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ABSTRACT: Polymerization-induced self-assembly (PISA) has been
extensively studied for the preparation of a wide range of
morphologies. However, most of the current research in PISA has
focused on ordered solid assemblies; using PISA to produce
membraneless coacervates imposes challenges. Inspired by the recent
sticker—spacer model for protein phase separation, we here
demonstrate that the amphiphilic poly(disulfide)s, prepared through
an alternating ring-opening reaction-mediated polycondensation
(ROMPOC) strategy, can in situ self-coacervation into microsized
liquid droplets. The ROMPOC relies on thiolate’s reversible Sy2-type
engagement with a cyclic thiosulfate, promptly generating a disulfide
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bond’s terminal sulfenic acid, which functions as a difunctional monomer, rapidly condenses proximate dithiols, and allows rapid
polymer chain extension, ultimately yielding alternative poly(disulfide)s. In addition, we found one representative cyclic
thiosulfinate, 1,2-dithiane-1-oxide, which serves as a modular sticker monomer, facilitating polymer-induced self-coacervation when
paired with suitable spacer monomers. The resultant coacervates” physicochemical properties, including coalescence, mobility, and
molecular partitioning ability, can be tailored by adjusting the spacer monomer. Furthermore, the introduction of a short, positively
charged CRGGC peptide into the coacervates greatly enhances their ability to concentrate for biomacromolecules, making the
resultant coacervates highly promising in nucleic acid biosensing and biomacromolecular delivery.

B INTRODUCTION

Coacervates are membraneless organelles that form through
liquid—liquid phase separation (LLPS).'”* In contrast to
commonly used solid particles like polymer, inorganic, or lipid
nanoparticles, coacervates are viscoelastic entities formed
through weak noncovalent interactions, allowing for the
selective exclusion and sequestration of diverse types of
molecules. Thus, they have garnered signiﬁcant attention as
promising carriers for drug delivery,s_ biosensors,”'° and
construction of synthetic cells.'"'* Typically, coacervates can
form through the association of two oppositely charged
polyelectrolytes (known as complex coacervation) or through
the self-assembly of single associative polymers or poly-
ampholytes (referred to as simple coacervation) (Scheme
la)."”” However, both strategies have their limitations, for
instance, complex coacervation is susceptible to both pH and
salt."* As for self-coacervation of associative polymers, it
encounters the same issues as the self-assembly of other
polymers, including poor reproducibility and difficulties in
scale-up.”® Polymerization-induced self-assembly (PISA) has
emerged as a promising approach to address these challenges
by combining simultaneous polymerization and in situ self-
assembly.>'® To date, it has been extensively explored to
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create diverse morphologies using various controlled/living
polymerization methods.'® However, current PISA research
primarily emphasizes ordered solid assemblies such as spheres,
micelles, cylinders, and vesicles.'” Developing membraneless
morphologies through the PISA strategy still poses consid-
erable difficulties.

Biomolecular condensates, formed through LLPS of
disordered proteins, have been found to play crucial roles in
various physiological functions.”'® When analyzing the amino
sequences of phase-separating proteins, Martin and co-workers
developed a numerical model called the “stickers and spacers”
model to predict the LLPS of proteins or peptides.'” In this
model, charged or aromatic amino acid residues, known as
“stickers”, are responsible for providing the driving force for
the phase separations. Conversely, polar and nonsecondary
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Scheme 1. Schematic Diagram of the Preparation Methods for the Polymerization-Induced Self-Coacervation (PISC)“

a. Previous work:

RNA binding protein RNA

\

Complex coacervation

b. This work: polymerization-induced self-coacervation (PISC)

it Alternating poly(disulfide)s preparation: Ring-opening reacti

—sticker > M
Associative polymer Polyampholyte
Simple coacervation
diated polyconder (ROMPOC)

Step 1: Ring-opening Reaction

2BaseH* _’/O BaseH* BaseH"*

Base z C
HS.q.8H — R ~AS.gR.g-S =
L4 ) g 6

(o]

Step 2: Chain Propagation
0
HS.,.SH

HO.,

v R.T., air atmosphere, water-tolerant

o SegrRg S g OH
*09
Difunctional monomer

v Solvent, base, monomer diversity
v Solvent-free polymerization

v Alternating poly(disulfide)s

[N
S
HO*3NS‘S’R'S'S‘/\S‘OHj’ SH'R'S*SNS‘S'R’S’S\/\S’S‘R‘SH —.» /5{‘S'R‘S’S*/\S}“ .
Base >

2H,0

ii: ROMPOC-induced self-coacervation

“Spacer” monomer

hydrophilic
l H S,\,o(/\o):\,sH
O:is) Self-assembly Polymerization
e 5
S hydrophobic

“Sticker” monomer Nonionic surfactant vesicle

In situ form amphiphilic alternating copolymers

Liquid-liquid Phase
separation (LLPS)

—
¢

Liquid droplets
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(ROMPOC-PISC) strategy. The amphiphilic DTO-formed vesicles serve as an excellent template for ROMPOC by lowering entropy of the
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self-coacervation and leading to the formation of micro-sized droplets through LLPS. DTO here not only serves as a template for polymerization
initiation and polymer concentration but also acts as a sticker monomer when ring-opened, strengthening interactions between polymers. Created

with BioRender.com.

structures, also referred to as intrinsically disordered proteins/
regions (IDPs/IDRs), serve as “spacers” to maintain the
coacervates in a liquid state. Building upon this theory, Spruijt
et al. identified short peptides containing hydrophobic residues
linked together with polar amino acid spacers are able to under
self-coacervation at submillimolar concentration.”® Alternating
copolymers are regular copolymers with an alternating
monomeric unit structure in the polymer backbone,” and
we wondered the alternating polymers might be well-fitted the
“stickers-and-spacers” theory, offering the potential for
coacervate formation. Also, the challenge lies in how to
develop the alternating polymers with the appropriate
monomeric units.

The intra- or intermolecular disulfide bonds (—S—S—),
which can be reversibly broken, formed, and exchanged under
a certain condition, regulate the phase separation of many
proteins in vivo.”> And given its wide application in fields such
as drug delivery”””* and dynamic covalent chemistry,” we
speculated that alternating poly(disulfide)s might be an ideal
platform to build reversible coacervates. Many approaches have
been reported to prepare poly(disulfide)s, including oxidative
polymerization,”®”’ ring-opening polymerization (ROP),**™**
and polycondensation (POC) of monomers already containing
a disulfide moiety.””** However, all of these polymerization
methods failed to get the alternating poly(disulfide)s. POC

75

routes for poly(disulfide) preparation sometimes can get the
alternating polymers, but it does not truly originate from thiol
ends but instead relies on click reactions with disulfide-
containing monomers.

Cyclic thiosulfinates have been recently discovered to exhibit
expeditious and specific reactions with proximal thiols, leading
to the formation of disulfide bonds through cross-linking,***°
We here demonstrate that cyclic thiosulfinates are highly
reactive with diverse dithiols, culminating in a library of
alternating poly(disulfide)s through ring-opening reaction
mediated polycondensation (ROMPOC) (Scheme 1b,i).
Moreover, given that the ROMPOC is water tolerable, we
here also found that certain flexible dithiols and 1,2-dithiane-1-
oxide (DTO) can in situ form coacervates through a
polymerization-induced self-coacervation (PISC) process
(Scheme 1bjii). Also, the inducing of CRGGC peptide not
only promote the metastable liquid droplets transition into
stable liquid droplets but also improve their uptake of
biomacromolecules including proteins and nucleic acids. The
formed hybrid liquid droplets can selectively deliver them into
cells through macropinocytosis, and also, by creating distinct
compartments for biomolecule condensation, the resulting
liquid droplets significantly lower nucleic acid detection
thresholds, shielding new light on drug delivery and biosensing.
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Figure 1. Optimization of base for the ROMPOC. (a) Investigation of reaction conditions using EDDT as a model dithiol and DTO as the model
cyclic thiosulfinates, r.t., room temperature. (b) Polymerization kinetics under catalyzed by DBU (1.0 equiv, 0.01 equiv) or TEA (1.0 equiv, 0.01
equiv). (c) GPC traces and the molecular-weight properties of P(EDDT-a-DTO) catalyzed by DBU (0.1 equiv, 0.01 equiv) or TEA (1.0 equiv, 0.1
equiv). The molecular weights were calculated by DMF GPC in relation to polystyrene (PS) standards. (d) MALDI-TOF and 'H NMR (inset)
spectra of the P(EDDT-a-DTO) in a zoom-in view. For the MALDI-TOF test, the polymerization was carried out for 2 h using DBU (0.01 equiv)
catalysis and terminated with 2-iodoacetamide. The intact '"H NMR spectrum of P(EDDT-a-DTO) is shown in Figure S9.

B RESULTS AND DISCUSSION

Optimization of Reaction Conditions for the ROM-
POC Method. One representative cyclic thiosulfinate, 1,2-
dithiane-1-oxide (DTO), was first synthesized as reported
(Figure S1) ,”7 2,2'-(ethylenedioxy) diethanethiol (EDDT) was
used as model dithiol to optimize the polymerization
conditions (Figure la). And since it is the thiolate (RS-)
that triggers the initial ring-opening step of DTO, we first
screened common organic bases of varied basicity in
tetrahydrofuran (THF) for the copolymerization of DTO
and EDDT. All the tested bases, including diazabicyclounde-
cene (DBU), triethylamine (TEA), hexylamine (Ham), N,N-
diisopropylethylamine (DIPEA), and dimethylaminopyridine
(DMAP), successfully initiated polymerization with different
yields (Figure 1b, Table S1). Among the test bases, a tiny
amount of DBU (0.01 eq., relative to dithiols) sufficiently
allowed the polymerization occurrence with a yield of 93% in
24 h. However, when the concentration of DBU was increased
to 1.0 equiv, the yield significantly decreased to <1% (Table
S1), likely due to the formation of poly(disulfide)s with low
molecular weights. This reduction in molecular weight can be
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attributed to the highly nucleophilic nature of this catalyst.”>*

In contrast, with the weaker nucleophilic base TEA, a low
concentration (0.01 equiv) was insufficient to initiate polymer-
ization, while using an equivalent dose of TEA resulted in
poly(disulfide)s with a comparable yield in 24 h (Figure 1b,c).
These results suggest that both nucleophilic and basic
characteristics contribute to the catalytic activity of the base.
For bases with strong nucleophilicity, a low catalytic
concentration is required, while bases with lower nucleophil-
icity require a higher concentration to initiate the polymer-
ization process. It is noteworthy that while both DBU (0.01
equiv) and TEA (1.0 equiv) can initiate the polymerization
process, the kinetics of the polymerization differ significantly
between the two. The use of TEA with equivalent mole ratio
enables the fast polymerization, swiftly getting around 80%
yields within the initial 2 h and eventually reaching equilibrium
within 4 h. In contrast, the utilization of DBU (0.01 equiv)
resulted in a more gradual polymerization process, yielding
approximately 36% after 4 h and ~60% after 12 h (Figure 1b).

Next, matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry was employed to
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Figure 2. ROMPOC of some representative dithiols and cyclic thiosulfinates. (a) Reaction equation of dithiols with cyclic thiosulfinates in THF
catalyzed by DBU (0.01 equiv). The molar ratio of the dithiol and DTO was fixed to 1:2, and the polymerization was proceeded in THF at room
temperature for 24 h. (b) GPC curves of the obtained alternating poly(disulfide)s. (i) CHCl; GPC, (ii) DMF GPC, and (iii)) DMF GPC. (c) M,,
PD], and yields of the respective poly(disulfide)s. Molecular weights were calculated by GPC in relation to polystyrene (PS) standards. PDI:
polymerization distribution index (PDI) was defined as M,,/M,, where M,, means the weight-average molecular weight and M, means the number-
average molecular weight. GPC trace of P(EDT-a-DTO) was failed to collect due to its low solubility in DMF, THF, and CHCl;. GPC tests of the
P(EDDT-a-LAO) and P(OEGDT-a-LAO) were not performed for the existence of a terminal carboxylic acid group.

verify the -(A-a-B-),- structure of the resulting P(EDDT-a-
DTO) (Figure 1d). The spacing between the oligomer peaks
was 120.2, 180.3, and 300.5, which were consistent with the
expected molecular weight of ring-opened DTO, condensed
EDDT, or a combination of both. In the mass spectrum, five
major peak series coordinated with Na* adducts (A,B,, A,,,B,,
A,B,.;, A,,B,, and A,B,,,, where DTO = A and EDDT = B)
were identified, and the AB, A, B, and AB,,, signals
emerged as the predominant peaks. The A,,,B, and A B,,,
series indicate chain configurations featuring dimeric A or B
units, which may be attributed to the dynamic exchange of
disulfides. Furthermore, peak integration from the 'H nuclear
magnetic resonance (‘H NMR) analysis revealed an equal
molar ratio of EDDT and DTO in the resulting poly-
(disulfide)s (Figure 1d inset). Additionally, *C NMR of
P(EDDT-a-DTO) also suggest that a highly alternative
structure of P(EDDT-a-DTO) (Figure S2). Importantly,
unlike the traditional POC process, which directly links
difunctional monomers together, the DTO we added is not a
true monomer for chain growth. Instead, the disulfide-bound
terminal sulfenic acid intermediates, resulting from the
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reversible Sy2-type attack by a thiolate on two cyclic
thiosulfinates, are considered difunctional monomers. These
intermediates quickly undergo cross-linking by condensing
with nearby dithiols, releasing water and facilitating polymer
chain growth, ultimately yielding poly(disulfide)s with AB-
alternating structures (Scheme 1b,i).”>**

Subsequently, we examined the copolymerization of DTO
and EDDT in seven common organic solvents with varying
polarities by using TEA (1.0 equiv) or DBU (0.01 equiv) as
bases. When the TEA (1.0 equiv) was utilized as the catalyst,
the reactivity of the monomer decreased as the solvent’s
polarity increased. While when DBU was employed, polymer-
ization proceeded favorably even in highly polar solvents like
DMSO and H,O (Table S2). Overall, we identified DBU (0.01
equiv) or TEA (1.0 equiv) as reliable bases for the
polymerization process, with THF selected as the optimal
solvent.

Broad Use of ROMPOC for Alternating Poly(disulfide)
Preparation. After identifying the optimized base-solvent
combination, we proceeded to explore the widespread
application of this polymerization method using another
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eight representative dithiols, ethanedithiol (EDT), 1,4-
butanedithiol (BDT), 1,8-octanedithiol (ODT), 1,4-benzene-
dimethanethiol (PhDT), dithiothreitol (DTT), 2,2"-oxydietha-
nethiol (ODET), 2,2'-hexa(ethylene glycol) dithiol
(OEGDT), and PEGDT (Figure 2a). All of these chemicals
were directly used without purification. As shown in Figure
2b,c, all the dithiols successfully induced the ROMPOC of
DTO under mild and robust conditions (0.01 equiv of DBU, at
room temperature, in air and for 24 h). All of the obtained
poly(disulfide)s, except for P(DTT-a-DTO), exhibited single
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peaks in their GPC traces, indicating a high level of polymer
uniformity. The appearance of camel peak in the GPC trace of
P(DTT-a-DTO) might be attributed to the strong depolyme-
rization capability of DTT monomer.*”*' Peak integration in
the '"H NMR spectrum also suggested the AB-alternating
structures of the synthesized poly(disulfide)s (Figures S3—
S11).

To enhance the versatility of cyclic thiosulfinate mediated
ROMPOC, we synthesized two representative lipoic acid
(LA)-based cyclic thiosulfinates: LA-s-oxide (LAO) (Figure
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S12) and LA-methyl ester-s-oxide (LAy,O) (Figure S13). By
using EDDT and OEGDT as model dithiols, we observed that
these two dithiols also induced ring-opening of the LA-based
cyclic thiosulfinates and triggered ROMPOC in the presence
of DBU, resulting in alternating poly(disulfide)s with well
distributions, as confirmed by GPC (Figure 2b,c) and 'H
NMR analysis (Figures S14 and S1S5). Importantly, one
attractive aspect of using LAO as the cyclic thiosulfinate is
the availability of the terminal carboxylic acid on LA for further
functionalization. This property makes the resulting poly-
(disulfide) a promising candidate for a degradable scaffold in
constructing highly functional systems.*”*’

The robust conditions for ROMPOC of cyclic thiosulfinates
and dithiol prompted us to investigate the possibility of
conducting this process through simple solvent-free polymer-
ization. Also, DTO was selected as the representative cyclic
thiosulfinate, while EDDT and OEGDT served as model
dithiols. As demonstrated in Video S1 and Figures S16 and
S17, polymerization was readily observed upon mixing EDDT
and OEGDT with DTO in a solid-state environment. The
viscosity of the product noticeably increased within minutes,
indicating a successful polymerization process. However, it is
important to note that the polymerization in the solvent-free
state is not as controlled as in solvent systems. Taking OEGDT
as an example, within 15 min of mixing, a single GPC peak
(Figure S17b) and distinct '"H NMR signals were observed
(Figure S17c), suggesting that the polymerization process was
still under control during this period. However, after 1 h, the
high molecular P(OEGDT-a-DTO) had transformed into self-
healing gels, which could be easily imprinted into different 3D
shapes (Figure S17d) and rapidly recovered from stretching-
induced breakage with reasonable healing efficiency (Figure
S17e, Video S2).

The disulfide-rich backbone of poly(disulfide)s imparts
inherent redox responsiveness, enabling their rapid depolyme-
rization upon exposure to external stimuli such as DTT and
GSH. Using P(EDDT-a-DTO) as an example, we discovered
that P(EDDT-a-DTO) depolymerized within minutes when
incubated with DTT (10 mM, Figure S18), as evidenced by
the disappearance of GPC signals (Figure S18b). The
depolymerization of P(EDDT-a-DTO) was further confirmed
by the 'H NMR results, where the peaks of the degraded
monomers were clearly observed upon treatment with DTT
(Figure S18c). However, the representative polymers, P-
(EDDT-a-DTO) and P(EDT-a-DTO), demonstrated excel-
lent stability for up to 2 months when stored in a solid state at
room temperature, with less than 5% of the polymers degraded
as verified by '"H NMR analyses (Figure S19).

Collectively, by relying on the ROMPOC of cyclic
thiosulfinates and dithiols, we demonstrated an efficient
method for producing alternating poly(disulfide)s. This
method effectively combines the advantages of ROP and
POC while overcoming their limitations. It allows for the
incorporation of various dithiols into the poly(disulfide)
backbone, greatly expanding the poly(disulfide)s’ library.

ROMPOC-Mediated PISC of Alternating Poly-
(disulfide)s. Given that the alternating ROMPOC method
developed here is water tolerable, our focus shifted toward
studying the PISA of poly(disulfide)s. We first found the
amphiphilic DTO monomer can self-assembly into vesicles of
approximately 180 nm in size (Figure 3a), a phenomenon
confirmed by TEM images (Figure 3b). The vesicular
structures’ existence was further endorsed via the confocal
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laser scanning microscopy (CLSM) examination of the
micrometer-sized large vesicles, prepared by hydrating the
DTO nanovesicle film (Figure 3c). It is noteworthy that the
assembled DTO vesicles contribute to a concentrated and
compact structure of DTO, offering ideal conditions for LLPS
by lowering the entropy of the solution and strengthening the
weak interactions between molecules. This led us to speculate
whether the DTO-formed vesicles might serve as an excellent
template for coacervate preparation and PISC might be
achieved if the appropriate dithiols were matched.

To evaluate our hypothesis, we selected two malleable
monomers, EDDT and OEGDT, as well as two rigid
monomers, EDT and BDT, as model dithiols (Figure 3d).
As shown in Figure 3e, when these indicative dithiols were
separately added into the DTO solution, a significantly
increased turbidity was immediately observed in all the
dithiols, suggesting the rapid ROMPOC polymerization.
After 10 min, solid participates were observed in EDT/DTO
and BDT/DTO mixtures. Intriguingly, the resulting precip-
itates were highly ordered. CLSM (Figure 3f), TEM (Figure
$20a), and SEM images (Figure S20b) revealed that the in situ
formed P(EDT-a-DTO) and P(BDT-a-DTO) produced well-
dispersed colloidal microrods and hexagonal microdisks,
respectively. On the other hand, polymerization in the case
of EDDT/DTO and OEGDT/DTO led to the formation of
liquid droplets with sizes ranging from 1 to 10 ym (Figure 3f).
The thermal properties of the four different assemblies were
further assessed by using differential scanning calorimetry
(DSC). The assemblies of P(EDDT-a-DTO) and P(OEGDT-
a-DTO) did not show either melting endothermic peak or
crystallization exothermic peaks. Conversely, clear melting
endothermic peaks and crystallization exothermic peaks were
noticed in P(EDT-a-DTO) and P(BDT-a-DTO) assemblies,
signifying their crystalline nature (Figure 3g, Figure S21).

To confirm that the precipitates or coacervates were indeed
templated by the DTO monomer, we pre-encapsulated a Cy7
fluorescence probe into the DTO vesicle and subsequently
added the dithiols. As depicted in Figure 3h, the Cy7
fluorescence signal was observed exclusively within the
resulting precipitates and coacervates, indicating that the
formed assemblies were grown from the DTO monomer.
Collectively, these results suggest that the input of rigid
monomers, EDT and BDT, to DTO solution would produce
crystalline precipitates through a polymerization induced self-
precipitation (PISP) process, while the introduction of spacer
monomers, for example, EDDT and OEGDT, would lead to
the formation of the coacervation through a DTO-assisted
PISC process (Figure 3i). Of note, the amphiphilic DTO
assembled vesicles play a dual role, not only do they serve as a
template to concentrate the formed polymers, but they also
function as a sticker monomer when ring-opened, providing
interactions between polymers. Of note, although an
alternative sequence of poly(disulfide)s can effectively balance
the interacting moieties between the sticky motifs, facilitating
the formation of a disulfide polymer through a PISC process;
however, this does not imply that an alternative sequence is
essential for coacervate formation, as randomly distributed
associative polymers or peptides have also been observed to
undergo self-coacervation. The key factor lies in identifying
flexible spacers that can separate the strongly interacting
moieties (stickers), thereby promoting the formation of liquid
condensates instead of solid aggregates.
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Figure 4. Physiochemical characteristics of the formed P(EDDT-a-DTO) and P(OEGDT-a-DTO) coacervates. (a, b) Fusion of (a) P(OEGDT-a-
DTO) and (b) P(EDDT-a-DTO) coacervates. Scale bars: 10 um. Created with BioRender.com. (c) Florescence recovery after photobleaching
(FRAP) assays of Cy7-loaded P(OEGDT-a-DTO) and P(EDDT-a-DTO) coacervates. RE: recovery efficacy. T, /,: half-time of recovery. Scale bars,
S pum. (d) Structure of the viscosity-sensitive AIE probe, AggFluor. (e) Fluorescence intensity and intensity-weighted mean fluorescence lifetime
(7) of the AggFluor when coincubated with the P(OEGDT-a-DTO) and P(EDDT-a-DTO) coacervates. Scale bar, 10 pm.

Dithiol Monomer Regulates Physiochemical Charac-
teristics of Formed Coacervates. We next compared the
physiochemical properties of the formed P(OEGDT-a-DTO)
and P(EDDT-a-DTO) droplets. As shown in Figure 4a and
Video S3, the liquid droplets formed by P(OEGDT-a-DTO)
were highly dynamic, capable of fusing, diffusing, and
deforming, and ultimately separated into a bulk phase and
“wet” on the surface of the glass slide (Figure $22). In contrast,
the coacervates formed by PISC of P(EDDT-a-DTO) tended
to mature, and once they reached maturity, the surface became
rough, without being prone to diffusion (Figure 4b, Video $4).
Fluorescence recovery after photobleaching (FRAP) measure-
ments revealed an ~3.03-fold decrease in Cy7 diffusion within
P(EDDT-a-DTO) coacervate exhibited as compared to that of
P(OEGDT-a-DTO) coacervates (Figure 4c). Also, a greater
degree of fluorescence recovery (82%) was observed for
P(OEGDT-a-DTO) droplets as compared to P(EDDT-a-
DTO) (73%) (Figure 4c). The viscosities of these two types of
coacervates was further assessed using an aggregation-induced
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emission (AIE) probe-AggFluor (Figure 4d), whose fluo-
rescence intensity and fluorescence lifetime increase with
increasing viscosity.”* As shown in Figure 4e, the P(EDDT-a-
DTO) coacervates displayed a notably brighter red fluo-
rescence intensity and a prolonged intensity-weighted mean
fluorescence lifetime (7) compared to the P(OEGDT-a-DTO)
coacervates. These findings suggest that the internal environ-
ment of the P(EDDT-a-DTO) coacervates exhibited higher
viscosities in contrast to the P(OEGDT-a-DTO) coacervates,
which aligns with their fusion behaviors demonstrated in
Figure 4c. Collectively, these results suggest that the spacer
monomer significantly influences the physiochemical proper-
ties of the formed coacervates. In comparison to the
P(OEGDT-a-DTO) droplets, the coacervates formed with a
short spacer monomer in P(EDDT-a-DTO) exhibit slower
diffusivity dynamics, higher viscosities, and weak fusing
abilities. The OEGDT monomer not only provides a much
more flexible backbone but also helps alleviate the hydro-
phobic interactions between the sticker monomers, resulting in

https://doi.org/10.1021/acs.macromol.4c01821
Macromolecules 2025, 58, 74—86


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01821/suppl_file/ma4c01821_si_004.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01821/suppl_file/ma4c01821_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01821/suppl_file/ma4c01821_si_005.avi
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01821?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01821?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01821?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01821?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

a
P(OEGDT-a-DTO) coacervates ’\16\ P(CRGGC/OEGDT-a-DTO) coacervates
OEGDT \
OEGDT g PISC N
— /3 /]
DTO e 3
O Rapid coalescence 0009 O Slow coalescence
O limited partition ability towards biomacromolecules CRGGC O Improved partition ability towards biomacromolecules
b Phase diagram c
10 Lo P[(CRGGC/OEGDT)-a-DTO], Feeding ratio of CRGGC/OEGDT
100 -1
_ - . 5 .
E sl0® L2 E 1:0 182 . 1:5 \31%)‘0
2 71000 3 2 o 4
S 6 48 5 &)
X 5 FS i j O
& 6 8 & ] > -O
8 4 8 & o o 0 =
§ 3 7% :
© 2 g © o (s %
1 ) o O] _ — ()
0 10
v
4 56780910 low | Turbidity W high
d DOX Rhodamine TRITCBSA EGFP

Feeding ratio of CRGGC/OEGDT

Figure S. Optimization of P(OEGDT-a-DTO) coacervates stability and partitioning ability by inducing a CRGGC peptide monomer. (a) The
design of P[(CRGGC/OEGDT)-a-DTO] coacervates. Created with Biorender.com. (b) Phase diagram of the P[(CRGGC/OEGDT)-a-DTO] at
the indicated CRGGC/OEGDT molar ratios and pH at room temperature measured at an optical density at 600 nm. (c) Microscope images of
P[(CRGGC/OEGDT)-a-DTO] coacervates at indicated CRGGC/OEGDT feeding ratios. (d) Confocal fluorescence images of P[(CRGGC/
OEGDT)-a-DTO]-assembled coacervates incubated with Cy7, DOX, rhodamine, TRITCBSA, EGFP, and ©"*siRNA. Scale bars: 10 ym.

more dynamic coacervates. In contrast, due to the closer
proximity between the sticker units, the fluid dynamics of
P(EDDT-a-DTO) are somewhat restricted. And given that the
physiochemical properties of matured P(EDDT-a-DTO)
coacervates are closer to the solid particles, P(OEGDT-a-
DTO)-based liquid droplets are used for the further
investigation.

Optimization of Coacervate Partitioning by Inducing
a CRGGC Peptide. One of the most notable characteristics of
coacervates is their ability to uptake and concentrate a wide
range of guest molecules, making them highly desirable for
drug delivery and biosensing.>*’ We first assessed the
concentration capacity of P(OEGDT-a-DTO) coacervates
for various guest molecules by using fluorescence microscopy.
As shown in Figure $23, the P(OEGDT-a-DTO) coacervates
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tend to take up hydrophobic molecules. The highly hydro-
phobic fluorophore Cy7 exhibits a significantly higher apparent
partition coefficient (K = Caroplet/ Coolution) compared to the
moderately hydrophobic molecule DOX, with K values of
>3500 and 7.1. Conversely, soluble biomacromolecules were
unable to be incorporated into the P(OEGDT-a-DTO)
coacervates.

Drawing inspiration from the LLPS observed in IDPs, which
can form membraneless compartments capable of effectively
compartmentalizing and concentrating proteins and nucleic
acids,” we proposed to induce another peptide monomer to
the P(OEGDT-a-DTO) coacervate to enhance its compart-
mentalize ability toward proteins or nuclei acids (Figure Sa).
Given that two classes of well-known IDPs, namely, nuclear
pore complexes (NPCs) and RNA-binding proteins (RBPs),
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coacervates in cell culture medium. Scale bar: 10 ym. (f) Intracellular delivery of compartmentalized "™ “BSA into HCT-116 cells. Free "™M°BSA
was used as a control. The cells were incubated with coacervates/™™T“BSA or free ™MT°BSA (10 ug/mL) for 8 h. Scale bar: 20 um. (g)
Intratumoral retention of compartmentalized " T“BSA at HCT-116 tumors. Free "™ °BSA was used as a control. Once the subcutaneous HCT-
116 tumor size reached approximately 100 mm?, coacervates/BSA or free BSA at a BSA equivalent dose (10 xg/mL) was intratumorally injected.
Also, the fluorescence signal was collected 6 h post injection, scale bar = 100 ym. Panel a and panel d are created with BioRender.com.

Coacervate/"RTCBSA

are known to be enriched in phenylalanine-glycine (FG)45 tion into liquid condensates at physiological pH (Figure Sb), as
arginine-glycine-glycine (RGG) repeats, respectlvely, we here evident from increased turbidity seen in Figure S26a.
selected the CFGC and CRGGC domains as representative Microscopic images confirmed the formation of condensed
peptide models. Also, the inclusion of two cysteine (Cys) droplets, typically 1—10 pm, (Figure Sc). It is worth noting
residues serves to initiate the process of ROMPOC with DTO. that the introduction of cationic RGG peptides kinetically
As shown in Figure S24, hybrid poly(disulfide)s composed of stabilizes the coacervate and reduces the coarsening by

CFGC/OEGDT/DTO exhibited distinct behavior based on preventing coalescence; as a result, compared to P(OEGDT-
pH conditions. Under basic conditions, they tended to form a-DTO) coacervates, the size of P[(CRGGC/OEGDT)-a-

liquid condensates, with the capacity of fusing (Figure S24c,d). DTO] droplets decreased as the percentage of cationic RGG
However, at physiological pH, these poly(disulfide)s formed peptides increased (Figure Sc, Figure S26b). Furthermore, the
solid precipitates (Figure S24b). Furthermore, the disulfide- introduction of cationic RGG peptides facilitated the inclusion
rich backbone of poly(disulfide)s provides inherent redox of protein and the nucleic acid into the liquid droplets; we
responsiveness, enabling a redox-controlled solidification in clearly observed the enhanced uptake of ™T°BSA and
response to external stimuli such as DTT, and subsequent “siRNA by the P[(CRGGC/OEGDT)-a-DTO]-assembled
addition of H,O, resulted in the formation of identical liquid droplets, and the K value of ™TCBSA exceeded 3500 in
droplets as before reduction (Figure S25). P[(CRGGC/OEGDT)-a-DTO] coacervates, indicating that it
On the other hand, the CRGGC/OEGDT/DTO poly- was almost completely encapsulated within the coacervates
merized poly(disulfide)s exhibited spontaneous phase separa- through electrostatic and cation-7 interactions between
82 https://doi.org/10.1021/acs.macromol.4c01821
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arginine and amino acid residues of BSA (Figure Sd).
Intriguingly, EGFP tended to be retained on the surface of
P[(CRGGC/OEGDT)-a-DTO] droplets, with slower diffu-
sion into the coacervate interior compared "™ T°BSA (Figure
5d). Also, the presence of EGFP on the surface of formed
coacervates significantly reduced their propensity to fuse,
similar to what is observed in the biological condensates.”” In
addition to proteins, these CRGGC-containing hybrid
coacervates demonstrate the ability to sequester CyS-siRNA,
with a K value of 13.7, which is significantly higher than that of
P(OEGDT-a-DTO) coacervates (K = 1.4).

Applications of PISC-Formed Coacervates in DNA
Biosensing and Protein Delivery. Motivated by the
encouraging results of P[(CRGGC/OEGDT)-a-DTO] coac-
ervates in concentrating biomacromolecules, especially pro-
teins and nucleic acid, we set out to investigate the possibility
of utilizing this hybrid coacervates to improve DNA biosensing
(Figure 6a) and protein delivery efficacy (Figure 6d).

Gelred is a fluorophore that exhibits strong fluorescence
enhancement upon binding to dsDNA, ssDNA, or RNA in
agarose gels or polyacrylamide gels.** We here tested whether
P[(CRGGC/OEGDT)-a-DTO] coacervates can serve as
microreactors to increase the local concentration of Gelred
and DNA molecules and thus facilitate their binding. In the
absence of coacervates, no significant fluorescence signal was
observed when Gelred and DNA were coincubated in the
control buffer solutions. However, in the presence of
P[(CRGGC/OEGDT)-a-DTO] coacervates, a remarkable
7.9-fold increase in the fluorescence signal occurred (Figure
6b). This enhancement in fluorescence intensity can be
attributed to the higher concentration of Gelred and DNA
within the coacervates. Encouraged by these results, we further
investigated the use of P[(CRGGC/OEGDT)-a-DTO]
coacervate to enhance the detection sensitivity of molecular
beacons (MB). MBs exhibit fluorescence quenching that can
be selectively reversed upon hybridization with a specific
nucleic acid strand containing a target sequence. These
beacons thus are commonly employed in diagnostic assays
designed for genetic screening to detect amplicon.””*" We
introduced MBs into the coacervate and subsequently added
the target strand to the reaction volume. As illustrated in
Figure 6c¢, the presence of coacervates led to an impressive 9.3-
fold increase in fluorescence intensity compared with the
control buffer solutions. Taken together, these findings indicate
that P[(CRGGC/OEGDT)-a-DTO] coacervates serve as
advantageous “microreactors”, enhancing the sensitivity of
nucleic acid bioassays by enabling the encapsulation of both
the biosensor and target strands within the coacervate.

We next tested the potential of using P[(CRGGC/
OEGDT)-a-DTO] coacervate in intracellular protein delivery
(Figure 6d), and ™ T BSA was chosen as a model protein due
to its notable sequestration capacity in coacervates, with free
BSA used as a control. "MT°BSA was successfully encapsulated
within the liquid condensates in the cell culture medium
(Figure 6e). Also, the encapsulation of BSA did not change the
rapid mobility of the peptide-hybrid condensates, as confirmed
through FRAP measurements, where 82% of fluorescence
could be recovered within a T, of 30 s (Figure S27a,b). Next,
we examined whether encapsulated "MTCBSA can be
internalized by the tumor cells. The HCT-116 cell line with
high macropinocytosis ability and HeLa cells with low
macropinocytosis ability (Figure S28) were utilized to assess
the intracellular protein delivery of liquid droplets. As shown in
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Figure 6f, ™MTCBSA itself could not enter HCT-116 cells, as
indicated by the absence of red fluorescence in the cells, while
P[(CRGGC/OEGDT)-a-DTO] droplets successfully encapsu-
lated and delivered the ™TCBSA into HCT-116 cells, as
observed by the significantly stronger intracellular red
fluorescence signals. Colocalization between red ™T“BSA
and green "Cdextran-70 kd (a specific macropinosome
marker) also suggested that the formed droplets were
internalized into the HCT-116 cells through macropinocytosis
(Figure S29). In contrast, for HeLa cells, the red ™ “BSA
signal was mainly restricted in the cell membrane, suggesting
the micrometer-sized droplets were hardly internalized by
HeLa cells with poor macropinocytosis capacity.

We next tested whether the P[(CRGGC/OEGDT)-a-
DTO]-formed coacervates could serve as segregated macro-
molecular reservoirs to prolong their residence times at the
lesion site. A HCT-116 subcutaneous tumor model was
established, and once the tumor size reached approximately
100 mm?®, both coacervates/BSA and free BSA were intra-
tumorally injected. After 6 h, the red fluorescence signal in the
tumors treated with free BSA was barely detectable, whereas a
strong red fluorescence signal was still observed in the tumors
treated with coacervates/BSA (Figure 6g). These results
suggest that the coacervates formed through PISC effectively
allow for the slow release of cargoes and thereby prolong
retention time in tumor tissue.

B CONCLUSIONS

In summary, we successfully demonstrated a robust and
practical approach for preparing alternating poly(disulfide)s
through the ROMPOC of cyclic thiosulfinate and dithiol. This
method is highly versatile, allowing for the polymerization of
monomers that are unreactive in other currently employed
polymerization procedures. In addition, we first found that
ROMPOC of certain representative dithiols and cyclic
thiosulfinates induces self-coacervation of poly(disulfide)s
under aqueous physiological conditions. Unlike traditional
coacervates developed through other strategies, such as ionic
polymers, the PISC approach presented here offers exceptional
tunability, enabling the customization of coacervates with
diverse physiochemical properties by varying the spacer
monomer. Additionally, the disulfide-rich backbone of poly-
(disulfide)s provides inherent redox responsiveness, enabling a
redox-controlled, on-demand release of the encapsulated
cargos. Ongoing studies are primarily focused on screening
various dithiol monomers to further optimize the DNA-
enrichment efficiency and the intracellular macromolecular
delivery capabilities of these poly(disulfide)-based coacervates.
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