 10) with D;o. Upon
mixing these oppositely charged oligopeptides, two outcomes
were observed: a clear solution and a coacervate emulsion. The
conditions used 5 mM total charge, 0.5 charge ratio, 20 mM
phosphate buffer (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),,, = 10 (second
column), which also held true for D{Ds (first column). For
example, the coacervation occurred between combinations of
(RsRs, Dyg), (Ryg D), (RsRs, DsDs), and (RsRs, Dyp), while
R,R; and R;R, failed to condense with D,y or D;Ds (Table 2).
This notion agrees with Keating and co-workers’ findings that
the shortest length of peptidic polyions for coacervation is 10
due to the critical amount of ion-pairing interactions.”> This
also suggests that the inner positioning of the cleavage site in
RiR; (e.g., at the center for RsR;) is essential for the current
design. It enables the intact coacervation of RiRs with D,
while predicting the subsequent coacervate disassembly after
endoproteolysis. Work from other groups and ours also
emphasizes the significance of a polyion’s electrophoretic
characteristics in dictating the least charge valence of its

Table 2. Hydrodynamic Size (Dy), Polydispersity Index
(PDI), and Surface Potential of the Representative Peptide
Coacevates

Peptides Dy (um) PDI Zeta potential (mV)

(R,Ry, Dyo) N.D.% N.D. N.D.

(RsR,, Do) N.D. N.D. N.D.

(RsRs, Do) 0.64 0.10 —62 + 08
(R, DsDs) 0.68 0.02 -74+ 17
(R;oDs, Dy)” 025 0.01 —10.4 + 1.1
(Ryo RsDyo)? 1.30 0.05 +4.4 + 0.5
(RyD10)" 1.78 0.05 +5.7 + 0.3

“N.D.” designates coacervate Not Detected by DLS. The conditions
used S mM total charge, 0.5 charge ratio, 20 mM PB at pH 8, and
0.2% Tween-20 unless otherwise specified. bFor zwitterionic peptides,
the charge ratio uses [Arg, (+)] = [net-positively charged peptide] X
Arg valence, and [Asp, (—)] = [net-negatively charged peptide] X Asp
valence. Remark: the charge ratio in D (R, self-coacervates is 1.

. L 22,32
counterpart required for coacervation: we observed

coacervation when mixing R;R, with the zwitterionic RyD,,
peptide, which can be attributed to the pendant Ry domain on
the zwitterionic backbone reinforcing electrostatic interactions
(third column, and Figure SS). These combined observations
highlight the commensurate charge valence in the governing
complex coacervation.

Subsequently, we probed the impact of the net charge of the
peptide on the coacervation dynamics. The net charge of —5
carried by the zwitterionic RgD), peptide exhibited coac-
ervation properties similar to those of D}, (see second vs third
column, Figure 2b). Likewise, numerous droplets resulted from
mixing the zwitterionic R (Dj with either D, or DsD; peptide.
We further report that the zwitterionic R;(D;, of a zero net
charge self-coacervates with the emergence of surface wrinkles
on the droplets (Figure S6). Therefore, the effect of the net
charge is marginal on the formation of coacervates.

In contrast, the net charge has an important implication on
the colloidal stability of coacervates.”® This is indicated by the
zeta potential ({) and hydrodynamic diameter (Dy) values in
Table 2. For example, the combination of (R;,Ds, D) yielded
the most stable droplets with a low surface potential of —10.4
+ 1.1 mV and a compact size of Dy = 0.25 ym (Figure S7).
This low potential is due to the negatively charged D moiety
on RyoD;. In addition, {(rsrs, p1oy and {(r10, psps) at —6 to =7
mV showed moderate stabilities with larger sizes (Dy = 0.65
um), while the positively charged Ry moiety in the RyDj,
peptide neutralized and reversed the zeta potential and led to
unstable and larger droplets when mixing with R;, (Figures
§5,6). This suggests the importance of tuning the net charge
on constituting peptides to enhance colloidal stability and
compactness. These findings align with recent studies that
highlight the surface electrostatics and viscosity in governing
the stability of condensates.’

To this end, the role of charge density in complex
coacervation has been explored, which refers to the charge
valence per unit length.”>** In the first, despite Ry and Ry,
having similar charge densities, coacervation was observed only
in the (R;o, D,y) mixture and not with (R, D;,) under the
same conditions (Figure SS). In the second, RiR; peptide
coacervated with D, despite being almost twice as long as R}
with the same charge valence (third row in Figures 2a and S5).
We found similar coacervation abilities of D;, and DsDs (first
vs second column, Figure 2a). These observations, coupled
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with the existing literature,”® suggest that charge density may
not be crucial in coacervate formation.

Coacervate Characterization. We exploited a represen-
tative (RsRs, Do) 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 ym, but less
than 10% of the peptide was complexed in the coacervate
phase (Table S1). Therefore, we chose a S mM total charge for
subsequent experiments, which gave coacervate yields more
than 90% and a sufficient number of droplets.

Next, Figure 2d shows that the maximum (RsR;, Do)
coacervation occurred at a charge stoichiometry between 0.5 and
1.** Charge ratios below 0.5 or above 1 produced little-to-no
coacervates. Notably, a closer examination in gel electro-
phoresis demonstrated that the optimal charge stoichiometry is
0.5 for the (Cy3-RsR;, CyS.5-Dyy) system using the dye-
labeled peptides, with approximately 100% of the peptides
concentrated in coacervates (Figure 2e). Other charge ratios
and controls contained free peptide dye that moved toward
cathode or anode. The lack of mobility shift observed for the
coacervates at 0.5 charge ratio was due to their large size
com%)ared to the dimensions of the pores (see well 4, Figure
2e),”" rather than a charge neutrality. Therefore, the optimal
conditions for (RsRs, Dy,) coacervation were found to be a S
mM total charge and 0.5 charge ratio.

The size of coacervates was then characterized by DLS,
TEM, and confocal microscope. The fresh coacervates showed
a Dy of 0.64 ym with a low polydispersity index of PDI = 0.09,
indicative of a homogeneous population of droplets (Figure
2f). Other peptide combinations, such as (R;, DDs), also
exhibited coacervates in the (sub)micrometer regime, with an
average size of 0.68 ym (Table 2 and Figure S6). TEM images
outlined subpopulations of stained coacervates with a size
range of 0.4 to 0.8 ym (Figures 2g and S6b). Confocal
microscopy was challenging due to rapid movement of
droplets, but after aging the samples, most coacervates settled
and could be imaged with an average size of 3.0 + 1.1 um
(Figure 2h). The observed droplet enlargement after aging can
be attributed to coalescence facilitated by the fluid-like
character of the membrane-less system.'®*°

To enhance colloidal stability and reduce interparticle
coalescence, we incorporated the nonionic surfactant Tween-
20 (0.2% w/v) during the coacervation of (RsR;, D)
peptides.”” The efficacy of this approach was monitored by
time-resolved turbidity measurements, as shown in Figure 2i.
Compared with the control sample without the surfactant, the
introduction of Tween-20 substantially retarded the turbidity
decay, with 70% of initial turbidity preserved after 3 h. In
contrast, the control sample had a drastic turbidity drop of
80% within 0.5 h, and microscopy showed a bulk liquid instead
of well-dispersed droplets (Figure S7). This discrepancy is
attributed to the Tween-20 above critical micelle concentration
(CMC) acting as non-interacting physical barrier and impedes
colliding coalescence of the membraneless droplets. The
stabilization by Tween-20 surfactant also held for other
coacervates formed from (R;,, DiDg) and (R;oDs, Dyg)
(Figure S7). Gel electrophoresis confirmed that Tween-20

did not affect the droplet integrity (see well 10, Figure 2e). In
contrast, ionic surfactants such as sodium dodecyl sulfate
(SDS) and cetyltrimethyl ammonium bromide (CTAB), above
their CMC, disrupted our complex coacervates by electrostati-
cally competing with the counter polyions (Figure 2e, wells 8
& 9).””7% This also confirms that electrostatic interactions are
the primary driving force in our system, with limited
involvement of the hydrophobic interaction. Taken together,
Tween-20 proves to be an alternative and simple means of
stabilizing nonmembrane coacervates.'*°

pH and ionic strength are crucial factors that determine the
outcome of coacervation. In Figure 2j, a pH range of 6—14 is
essential for the coacervation of (RsRs, D) peptides because
deprotonation of the carboxyl in Asp occurs above pK, ~ 3.9.”
However, overly basic conditions hinder coacervation, likely
due to the deprotonation of the guanidinium group in Arg
(pK, ~ 13.8)*" and high ionic strength. Therefore, the optimal
pH range for favorable (RsRs, Dyy) coacervation is near the
physiological range, in line with previous studies.'”

In terms of ionic strength, it is widely acknowledged that low
ionic strength favors complex coacervation, as demonstrated in
our empirical correlation between the maximum NaCl
concentration and total charge of coacervates by [NaCl],,.
~ [total charge] X 10 (Figure S7g). The phase diagrams in
Figures 2j and S7g were constructed by mixing preconditioned
peptide solutions. However, it is worth mentioning that once
formed, (RsR;, Dyy) coacervates displayed stability at a wide
range of pH 2—14 and NaCl concentrations (0—200 mM).
This is attributed to the robust electrostatic interactions
conferred by the oligoarginines.'>*> The salt stability of (RsRs,
D,,) coacervates is specific to NaCl because sub-millimolar
concentrations of CaCl, raFidly cross-link and aggregate the
droplets (Figure S7h).>*' 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 coacervate and MP™.

Proteases Interact with Nonfluorescent Coacervates.
We asked whether MP™ interacts with the RRs substrate
trapped within the (R;Rg, Do) coacervates. To prepare the
coacervate samples, the peptides were thoroughly mixed in a
transparent cuvette for 10 s, and the resulting turbid dispersion
was photographed for every 30 s. Other conditions used S mM
total charge, 0.5 charge ratio, 20 mM PB (pH 8), 0.2% Tween-
20, and a substrate-to-enzyme ratio of 800:1. In Figure 2k, the
addition of 200 nM MP™ to the opaque emulsion led to a clear
solution in 5.5 min. This provided compelling evidence of the
protease cleaving the trapped R¢Rg substrate and producing
fragments that are incapable of sustaining the requisite charge
valency necessary for continued coacervation.

The control trial without MP™ remained turbid. The
coacervates constituting scramble sequences rsrs and MP™
also showed no turbidity drop, indicating the need for specific
recognition between substrate and protease. Other coacervates,
including (DsDs, Ry,), also showed enzyme responsiveness, as
evidenced by the additional mass data of the substrate
fragments (Figure S3b).

The turbidity dynamics during a proteolysis was further
corroborated with molecular dynamics (MD) simulations to
elucidate the microscale interactions between D;, and RsR;
peptides. Two systems were simulated: system one with 20 D,
and 10 intact RgRg peptides and system two with 20 D, and
10 peptide fragments. The peptide mixture formed one large
cluster within 25 ns in system one, while small peptidic clumps
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Figure 3. Enzyme studies of the self-quenching-based (Cy5.5-RiRg, D},) coacervates. Absorption (a) and PL (b) of the coacervates with
(blue) and without (red) 1% SDS. (c) Photoacoustic (PA) performance of the coacervates with (blue) and without (red) SDS at total
charges of 0.48, 0.8, and 1.2 mM. Inset shows the corresponding PA image. (d) The optical profiles of the coacervates with/without MP™. (e)
Time-dependent APL,,, ... of the coacervates at various total charges (0.024—0.8 mM) incubated with MP™ (200 nM). This corresponds to
final [S] concentrations of 0.8—26.6 uM. (f) Determination of k_,./Ky = 5817 M~' s™* for hydrolysis of the fluorogenic coacervates by MP™ in
20 mM PB, pH 8.0, at 37 °C. (g) Time progression of APL,,, ... in enzyme sensitivity assays, where the coacervates at 0.48 mM total charge
([S] = 16 uM) were incubated with increasing MP* concentrations from 0—500 nM. (h) The PL.,; .. as a function of MP™ concentration was
extracted from panel (g) at 1 h. The limit of detection (LoD) is $5.7 nM in PB buffer. The inset shows the linear fit for LoD calculation.*” (i)
Time-dependent PL,,, ... in inhibition assays. Increasing molar ratio of [I]/[E] from 0—10 was employed where GC376 is used as the
inhibitor. (j) Inhibition curve collected by titrating MP* (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. (k) The reactivity of the fluorogenic coacervates toward other
proteins (200 nM) .*8 (1) The interactions of the fluorogenic coacervates with MP* in biological matrices. All the above time progression data
were collected every 1 min for 2 h, and APL,,, .. = PL, — PL, was used for the plot. Error bars = standard deviations (n = 3).

were slowly formed in system two (Figure S8). The solvent-
accessible surface area (SASA) decreased more rapidly in
system one, resulting in a smaller SASA value at equilibrium. In
addition, system one displayed fewer peptide-water hydrogen
bonds, indicating prevalent ion-pairing interactions within
peptide aggregates that depleted the charged groups (Figure
S8). These results suggest that the interactions between Dy,
and intact RgRg are stronger than those after proteolysis,
favoring coacervation and stressing the role of critical charge
valency.

Enzyme Modeling with Self-Quenching-Based Coac-
ervates. Coacervates exhibit a confinement structure and
favor energy transfer-based transductions by bringing interact-
ing moieties into close proximity. This has been exploited by
other groups to study the inter- and intracoacervate
associations. >* However, the subsequent dissolution of
coacervates has received little attention, which also impacts
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the separation distance and energy transfer. Here, we used a
dye-labeled peptide in the (CyS.5-RsRs, Dyg) coacervates and
realized a self-quenching (or contact quenching™**) effect
resulting from an increase in the local dye concentration,
reaching approximately 100-fold based on related work.*'>*
We also observed that integration of CyS5.5 dye to the
coacervate led to a reduction in the critical total charge from
0.8 mM for (RsR;, Dyy) to 0.024 mM (Figure 2c). This is
presumably due to additional cation-z interactions that
reinforce interpeptide association. Subsequent MP™ addition
disassembled the coacervates, recovered the dye PL, and
allowed for the modeling of enzyme kinetics.

Figure 3a,b shows the immediate optical differences of Cy5.5
upon incorporation into coacervate. The introduction of 1%
w/v SDS (above CMC) to coacervates is 2-fold: (i) it breaks
the ion-pairing interactions and disassembles the coacervates,”
and (ii) it minimizes dye—dye stacking interactions and favors
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Table 3. Kinetic Parameters for MP™ Interacting with Fluorogenic Coacervates

Transduction mechanism Component MP®, nM
FRET probe CyS.5-RsR;C-Cy3 200
Self-quenching coacervate (CyS.5-RR, Dyy) 200
Self-quenching coacervate (CyS.5-R¢R;, CyS.5-Dyy) 200
FRET coacervate (Cy3-R4Rs, CyS5.5-Dyg) 600
AIE coacervates (PMR, D) 200

Vinaw TM/min ke 87 Ky, pM e/ Kyy M7' 571 Digestion yie]db
780 0.065 12.6 5,159 85%
747 0.062 10.7 5,817 75%
N.D.” N.D. N.D. N.D. 0%
35 0.0014 5.4 259 5%
154 0.013 10.6 1,208 N.D.

“N.D.” designates Not Determined. “The yield for FRET probe is from area integration in HPLC (Figure S10), and that for coacervates is
estimated from the absorbance of the supernatant using £c,3 = 1.5 X 10° M~ em™ at Absgg; ., and €cys.s = 1.98 X 10° M~ em™ at Absggs -

its monomeric state.***® The absorbance peak wavelength
(Amax) of CyS.5 in coacervates blue-shifts from 687 nm for the
monomeric dye to 677 nm, indicating strong intermolecular
interactions of Cy5.5.** This shift is accompanied by the
intensity reductions of the hypochromic peak and peak
broadening. The PL peak wavelength also exhibits a 20 nm
hypochromic shift along with a high PL quenching efficiency of
93%. This efficiency is calculated using E % = 1 — PL_,ccrvate/
PLy,... Meanwhile, the photoacoustic (PA) response of (CyS.S-
RiR;, Dy;) coacervates was studied by using pulsed laser
irradiation (4 = 680 nm) to generate pressure transients and
ultrasound signals. In Figure 3c, the coacervates show a 2- to 4-
fold PA enhancement over the disassembled samples across
three tested dye concentrations. This correlation is attributed
to the energy dissipation via nonradiative decay (or heat)
following light absorption.*® The decrease in the quantum
yield (QY) from 0.16 for the free dye to 0.05 also supports the
observed PL quenching (Table S2). Our group has reported
near-complete self-quenching of the dye PL and enhanced PA
signal through aggregation-associated interactions, realized by
bringing a dye dimer in close proximity using a short linker."*
Furthermore, we confirmed that CyS.5 can be replaced with
other dyes (e.g, Cy3) while still providing sufficient PL
quenching for triggered PL recovery.

Next, we monitored the reaction of MP" (200 nM) on the
fluorogenic coacervates with varying total charges ranging from
0.024 to 0.8 mM. The APL at 720 nm (PL, — PL,) 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 to 26.6 uM. Figure 3d,e
shows that the enhancement in the APL,,, ., with time is
commensurate with the RsRg employed. Up to 2.7-fold PL
recovery was measured at a substrate concentration of 16 yM
(Figure S9b). The control showed no PL enhancement under
identical conditions in the absence of MP® (Figure S9c).
Therefore, we selected a substrate concentration of 16 yM for
further study, unless otherwise indicated.

The progressive increase in PL demonstrates that the
digestion of the (CyS.5-RsRs, Dy) coacervates releases the dye
from the droplets. The data in Figure 3e were further
converted to the amount of cleaved CyS5.5-RsRs for
quantification of 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 APL and the dye
fragment concentration (Figure S9). 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 MP™ can digest up to 75% of the
coacervates, while the undigested part can be attributed to the
bulk phase induced by coalescence and sedimentation, where
the substrate is inaccessible to protease (Table 3).
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The specificity constant, k./Ky, for the (CyS.5-RgR;, D)
coacervates by MP® was 5817 M™' s™', as shown in the MM
curve in Figure 3f. This finding provides valuable insights into
the interactions between nonmembrane droplets and enzymes,
as a comparison of k../Ky for the substrate in coacervate
versus in solution has not been previously reported. To address
this, we further measured the k,./Ky, for free substrate by MP™
using a synthetic peptide (CyS.5—RsR;C—Cy3, Figure S10)
and obtained a value of 5159 M~ s™". This value is slightly or
1.1-fold lower than that of coacervates. The fact that both
systems exhibited a similar Ky, value of 10 M indicates that
MP™ binds to the substrate with a comparable affinity
irrespective of the coacervates.” The obtained specificity
constants are consistent with prior findings, and slight
differences may arise from variations in assay conditions or
customization in the substrate sequences (Table 3).4120

Our findings are not unusual because enzyme kinetics on a
scaffold (e.g, particle or membrane) have been a topic of
debate, with some supporting a slow kinetic model that
considers slow diffusion and steric crowdedness,’">* while
others favor a fast kinetic model that emphasizes enzyme
hopping and high local concentration.” On the one hand, our
finding agrees with a recent study by Keating et al.,, showing
that phosphatase exhibits slightly higher activity toward
substrates within coacervates compared to free substrates,
and kinase activity was not significantly altered by the presence
of coacervates.” On the other hand, we must stress that the
protease solely needs to reduce the substrate level below the
critical total charge to fully recover the PL signal instead of
complete digestion, which leads to a large apparent k_,/Ky
value.

Inhibition, Specificity, and Matrix Effects. The
observation that the (CyS.5-RRs, D) coacervates have a
characteristic specificity constant with MP™ presents a
promising platform for enzyme studies. To estimate the limit
of detection (LoD), increasing amounts of MP* from 0—500
nM were incubated with (CyS.5-R¢Rs, D,,) coacervates
containing a fixed amount of substrate at 16 yM. Figure 3g
indicates that higher MP™ concentration resulted in more PL
recovery and vice versa. Figure 3h shows the APL,,, . as a
function of the MP™ concentration at 1 h readout time: The
LoD was determined to be 55.7 nM, following a previously
established method.*” This LoD is 2-fold higher than that of
our previous colorimetric sensors due to the short readout time
of the current system.””

The observed PL recovery resulting from specific proteolysis
was validated through the inhibition assays. For example, MP"
(200 nM) was incubated with GC376 inhibitor at varying
molar ratios ([I]/[E] = 0—10) for 10 min before mixing with
(CyS.5-RsRs, Dyy) coacervates containing 16 #M substrate. In
Figure 3i, higher amounts of inhibitor resulted in slower
enzymatic reactions and PL recovery, with a 10-fold excess of
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GC376 inhibiting the protease activity. This excludes the PL
recovery by nonspecific interactions between the coacervates
and MP™. A closer examination of the PL,, ,,,, at 30 min yields
a typical inhibitor titration curve (Figure 3j). The Henderson
equation (Eq. S11) estimated the active MP™ fraction to be
70%, and the potency of GC376 inhibitor is K; () = 138 nM
and half-maximal inhibitory concentration (ICSOS = 208 nM.
These values agree with previous findings.”*™>® To this end,
the specificity of (CyS.5-RsR, Dy,) coacervates was evaluated
toward other proteins (200 nM), including trypsin, thrombin,
a-amylase (200 U/mL""), bovine serum albumin (BSA), and
hemoglobin. In Figure 3k, no PL activation was detected in the
presence of BSA, hemoglobin, or other enzymes, except for
trypsin, which led to an undesired signal higher than that of
MP™, This is not surprising since trypsin cleaves the C-terminal
of Arg, and the RsRg substrate contains multiple potential
cleavage sites.”

We evaluated matrix effects by spiking the (CyS.5-RsRs,
D,,) coacervates in PB buffer, exhaled breath condensate
(EBC),”” urine, Dulbecco’s Modified Eagle’s Medium
(DMEM) cell culture media, BSA solution (1% w/v), human
pooled saliva,*® and human plasma.”” We first assessed the
stability of (CyS.S-RiR;, D;,) coacervates in the above
matrices. The coacervates showed good stability without PL
changes in the buffer, EBC, urine, and saliva. Nonetheless,
these coacervates showed rapid dissolution in high concen-
trations 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
(Figure S11).>® Subsequently, 200 nM MP™ was introduced to
the coacervates in buffer, EBC, urine, and saliva, and the time-
dependent PL recovery was recorded (Figure S12). Figure 3l
shows the relative PL changes at 20 min in various matrices by
establishing a complete PL recovery in buffer as the topline.
The coacervate-enzyme interactions were maintained in the
buffer, EBC, and urine. The coacervates in saliva showed a 19%
PL recovery independent of MP® addition (Figure S12e),
possibly due to nonspecific interactions or other proteases such
as Arg-gingipains implicated in periodontal disease.’”

Other Signal Transduction Mechanisms. The self-
quenching approach proposed in this study exploits the spatial
proximity of dye molecules within complex coacervates,
thereby offering a viable avenue for implementing FRET and
AIE mechanisms. It remains unclear, however, whether the
kinetics of MP™ on the designed coacervates would be
consistent with those of the previously examined (CyS.S-
RsR;, Dy,) droplets, given the distinct types and quantities of
dyes employed.

The FRET mechanism was exploited using a Cy3-Cy5.5
donor—acceptor pair, leading to (Cy3-RsR;, CyS.5-Dyg)
coacervates with notable alterations in their optical properties.
For example, the absorption profile showed a red-shifted 4,,.,
with a reduction in peak intensity, and the PL profile exhibited
a substantial donor quenching with an efficiency more than
99.9% (Figure S13). FRET theory estimated the Cy3-CyS.5
distance within the coacervates to be no greater than 1.3 nm,
given that an acceptor-to-donor ratio is 2, an overlap integral
for Cy3-CyS.5 palr is 3.4 X 107 M™! cm?, a Forster distance
(Ry) is 3.7 nm,"” and a measured Egpgr is 99.9% (Eq. $5).%°
This suggests a concentrated peptide-dye within individual
droplets. We then monitored the PLg ,\, for MP™ (600 nM)
interacting with the (Cy3-RR;, CyS.5-Dj,) coacervates at
various total charges (0.024—1.2 mM). Figure 4a shows that

2500
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> addition © 266 s 30 %
‘s 1500 =
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Figure 4. Kinetic study using FRET-based (Cy3-RiR;, Cy5.5-D ;)
and AIE-based (PMR, D,,) coacervates. (a) Time-dependent
PL;go o recovery of the FRET coacervates at varying total charges
from 0.024 to 1.2 mM incubated with MP™® (600 nM). This
corresponds to final Cy3-R;R; concentrations from 0.8 to 39.4 uM.
(b) Determination of k./Ky for the hydrolysis of the FRET
coacervates by MP®. (c) Time-dependent APL., . recovery of
the AIE coacervates at varying total charges (0.024—0.8 mM)
incubated with MP™ (200 nM). This corresponds to final PMR
concentrations from 0.9 to 29.6 uM. The inverse APL = PL, — PL,
was used for the plot. Fits of PL versus ¢ at each enzyme
concentration using Eq. S7 are provided as solid black lines. (d)
Determination of k_/Ky for hydrolysis of the AIE coacervates by
MP™, Error bars = standard deviations (n = 3).

more PL recovery of the Cy3 donor is observed for higher
substrate concentration, implying that MP™ releases 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 4b, the (Cy3-
R¢R;, Cy5.5-Dy,) coacervates with MP™ exhibited a k_,/Ky of
259 M~! 57!, which was about 20-fold lower than that of the
free substrate (Table 3).*"*°
The AIE-based coacervates were designed and made using
the conjugated PMR peptide with PyTPE luminogen (Table
1).2%%" The coacervation of (PMR, D,,) led to 4.5-fold
enhancement in PL compared with that of free PMR peptide
(Figure S13e). Subsequent addition of MP® to the AIE
coacervates induced a decrease in PL intensity. To streamline
data analysis in a signal recovery format, the PL decay induced
by MP™ was reversed by subtracting the real-time PL signal
from that of the control. Figure 4c shows the PL changes of
AIE coacervates at various PMR concentrations at 200 nM of
MP, A simple and alternative kinetic analysis was adapted by
fitting Figure 4c with the time-integrated MM equation (Eq.
S7) and extracting the first-order rate constant, K, The
K pswas then correlated with the specificity constant by Kops =
ke E]/Ky.>” This yielded the k,/Ky of 1208 M~! s™!, which
is about 4-fold less than that of the free substrate (Flgure
$10).4°° Figure 4d indicates that the Ky is 10.6 yuM. The
lower kinetics also manifested in a total of 20% reduction in
PL, whereas a complete dissolution of the AIE coacervates
would correspond to an 80% reduction in PL (Figure S13). In
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d DPPS-Au/Ag NCs, N/A

Figure 5. Encapsulation of representative fluorescent materials in (RsRs, Dy) coacervates. Confocal images of coacervates sequestering (a)
cationic azure A, (b) hydrophobic neutral red, (c) anionic fluorescein, and (d) anionic DPPS-coated Au/Ag nanoclusters. Inset shows the
chemical structure. The value on top designates the encapsulation efficiency (EE%). A close look for each panel is provided in the second
row. Confocal images of other encapsulants are listed in Figure S15.

addition, we examined another AIE system using (PyTPE-
R(R;, D,) and found no PL enhancement, presumably due to
the dysregulation of the close pack of PyTPE luminogen by the
nearby charged Ry domain within the droplets (Figure S 2f),**
suggesting that further studies are needed to comprehend the
optimal design of AIE substrates within a liquid-like phase.
The distinct kinetics observed among the three sets of the
fluorogenic coacervates and MP™ provide initial proof of the
effects of hydrophobicity (e.g., via dye type and quantity) on
the bioactivity of coacervates (Table 3). To further test the
impact of dye quantity, we carried out an additional
experiment involving the introduction of extra Cy5.5 to the
self-quenching-based (CyS.5-RiR;, CyS.5-Djo) coacervates.
Similar changes in optical profiles were obtained as with the
above (CyS.5-RgR;, D) system (Figure S13h,i). However, the
introduction of MP to the (CyS.5-RgR;, CyS.5-D),) samples
showed no PL recovery, with the intensity remaining constant
for over 3 h (Figure S13k). The control without MP™ yielded
the same result. Referring to Table 3, the decrease in specificity
constant of various systems was primarily attributed to a
decrease in turnover number (k_,), while Ky, remained at a
similar level (5—15 uM). This behavior resembles to
noncompetitive inhibition, where the inhibitor binds to a
nonactive site of the enzyme. We thus suggest that the
inclusion of larger hydrophobic moieties in (RsRs, Dyg)
coacervates is likely to bind to the hydrophobic domain of
MP™, distinct from the active site, resulting in a decrease in
enzyme kinetics. A few additional modifications can be done to
provide a comprehensive understanding of the coacervates by
enzyme. These modifications include, among others: (i)
Inclusion of varying portion of aromatic amino acids in the
complexing peptides. (ii) Use of polyions with varying
molecular weight. (iii) Tethering of hydrophilic fluorophores.
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(iv) Integration of a surface coating layer. (v) Inclusion of
multiple substrates in coacervates (Figure S14).%

Enzyme Releases the Payload in Coacervates. We
briefly evaluate the capability of (RsRs, D;y) complex
coacervates in encapsulation and subsequent MP-mediated
release of payload.® As a proof of concept, fluorescent materials
(100 uM) were studied as the representative model due to
their easy visualization under a confocal microscope.

For example, the cationic dyes [e.g, azure A, azure C,
methylene blue (MB), rhodamine B (RB), and rhodamine 6G
(R6G)] and hydrophobic dye (neutral red) were largely
partitioned into the coacervates (Figures S and S15). In
comparison, a significant variation in the partition process was
observed for anionic materials [e.g.,, fluoresceine, ICG dye,
green fluorescence protein (GFP), and diphenylphosphino-
benzene-3-sulfonate (DPPS)-modified Au/Ag nanoclusters
(NCs)*"**]. The encapsulation efficiency (EE%) and partition
coefficient (K) of the dyes are summarized in Table 4. The
results indicate that cationic and hydrophobic dyes were
preferentially sequestered (EE% > 50%). This is because the

Table 4. Coacervates in Encapsulation and Protease-
Mediated Dye Release

Encapsulation Partition Release efficiency,
Dye efficiency, EE% coefficient, K RE%, by MP*°
Azure A S0 £+ 1% 1.0 95 + 1%
Azure C 65 + 2% 1.9 98 £ 1%
MB 58 £ 2% 14 96 + 1%
Rhodamine B 56 + 1% 1.3 96 + 2%
Rhodamine 64 + 4% 1.8 98 + 1%
6G
Neutral red 93 + 1% 13.9 99 + 1%
Fluoresceine 6 + 5% 0.1 73 £ 7%

https://doi.org/10.1021/acsnano.3c04259
ACS Nano 2023, 17, 16980—16992


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04259/suppl_file/nn3c04259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04259/suppl_file/nn3c04259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04259/suppl_file/nn3c04259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04259/suppl_file/nn3c04259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04259/suppl_file/nn3c04259_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04259?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04259?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04259?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04259/suppl_file/nn3c04259_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04259?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c04259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(RsRs, D) coacervates carry net negative charges ({ = —6.2 +
0.8 mV), favoring electrostatic attractions with cationic
molecules. Meanwhile, the R;R; constituent also shows
favorable cation-r interactions with molecules rich in aromatic
moieties and Dbenefits their solubility in water. This is
demonstrated by the highest K value of 13.9 realized with a
neutral red (Figure Sb). However, the negatively charged dyes
showed limited interactions with our coacervates; e.g,, less than
10% of fluoresceine was internalized (Figure Sc). Subse-
quently, the addition of MP™ to these dye-encapsulated
coacervates resulted in near complete dye release, as suggested
in Figure 2k and Table 4. These combined observations
suggest that (RRs, Dj,) coacervates possess selective solute
sequestration and release efficiency upon enzymatic stimuli.
We also show that red-emitting inorganic Au/Ag NCs
coated with DPPS preferentially accumulate on the (RsR;,
D,,) coacervate surfaces. These water-soluble NCs were less or
not observed inside the coacervates likely due to their large size
(1-2 nm®") and steric hindrance,* thus resulting in bright and
hollow circles under confocal microscopy (Figure 5d). The
addition of the other solutes such as ICG dye, doxorubicin, and
GFP rapidly cause transformation of coacervates into solid
aggregates (Figure S$15).”>** Finally, the in vitro toxicity test
revealed that the complex coacervate (up to 2 mM total
charge) and individual peptides exerted negligible impact on
cell viability (Figure S16), thus highlighting their potential for
low cytotoxicity in triggered delivery applications, contingent
upon optimized colloidal stability and release kinetics.’®

CONCLUSION

In summary, we have modeled the interactions between
complex coacervates and the main protease. We found that the
fluorescence self-quenched and submicron coacervates have
minimal effect on the interacting kinetics between the
embedded substrate and soluble MP. We also found that
the enzyme-coacervate interactions depend on the specific
nature of the droplets such as the type and quantity of dye
integrated, with doubling the amount of dye essentially
quenching the proteolysis reactions. Specifically, the non-
membrane coacervates constitute of R;Ry and D,,. We first
identified several optimal conditions for coacervation: (i) The
lowest charge valence for Arg-peptide was 10, given D, as the
counter polyanion. (ii) The critical total charge was 0.8 mM.
(ili) The exact charge ratio was 0.5 for 100% of peptide
complexation. (iv) pH above 6 was required. (v) A 0.2%
nonionic Tween-20 enhanced the stability. Three signal
transductions were applied to the coacervates, including self-
quenching, FRET, and AIE mechanisms. The k,./Ky; extracted
from the self-quenching (CyS.5-RsRs, Dyo) was 5817 M ™' s7/,
which is 1.1-fold higher than that of free substrate. This work
presents a simple design of enzyme-responsive coacervates and
provides informative insights into the interactions between the
enzyme and complex coacervates as substrate hub.

EXPERIMENTAL SECTION

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). Fmoc-L-propargylglycine (Pra) was
obtained from Combi Blocks Inc. (San Diego, CA). The recombinant
SARS-CoV-2 main protease (MP®) was expressed using the MP™
plasmid provided by Prof. Rolf Hilgenfeld, University of Liibeck,
Germany and purified as previously described.’® The N-hydrox-
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ysuccinimide (NHS)-ester dyes were purchased from Lumiprobe
Corp. (Hunt Valley, MD). Ultrapure water (18 MQ-cm) was
obtained from a Milli-Q Academic water purification system
(Millipore Corp., Billerica, MA).

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).*'
The synthetic peptides were cleaved from the resin using a cleavage
cocktail (3 mL) that contained trifluoroacetic acid (TFA) (82.5%),
EDDET (2.5%), phenol (5%), thioanisole (5%), and H,O (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 reversed-phase high-performance liquid
chromatography (HPLC) (Shimadzu LC-40), confirmed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS), aliquoted (&,0s = 31 mL-mg “cm™) using a
NanoDrop One UV-—vis spectrophotometer (Thermo Fisher
Scientific), and stored in dry conditions at room temperature for
further use.

Cy5.5-Labeled Peptides. An aqueous solution of D, peptide
(3.0 mg or 2.6 ymol, in 1 mL of PB, pH 8.0) was mixed with NHS-
CyS.5 (1.0 mg or 1.3 umol, in 1.5 mL of dimethyl sulfoxide
(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; see
MALDI-TOF MS data in Figure S2.

Coacervates Preparation. The complex coacervates (60 uL)
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 (40X) on an EVOS XL
Core imaging System (Thermo Fisher Scientific). The fluorogenic
coacervates were typically studied at total charges of 0.48 mM (e.g,
for detection limits) and 0.8 mM (e.g., for studying photophysical
properties). For example, the conditions of RsR-CyS.5 and Dy at 0.5
charge ratio and 0.48 mM total charge used the Dy, (2.1 mM, 0.92
uL), PB (20 mM, pH 8.0, 0.2% Tween-20, 54.7 uL), and R¢R;-Cy5.5
(0.78 mM, 1.2 uL) in order.

Proteolysis on Self-Quenching Coacervates. A series of
coacervates (charge ratio = 0.5, pH 8, 0.2% Tween-20, 60 L) 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 Dy,
(2.1 mM in PB, pH 8), PB (20 mM, pH 8, 0.2% Tween-20), and
R;R;-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]y, or [R¢Rs-
CyS.5]) of 0.8, 2.7, 5.3, 8.0, 16, 26.6, and 39.4 uM. The resulting
coacervates were then preincubated at 37 °C for 20 min using a
hybrid multimode microplate reader to stabilize the PL signal. Next,
the desired amount of MP® ([MP®]; . = 200 nM, 70% active) was
added to each well, and the mixture was thoroughly pipetted. The
plate was immediately sealed and incubated at 37 °C in the hybrid
multimode 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 MP™.
Experiment was done in triplicate.
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