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Abstract   Membrane-less organelles (MLOs), formed by liquid-liquid phase separation (LLPS) of biomolecules in cells, play crucial roles in cellu-
lar function such as gene expression, epigenetics, cellular metabolism, and so on. Moreover, the function of MLOs is closely related to the size of
their droplets. Synthetic coacervates, which mimic MLOs, show great potential in cell biomimicry, drug delivery, and functioning as nanoreactors.
However,  the droplet size regulation of coacervates excluding concentration is challenging. In this work, synthetic coacervates are formed by
poly(hydroxypropyl acrylate) (PHPA), which undergoes lower critical solution temperature (LCST)-type coacervation driven by hydrophobic inter-
actions under physiological conditions. The size of the coacervate droplets is regulated by incorporating a more hydrophobic block, poly(di(ethy-
lene glycol) ethyl ether acrylate) (PDEGA); the droplet size decreases from 5 μm to 234 nm as the PDEGA block length increases. Additionally, liq-
uid-to-solid phase transition (LSPT) is observed with further increase in the PDEGA block. Thus, both droplet size and LSPT are controlled by the
hydrophobicity of the block copolymers.  The LCST-type coacervate shows thermal protection of enzymes such as glucose oxidase,  which de-
creases as the size of coacervate droplets decreases, while the precipitates offer no protection activity. Furthermore, glucose oxidase (GOx) re-
tains over 85% of its activity after 3 h of treatment at 60 °C with PHPA44 coacervate. The hydrophobicity-tuned size control of coacervate droplets
and LSPT bring insight into the molecular mechanism of coacervate phase change and facilitates the design of coacervate for biomimicking ap-
plications.
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INTRODUCTION

Membrane-less  organelles  (MLOs),  which  are  usually  observed
in  eukaryotic  cells,  such  as  the  nucleolus,  stress  granules,  and
processing  bodies  (P-bodies),  can  regulate  various  biological
processes,  including  gene  expression,  protein  translation,  epi-
genetics,  cellular  metabolism,  stress  response,  and  cell
signaling.[1,2] Moreover, MLOs have been reported to be associ-
ated  with  diseases  such  as  neurodegenerative  diseases.[3] Stu-
dies on MLOs and their mimics are crucial for understanding the
function  of  cells  and  causes  of  certain  diseases.  Additionally,
MLOs are considered to be related to the origin of life.[4] MLOs
are generated by liquid-liquid phase separation (LLPS),[5] driven
by  weak  and  dynamic  interactions  among  intrinsically  disor-
dered  proteins  (IDPs),[6] such  as  hydrophobic  and  electrostatic
interactions and π-π stacking.[7,8] The LLPS, commonly termed as
coacervation, plays a crucial role in preventing protein aggrega-
tion,  regulating  biochemical  reactions,  and  mediating  cellular
signaling.[9,10] The  design  of  artificial  coacervates  with  well-de-

fined  architectures,  capable  of  mimicking  the  structural  and
functional  features  of  native  MLOs,  represents  a  promising ap-
proach  for  elucidating  the  molecular  mechanisms  underlying
complex biological processes.

Researchers have synthesized various types of coacervates,
including  short  peptides,[11,12] polypeptides,[13−15] host-guest
supramolecular  compounds[16] and  synthetic  polymers.[17−20]

Stimuli-responsive  coacervates,  which  form  under  stimuli
such  as  pH,[12,21] temperature,[17−19,22] ion  types,[23,24] ionic
strength,[25−27] and crowding agents[28] have been extensive-
ly studied in artificial cells,[29] microreactors,[12,30] and drug de-
livery  systems.[17,31,32] Beyond  electrostatic  and  hydrophobic
interactions, hydrogen bonding has recently been utilized to
synthesize coacervate nanoparticles for bio-applications such
as  protocell  mimicry [33] and  osteoarthritis  therapy.[34] In  the
preparation of coacervates, controlling droplet size is very im-
portant  for  the functionality  of  artificial  cells.[5,35] In  cells,  the
size  of  the  nucleolus  is  closely  related  to  its  metabolic
state,[36] and also affects the exchange rate between nucleo-
lar components and the nucleoplasm.[37] For example, the ef-
ficiency  of  ribosome  synthesis  is  correlated  with  the  size  of
the  nucleolus.[38] Thus,  size  control  of  coacervate  droplets  is
critical,  especially  in  the  preparation  of  MLOs  and  artificial
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cells  with  specific  functions.  It  has  been  demonstrated  that
the  nucleolus  undergoes  dynamic  size  modulation  that  is
controlled by the concentration of its components.[37,39] In ad-
dition,  alternative  strategies  for  modulating  the  coacervate
droplet size have been actively investigated. Cui et al. report-
ed the formation of hydrogen-bond-driven coacervates from
poly(ethylene  glycol)  (PEG)  and  tannic  acid  (TA),  where  the
droplet  size  was  modulated  by  varying  the  PEG-to-TA  mass
ratio  and  pH.[33] Similarly,  Ali et  al.  demonstrated  the  size
modulation of  coacervate  droplets  by  mixing PEGylated and
non-PEGylated peptides.[40] Chen et al.  reported that the size
of  coacervate  droplets  formed  by  phosphorylated  tau  pro-
teins was reduced by salt.[41] Xu et al. indicated that the pres-
ence  of  crowding  agents  results  in  the  formation  of  larger
coacervate  complexes.[28] For  these multicomponent  coacer-
vates,  the  droplet  size  is  influenced by  various  factors  in  dif-
ferent  systems.[42] To  date,  size  control  of  coacervates  com-
posed  of  simple  components  has  rarely  been  reported,  and
further studies on the molecular mechanism governing coac-
ervate size control are essential for the design of LLPS-based
materials.

Additionally, the dynamic responsiveness of coacervates is
closely  associated  with  biological  processes  and  pro-
teinopathies.[43,44] Coacervate  droplets  usually  change  dy-
namically  and reversibly to exchange matter  and energy un-
der  weak  and  transient  interactions.  However,  it  was  found
that Whi3 coacervate droplets underwent irreversible fibrillar
precipitation upon prolonged incubation.[45] Such phase tran-
sitions  from  liquid-liquid  to  liquid-solid  phase  separation
(usually  termed  as  liquid-to-solid  phase  transition  (LSPT))  of
biomolecular  condensates  are  closely  related  to  the  patho-
logical  acceleration  of  disease-causing  mutations.[46] Studies
have shown that the LSPT is closely linked to the pathogene-
sis  of  neurodegenerative  diseases.[47,48] Understanding  the
molecular mechanisms underlying these transitions is crucial
for both the development of cell mimicking biomaterials and
the study of pathology of neurodegenerative diseases.  How-
ever,  the  precise  molecular  mechanisms  governing  the  LSPT
remain unclear.

Poly(hydroxypropyl acrylate) (PHPA) is a thermoresponsive
polymer  with  a  lower  critical  solution  temperature  (LCST),
which is  influenced by  the  molecular  weight.[49−51] However,
the LLPS behavior of PHPA homopolymers and block copoly-
mers  remains  unexplored.  Herein,  we  studied  the  simple
coacervation  of  PHPA  homopolymers  and  block  copolymers
(PHPA-b-PDEGA)  with  the  more  hydrophobic  poly(di(ethy-
lene glycol) ethyl ether acrylate) (PDEGA) as the second ther-
moresponsive  block  under  physiological  conditions.  The
polymers  underwent  phase  separation  to  form  coacervate
droplets  above  the  LCST,  and  the  size  of  the  coacervate
droplets  decreased  with  increasing  block  length  of  PDEGA,
and  LSPT  was  observed  with  further  increase  in  the  PDEGA
block.  To  better  understand the  potential  biological  applica-
tions  of  these  coacervates,  we  evaluated  their  effect  on  the
catalytic activity of glucose oxidase (GOx) under high-temper-
ature  conditions.  Notably,  60%–80%  of  the  GOx  activity  was
retained under thermal stress in the presence of coacervates,
which  decreased  with  the  coacervate  droplet  size.  As  the
coacervate  turned  into  a  solid  precipitate,  there  was  almost

no catalytic activity after thermal stress. The ability of coacer-
vate  droplets  to  modulate  enzyme  behavior  in  a  size- and
phase-dependent manner provides valuable insights into the
molecular  mechanisms  and  functional  roles  of  biomolecular
condensates  in  biological  systems.  Our  study  highlights  the
critical role of hydrophobic interactions in governing the size
control and phase transitions of coacervates at the molecular
level, which is essential for the rational design of coacervate-
based materials with tunable biological functions.

EXPERIMENTAL

Materials
Hydroxypropyl acrylate (a mixture of 75% 2-hydroxypropyl acry-
late  and  25%  1-methyl-2-hydroxyethyl  acrylate  [HPA],  ≥99.5%)
and 4-cyanopentanoic acid dithiobenzoate (CPADB, 97%) were
purchased  from  Macklin  Biochemical  Co.,  Ltd.,  (Shanghai,
China).  Di(ethylene  glycol)  ethyl  ether  acrylate  (DEGA,  98%),
ethylene  glycol  methyl  ether  acrylate  (EGA,  98%),  and  Nile  red
(98%)  were  obtained  from  Tianjin  Heowins  Biochemical  Tech-
nology Co., Ltd., (Tianjin, China). D-(+)-glucose (99%, anhydrous)
and  bovine  serum  albumin  (BSA)  were  obtained  from  Aladdin
Biochemical  Technology  (Shanghai,  China).  Glucose  oxidase
(GOx), horseradish peroxidase (HRP), and 10 mmol/L PBS buffer
(pH=7.4)  were  supplied  by  Solarbio  Science  &  Technology  Co.,
Ltd.,  (Beijing, China).  Sodium hydrogen phosphate (99.5%) and
potassium  dihydrogen  phosphate  (99%)  were  purchased  from
Bellingham  Biochemical  Technology  Co.,  Ltd.,  (Beijing,  China).
Methylene  blue  was  obtained  from  Sigma-Aldrich  (St.  Louis,
MO,  USA).  2,2’-Azobis(isobutyronitrile)  (AIBN,  Sigma-Aldrich,
99%)  was  purified  by  recrystallization  from  methanol.  Deion-
ized  water  was  freshly  prepared  using  a  pure-water  machine
(DZG-303A, USA). All  other reagents were acquired from Jiang-
tian Chemical Co., Ltd., (Tianjin, China).

Synthesis of Poly(hydroxypropyl acrylate) (PHPA)
PHPA  was  synthesized via reversible  addition-fragmentation
chain transfer  (RAFT) polymerization (Scheme 1).  A representa-
tive protocol for PHPA44 preparation was conducted as follows:
In  a  10  mL  Schlenk  tube,  CPADB  (30.00  mg,  0.11  mmol),  HPA
(1.11  g,  8.54  mmol),  and AIBN (2.94  mg,  17.90  μmol)  were  dis-
solved  in  1,4-dioxane  (1.65  mL).  After  three  freeze-pump-thaw
cycles, the tube was purged with N2 and reacted at 70 °C for 3 h.
The reaction was quenched by rapid cooling in liquid nitrogen
and subsequent exposure to air. Unreacted monomers were re-
moved via repeated  ether  precipitation.  PHPA25 and  PHPA60

were synthesized under identical conditions, but with adjusted
[HPA]/[CPADB]  ratios  of  50/1  and  100/1,  respectively. 1H-NMR
(800 MHz, CDCl3, δ,  ppm): 5.09−4.92 (br s,  CH, poly(1-methyl-2-
hydroxyethyl  acrylate)  side  chain),  4.33−3.76  (br  m,  OCH2CH,
poly(2-hydroxypropyl acrylate) side chain), 3.72−3.50 (br m, CH2,
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Scheme 1    Synthetic route to PHPA.
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poly(1-methyl-2-hydroxyethyl  acrylate)  side  chain),  2.56−2.29
(br  m,  CH,  PHPA  backbone),  2.13−1.45  (br  m,  CH2,  PHPA  back-
bone), 1.24−1.15(br s, CH3, PHPA side chain).

Synthesis of Poly(hydroxypropyl acrylate)-b-
poly(di(ethylene glycol) ethyl ether acrylate)
(PHPA-b-PDEGA)
A  typical  protocol  for  the  synthesis  of  PHPA44-b-PDEGA110 was
as follows (Scheme 2). To a 10 mL Schlenk tube, PHPA44 macro-
CTA (58.60 mg,  9.77 μmol),  DEGA (294.09 mg,  1.56 mmol)  and
AIBN  (0.53  mg,  3.23  μmol)  dissolved  in  1,4-dioxane  (1.65  mL)
were added. The Schlenk tube was filled with N2 after 3 freeze-
pump-thaw cycles, and the mixture was reacted at 70 °C for 3 h.
The  Schlenk  tube  was  quickly  cooled  in  liquid  nitrogen  and
quenched by opening it in air at the end of the reaction. The un-
reacted monomer was removed by repeated precipitation in n-
hex. PHPA44-b-PDEGA110 was obtained as a pink solid after vacu-
um drying to  a  constant  weight.  Block  copolymers  with  differ-
ent  chain  lengths  were  prepared  with  different  ratios  of
[DEGA]/[PHPA  macro-CTA].  The  same  synthetic  procedure  was
used  to  prepare  the  PHPA-b-PEGA.  The  degree  of  polymeriza-
tion  (DP)  of  the  diblock  copolymer  was  evaluated via 1H-NMR
spectroscopy by comparing the methylene proton signals from
the side chains of PDEGA (δ=3.43−3.73 ppm) with those of the
PHPA side chains (δ=5.09−4.92 ppm). 1H-NMR (800 MHz, CDCl3,
δ,  ppm): 4.27−4.13 (br s,  CO2CH2,  PDEGA side chain),  3.75−3.46
(br  m,  CH2OCH2CH2OCH2,  PDEGA  side  chain),  2.57−2.29  (br  m,
CH,  PHPA,  and PDEGA backbone),  2.13−1.45 (br  m,  CH2,  PHPA,
and PDEGA backbone), 1.27−1.13 (br s,  CH3,  PHPA, and PDEGA
side chain).

Coacervate Preparation
The polymer was dissolved in PBS (10 mmol/L, pH=7.4) and in-
cubated overnight at 4 °C. The polymer solution was heated to
35 °C to induce coacervation. We evaluated the pH-dependent
and  NaCl  concentration-dependent  stabilities  of  the  coacer-
vates by dissolving the polymer in 10 mmol/L PBS at pH values
ranging from 6 to 8 and NaCl concentrations of 80−500 mmol/L.
The  resulting  coacervate  droplets  were  characterized  using  an
optical microscope.

Coacervate Analysis
The polymer solution (c=20 mg/mL) was heated at 35 °C to in-
duce  coacervation  or  precipitation.  Following  incubation  at  35
°C  for  10  min,  the  coacervates/precipitates  were  separated  by
high-speed  centrifugation.  The  supernatant  was  carefully  re-
moved,  and  the  residual  material  was  dried  using  filter  paper.
The  relative  water  content  was  determined  by  calculating  the
ratio of the weight of freeze-dried coacervates/precipitates (m1)
to  the  weight  of  the  unfreeze-dried  coacervates  (m2).  Polymer
fraction = (weight of polymer in coacervate phase)/(total weight
of polymer).

Relative water content = (m2 −m1)/m2 × 100% (1)

Encapsulation by Coacervate Droplets
Typically,  PHPA44-b-PDEGA15 was  dissolved  in  PBS  at  4  °C  and
heated to room temperature. After that, 10 μL of Nile red solu-
tion (10 mg/mL in DMSO) was added to 200 μL of the PHPA44-b-
PDEGA15 solution (20 mg/mL) and was vortexed for 30 s.  Tem-
perature was increased gradually from 25 °C to above 35 °C. Nile
red  encapsulated  coacervate  particles  were  observed  under  a
green  fluorescence  channel  using  an  inverted  fluorescent  mi-
croscope  (DM2700M,  Leica,  Germany).  For  observation  of  pro-
tein  encapsulation,  fluorescein  isothiocyanate  (FITC)-tagged
BSA and GOx were used. Methylene blue and FITC-labeled pro-
teins were encapsulated in the same manner.

Encapsulation Efficiency of the Coacervate Droplets
To evaluate the encapsulation efficiency of Nile red, methylene
blue,  and  fluorescently  labeled  proteins  (FITC-BSA  and  FITC-
GOx) within the coacervate droplets, polymer solutions contain-
ing the coacervates were incubated at 35 °C for 30 min and sub-
sequently  centrifuged  at  8000  r/min  to  separate  the  super-
natant.  The  concentrations  of  these  agents  in  the  supernatant
were  quantified  using  a  UV-Vis  spectrophotometer  (GENESYS
180UV, Thermo Scientific, USA) at their respective maximum ab-
sorbance wavelengths. Standard calibration curves were estab-
lished via UV  spectrophotometry  and  were  used  to  determine
the  residual  mass  of  the  encapsulated  agents  in  the  super-
natant.  The encapsulation efficiency of the coacervate droplets
was  determined  by  calculating  the  initial  mass  (m0)  of  the  en-
capsulated agent in the polymer solution and the residual mass
(m1) remaining in the supernatant.

Encapsulation efficiency = (m0 −m1)/m0 × 100% (2)

Measurement of the Relative GOx Activity
To investigate the thermal protection of coacervates on the ac-
tivity of glucose oxidase (GOx), the enzyme was encapsulated in
coacervate  solutions  at  a  concentration  of  5  μg/mL  (GOx)  and
20 mg/mL (polymer), followed by incubation at 60 °C for 1, 2, or
3 h under controlled conditions. The heated GOx solutions were
cooled  to  4  °C,  then  diluted  to  the  target  concentration,  and
stored at this  temperature until  activity measurement.  GOx ac-
tivity  was  measured  using  a  colorimetric  assay  as  described  in
the literature.[52] In detail, 25 μL of diluted enzyme (100 ng/mL)
was added to each well of a 96-well plate and mixed with 25 μL
of 0.2 mol/L glucose dissolved in 10 mmol/L PBS. After a 10-min
incubation at 30 °C, 50 μL of HRP (0.5 μg/mL) and 50 μL of 0.5
mmol/L  3,3',5,5'-tetramethylbenzidine  (TMB)  in  50  mmol/L  cit-
rate buffer (pH=5.5) were added. After 1 min, enzymatic activity
was terminated by adding 20 μL of 1 mol/L sulfuric acid, and ab-
sorbance  was  measured  at  450  nm  using  a  microplate  spec-
trophotometer.  Untreated  native  GOx  solutions  were  used  as

 

HO HO

OH OH OH OH

O O

O O O O OO

O O

CN CN

O O
O O

S
S

S
S

n n
mx x1−x 1−x

PHPA

DEGA, AIBN

70 °C, 3 h

PHPA-b-PDEGA 
Scheme 2    Synthetic route to PHPA-b-PDEGA.

  Zhao, M. Z. et al. / Chinese J. Polym. Sci. 3

 
https://doi.org/10.1007/s10118-026-3589-6

 

https://doi.org/10.1007/s10118-026-3589-6
https://doi.org/10.1007/s10118-026-3589-6
https://doi.org/10.1007/s10118-026-3589-6
https://doi.org/10.1007/s10118-026-3589-6
https://doi.org/10.1007/s10118-026-3589-6
https://doi.org/10.1007/s10118-026-3589-6
https://doi.org/10.1007/s10118-026-3589-6


controls,  and  all  thermally  treated  samples  were  analyzed  in
parallel under identical conditions. Relative GOx activity was cal-
culated using Eq. (3):

Relative GOx activity =
A450nm(sample) − A450nm(negative)
A450nm(positive) − A450nm(negative) (3)

where A450nm(sample), A450nm(positive),  and A450nm(negative)
represent  the  absorbance  at  450  nm  for  the  heat-treated  GOx
with polymer,  native GOx without heat  treatment,  and sample
without GOx, respectively.

Characterizations

Nuclear magnetic resonance (NMR) spectroscopy
1H-NMR, variable-temperature NMR (VT-NMR), and 1H-1H nucle-
ar Overhauser effect spectroscopy (NOESY) were performed on
a Bruker AVANCE NEO spectrometer (800 MHz, Switzerland). For
1H-NMR  analysis,  samples  were  dissolved  in  CDCl3 (deuterated
chloroform)  and  acquired  at  25  °C.  VT-NMR  experiments  in-
volved dissolving the samples in 10 mmol/L PBS solution at 20
mg/mL,  which  were  loaded  into  NMR  tubes  with  a  separate
capillary containing D2O (deuterium oxide) for lock signal stabi-
lization. Temperature scans were conducted from 5 °C to 35 °C,
with samples maintained at each temperature for 5 min to en-
sure thermal equilibrium, and water suppression was applied to
the spectra.  The variation of the main chain protons with tem-
perature was analyzed by comparing the integrals  of  the main
chain proton signals with those of the side chain protons at dif-
ferent  temperatures.  For  the  NOESY  experiments,  the  samples
were also scanned using the same method at 5 °C and 35 °C.

Gel permeation chromatography (GPC)
The  molecular  weights  and  molecular  weight  distributions  of
the PHPA homopolymer and the PHPA-b-PDEGA block copoly-
mer were determined at 40 °C using an Agilent PL-GPC 50 sys-
tem equipped with a refractive index detector. Tetrahydrofuran
(THF) was used as eluent at a flow rate of 1.0 mL/min.

Cloud point temperature (Tcp) measurements
Turbidity  measurements  were  carried out  using a  UV-Vis  spec-
trophotometer  (GENESYS  180UV,  Thermo  Scientific,  USA)  in  a
quartz  cell  with  a  diameter  of  1  cm.  The  polymers  were  dis-
solved  in  PBS  (10  mmol/L,  pH=7.4)  to  a  certain  concentration
and vortexed for 30 s to ensure complete dissolution and equili-
bration.  The  temperature  of  polymer  samples  was  increased
gradually  from 4  °C  to  60  °C.  Transmittance  was  recorded as  a
function of temperature and measured at a wavelength of 600
nm. The LCST or Tcp is defined as the temperature at which the
transmittance  is  50%.  A  buffer  solution  without  polymers  was
used as the reference.

Coacervate imaging
All the polymer solutions were observed using an optical micro-
scope  (DM2700M,  Leica,  Germany)  equipped  with  a  tempera-
ture-controlled stage (FDCS196, Linkam, UK). Before centrifuga-
tion,  the  coacervate  solutions  were  mounted  on  a  glass  slide
and covered with a coverslip. Images were captured 15 min af-
ter the initiation of coacervation.

Dynamic light scattering (DLS)
DLS measurements were performed on different polymer solu-
tions at the required concentration in PBS at different tempera-
tures using a Zetasizer Nano ZS90 (Malvern, UK). For each sam-
ple, three independent measurements were performed, with 11

consecutive  scans  per  measurement,  to  ensure  statistical  ro-
bustness.

Statistical analysis
All experiments were performed in triplicate, and the results are
presented  as  mean  ±  standard  deviation  (n=3).  Significant  dif-
ferences  were  analyzed  using  one-way  ANOVA,  with p-values
denoted as follows: *p<0.05, **p<0.01, and ***p < 0.001.

RESULTS AND DISCUSSION

Thermoresponsive Coacervation of PHPA
Thermoresponsive  PHPAn (n representing  degree  of  polymer-
ization  (DP))  with  different  DPs  (n=25,  44,  and  60)  and  narrow
polydispersity indexes (Đ) were prepared by reversible addition-
fragmentation chain transfer (RAFT) polymerization with CPADB
as  the  chain  transfer  agent  (Table  S1  in  the  electronic  supple-
mentary information, ESI). The LCST behavior of the PHPA poly-
mers under physiological conditions was studied to better fulfill
bio-related applications. The LCST transition temperature (Tcp) in
a phosphate buffer solution (PBS) was characterized by turbidi-
ty  analysis,  at  which  the  transmittance  was  50%.[53] Tcp is  con-
centration- and  DP-dependent.  For  PHPA44,  LCST-type  phase
separation is observed at concentrations of 5 mg/mL and high-
er (Fig. S1 in ESI).  The Tcp decreases with an increase in PHPA44

concentration,  with  a  smaller  decrease  observed  at  concentra-
tions  of  15  mg/mL (32  °C)  and 20  mg/mL (31  °C)  (Figs.  1a and
1b). Tcp also  decreases  with  increasing  DP  of  the  PHPAn poly-
mers,  as  depicted in Fig.  S2 (in ESI).  LCST phase transition can-
not  be  observed  at  DP  of  25  at  20  mg/mL,  whereas  the Tcp

dropped  to  27  °C  at  DP  of  60.  The  concentration- and  DP-
dependent LCST might be attributed to the enhanced inter-/in-
tra-macromolecular  interactions  at  higher  concentrations  and
DPs, which is a typical characteristic of LCST-type polymer aque-
ous solutions.[54,55]

It  is  noted  that  the  PBS  solution  of  PHPA44 phase-separat-
ed into polymer-poor and polymer-rich liquid phases at tem-
peratures  higher  than  the  LCST  after  centrifugation  (inset  in
Fig.  1a),  which  is  a  typical  characteristic  of  the  coacervates
formed  by  LLPS.  As  shown  in Fig.  1(c)  and  Movie  S1  (in  ESI),
micrometer-sized spherical droplets with smooth surfaces are
fused  to  verify  the  LLPS  phenomenon.  The  coacervate  mor-
phology  and  liquid-like  structure  were  further  characterized
by  confocal  laser  scanning  microscopy  (CLSM)  and  fluore-
scence recovery after photobleaching (FRAP) (Figs. S3 and S4
in  ESI).  The  fluorescence  intensity  of  the  photobleached
droplets  recovers  rapidly  (Fig.  S4  in  ESI),  reaching  84%  of  its
initial  intensity  within  30  s.  This  demonstrates  the  liquid-like
nature  of  PHPA44 coacervate  droplets  formed  by
LLPS.[12,16,23,56,57] The coacervation of PHPA44 is both tempera-
ture- and  concentration-dependent,  as  shown  in  the  phase
diagram (Figs. 1b and 1d). As shown in Fig. 1(d), the solution
remains  homogeneous  and  no  droplets  can  be  observed  at
1 mg/mL, even at 50 °C. When the concentration increases to
5 mg/mL and the temperature exceeds its Tcp (49.5 °C), coac-
ervation droplets  can be observed in Fig.  1(d).  At  concentra-
tions above 10 mg/mL, coacervation can be observed at tem-
peratures higher than 35 °C (Fig. 1d). No coacervate droplets
can  be  observed  when  the  temperature  and  concentration
were within the white region, as shown in Fig. 1(b). This indi-
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cates that the LLPS behavior of PHPA44 is analogous to that of
IDPs,[5,7] occurring  only  when  both  the  critical  concentration
and  critical  temperature  are  exceeded.  As  reported,  some
coacervates  prepared  from  either  neutral  or  charged  com-
pounds are  sensitive  to  pH and salt[21,58−60] limiting their  ap-

plications under physiological conditions. We studied the sta-
bility  of  PHPA44 coacervates  at  different  pH  values  and  NaCl
concentrations,  while  maintaining  the  same  phosphate  con-
centration as in PBS.[31] As depicted in Fig.  1(e),  coacervation
is  observed  at  NaCl  concentrations  higher  than  80  mmol/L
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Fig. 1    Temperature-dependent coacervation of PHPA44 solutions. (a) Temperature-dependent transmittance of 20 mg/mL PHPA44 in PBS. Insets
show  optical  photographs  of  transparent  and  turbid  solutions.  The  turbid  solution  separated  into  two  phases  after  centrifugation.  (b)  Phase
diagram of  PHPA44 in  PBS:  temperature versus polymer concentration;  (c)  Fusion of  PHPA44 coacervate droplets  (20 mg/mL,  35 °C)  (red circles
highlight fusion events, see Movie S1 in ESI); (d) Optical microscopic images of coacervate droplets of 1, 5, 10, 15 and 20 mg/mL PHPA44, as well
as 20 mg/mL PHPA44 droplets supplemented with different concentrations of 1,6-hexanediol at 50 °C; (e) Optical microscopy images of PHPA44

(20 mg/mL) in 10 mmol/L phosphate buffer at varying NaCl concentrations and pH values; (f) Size distributions of 5, 10, 15 and 20 mg/mL PHPA44

in PBS at 50 °C measured by DLS.
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from pH=6 to pH=8 at 35 °C. Notably, coacervate droplets are
absent only at pH 8 (80 mmol/L NaCl), which may be attribut-
ed to  the  protonation of  carboxylic  acid  groups  in  the  chain
transfer  agent.  Hence,  coacervates  prepared  using  neutral
PHPA polymers are stable under physiological conditions and
show  minimal  sensitivity  to  pH  and  salt  concentration,  mak-
ing them well-suited for biological applications.

For  LCST-type  coacervation  of  PHPA  polymers,  hydropho-
bic  interactions  have been proposed as  the  driving force  for
LLPS.  To  verify  this,  1,6-hexanediol,  an  amphiphilic  com-
pound reported to disrupt coacervates formed via hydropho-
bic interactions,[7,61,62] was used in this work. As shown in Fig.
1(d),  1,6-hexanediol  significantly  reduces  the  size  of  PHPA44

coacervate  droplets  (20  mg/mL)  at  25  mg/mL,  while  com-
plete disruption occurred at 50 mg/mL. These results strong-
ly  indicate  that  hydrophobic  interactions  drive  LLPS  of
PHPA44 macromolecules under physiological conditions.

As shown in Fig.  1(f),  the size distributions of  the different
concentrations were studied using DLS. Consistent with opti-
cal  microscopy  observations  (Fig.   1d),  the  droplet  size  in-
creases  with  increasing  concentration.  The  size  distribution
shows that the average droplet diameter gradually increases
from about 2 μm (5 mg/mL) to about 5 μm (20 mg/mL) in PBS
(Fig.  1f).  A  similar  phenomenon can be observed for  PHPA60,

as shown in Fig. S5 (in ESI), as the droplet size increases with
the polymer concentration, which is consistent with previous-
ly reported coacervates.[7,33] Research into the size of coacer-
vate  droplets  is  crucial  for  applications  in  fields  such  as
nanomedicine and catalysis.[63] For example, the size and dis-
tribution of drug carriers can influence the in vivo drug distri-
bution  and  cell  uptake  efficiency.[64,65] Additionally,  in  cell
biomimicking, the size of MLOs is closely related to their func-
tion and metabolism.[37,38] Therefore, it is of great importance
to  design  coacervates  with  well-controlled  droplet  size.  Al-
though droplet size can be tuned by changing the concentra-
tion,  this  approach  is  often  impractical  because  of  the  high
osmotic  pressure  and  toxicity  at  elevated  concentrations.
Therefore, controlling the size of coacervate droplets through
molecular design remains a challenge.

Size Control and LSPT via Hydrophobic Second Blocks
To  further  study  the  effects  of  hydrophobic  interactions  and
the degree of hydrophobicity on the phase transition behavior
of  PHPA  polymers  in  PBS,  thermoresponsive  poly(di(ethylene
glycol) ethyl ether acrylate) (PDEGA) blocks, which are more hy-
drophobic than PHPA, were introduced to prepare the PHPA-b-
PDEGA block copolymers.

As shown in Fig. 2 and Table S1 (in ESI), a series of PHPA44-
b-PDEGAm (m=0,  15,  40,  50,  66,  85,  110,  and  140)  block
copolymers  with  increasing  DP  values  of  the  PDEGA  blocks
were  synthesized via sequential  RAFT  polymerization.  As  a
reference,  a  PDEGA60 homopolymer  was  prepared.  It  was
noted  the  PDEGA60 homopolymer  formed  solid  precipitates
in  PBS  at  temperatures  higher  than  LCST  (10  °C)  (Fig.  S6  in
ESI),  thereby verifying the hydrophobic nature of  the PDEGA
block.[50,66] The Tcp of  the polymers  in  PBS was  calculated by
turbidity analysis and decreased with increasing PDEGA block
length  (Figs.  3a and  3b).  Compared  with  PHPA44,  for  which
the Tcp was 31 °C,  the Tcp of  PHPA44-b-PDEGA15 decreased to
26 °C. With a further increase in PDEGA block length, Tcp con-

tinued to decrease, as the Tcp for PHPA44-b-PDEGA140 was on-
ly  6  °C.  Hence,  hydrophobic  interactions  at  temperatures
higher than the LCST were gradually enhanced with increas-
ing  PDEGA  block  length.  The  hydrophobic  interactions  and
phase transition temperature can be flexibly tuned by chang-
ing the DP of the PDEGA block, which is beneficial for the sys-
tematic study of the influence of hydrophobic interactions on
the phase separation behavior of the polymer in PBS.

The  coacervation  of  PHPA44-b-PDEGAm copolymers  in  PBS
at neutral pH was studied. As shown in Figs. 3(c) and 3(d) and
Fig.  S7  (in  ESI),  coacervate  droplets  with  circular  shapes  and
smooth surfaces can be observed at temperatures above the
LCST, when the DP of the PDEGA block ranged from 15 to 85
at 20 mg/mL. A similar droplet fusion was observed, as shown
in Fig. 3(c) and Movie S2 (in ESI), confirming the occurrence of
LLPS. FRAP results (Fig. S8 in ESI) shows that the fluorescence
signal of PHPA44-b-PDEGA15 recovered to 84% at 70 s, demon-
strating  the  liquid-like  nature  of  the  coacervate  solution.
However,  when  the  DP  of  PDEGA  was  110,  irregular  precipi-
tates appeared (Fig. 3d), indicating the transition from LLPS to
LSPT. Fig. S9 (in ESI) shows the optical images of all the sam-
ples after centrifugation at 35 °C, showing a distinct interface
separating the supernatant layer from the dense polymer-rich
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Fig.  2    (a) 1H-NMR spectra  of  PHPA44 (bottom),  PDEGA60 (middle)
and  PHPA44-b-PDEGA40 (top)  recorded  in  CDCl3;  (b)  GPC  traces  of
PHPA44 and PHPA44-b-PDEGAm block copolymers.
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phase. LLPS was observed at a PDEGA DP of 85, whereas sol-
id precipitates were formed at a higher DP. Therefore, the for-
mation of coacervates and precipitates was controlled by the
DP  of  the  hydrophobic  PDEGA  block,  as  shown  in Fig.  3(b).
Furthermore,  the  dilution  of  PHPA44-b-PDEGA40 from  20
mg/mL to 5 mg/mL in PBS decreased the coacervate droplet
size  (Fig.  S10  in  ESI),  which  was  similar  to  the  behavior  ob-
served  for  PHPA44.  Even  at  a  higher  concentration  of  40
mg/mL,  LLPS  can  be  observed,  with  the  polymer-rich  dense
phase occupying a larger volumetric proportion than the so-
lution at 20 mg/mL (Fig.  S11 in ESI).  Notably,  with increasing
PDEGA  block  length,  the  size  of  the  coacervate  droplets  de-
creases sequentially, as shown in Fig. 3(d). The droplet size of
the  coacervate  was  studied using DLS,  as  shown in Fig.  3(e).

The  hydrodynamic  diameter  (Dh)  gradually  decreases  from
about  5  μm  (PHPA44)  to  about  234  nm  (PHPA44-b-PDEGA85)
with an increase in the PDEGA block (Table S1 in ESI). And, the
stability of coacervate droplets was studied by capturing im-
ages of the coacervate solution after incubation at 35 °C for 4
h.  As  shown  in  Fig.  S12  (in  ESI),  the  coacervate  droplets  can
clearly be observed with clear boundaries to verify the stabili-
ty of the coacervate droplets, which shows potential for drug
delivery.

It has been reported that the coacervate phase typically re-
tains a high water content owing to incomplete dehydration
above the LCST,  which is  critical  for  protecting the encapsu-
lated labile molecules.[12,18,23,58] The relative weight percent of
water  in  dense  coacervate  layers  (Fig.  4a)  and  the  relative
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Fig. 3    Temperature-dependent coacervation of PHPA44-b-PDEGAm in PBS. (a) The temperature-dependent transmittance of 20 mg/mL PHPA44-
b-PDEGAm solution;  (b)  Phase  diagram  of  PHPA44-b-PDEGAm in  PBS:  temperature  versus  PDEGA  block  DP;  (c)  Fusion  of  PHPA44-b-PDEGA15

coacervate  droplets  (20  mg/mL,  35  °C)  (red  circles  highlight  fusion  events,  see  Movie  S2  in  ESI);  (d)  Optical  microscopic  image  of  coacervate
droplets of PHPA44-b-PDEGAm (m=0, 15, 40, 50, 66, and 85) and PHPA44-b-PDEGA110 solid precipitates at 20 mg/mL and 35 °C; (e) Size distributions
of PHPA44-b-PDEGAm (m=0, 15, 40, 50, 66, and 85) coacervates in PBS at 20 mg/mL and 35 °C measured by DLS.
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polymer  fraction  in  coacervate  (Fig.  4b)  were  calculated  re-
spectively  after  freeze-drying.  The  relative  water  contents  of
the PHPA44 and PHPA44-b-PDEGA66 coacervates were calculat-
ed  to  be  about  68%  and  about  79%,  respectively,  indicating
abundant  water  molecules  in  the  PHPA-based  coacervates.
However,  the incorporation of excessive PDEGA led to preci-
pitation  and  a  decrease  in  the  relative  water  content  below
50%.  Additionally,  PDEGA  incorporation  promotes  polymer
separation  from  the  dilute  phase  into  the  dense  coacervate
phase/precipitate.  For  example,  the  polymer  fraction  was
only 51% in the PHPA44 coacervates, increased to 71% in the
PHPA44-b-PDEGA15 coacervates, and the highest polymer pre-
cipitation  was  observed  in  the  PHPA44-b-PDEGA140 precipi-
tates (92%).

To further verify that the coacervate droplet size and phase
transition  behavior  were  controlled  by  hydrophobicity,  two
series  of  PHPA60-b-PDEGAx (x=30,  50,  60,  100,  and  160)  and
PHPA25-b-PDEGAy (y=10,  35,  55,  and  75)  copolymers  were
prepared  (Table  S1  in  ESI).  The  corresponding  phase  dia-
grams are shown in Figs. S13 and S14 (in ESI), respectively. For
PHPA60-b-PDEGAx,  the  coacervate  droplet  size  gradually  de-
creased from about 5 μm to about 236 nm as the PDEGA DP
increased from 0 to 100 (Figs. S13c and S13d in ESI), whereas
precipitation occurred at a DP of 160 (Table S1, Figs. S13b and
S13c  in  ESI),  which  is  similar  to  the  behavior  of  PHPA44-b-
PDEGAm. For the PHPA25-b-PDEGAy series, introducing a short
PDEGA10 block  rendered  the  polymer  solution  thermally  re-
sponsive,  forming  coacervates  at  temperatures  higher  than
the LCST with a droplet size of approximately 3 μm (Fig. S14
and  Table  S1  in  ESI).  With  a  further  increase  in  the  PDEGA
block length, the droplet size decreased (Figs. S14c and S14d
in ESI).  Moreover, similar to the PHPA44-b-PDEGAm series, the
relative  water  content  was  reduced,  while  the  polymer  frac-
tion  increased  in  the  coacervate  or  precipitated  phase  with
the incorporation of PDEGA (Fig. S15 in ESI).

Furthermore, to validate the role of hydrophobicity in tun-
ing  the  droplet  size  and  phase  transition,  we  incorporated  a
thermally stable and more hydrophobic poly(ethylene glycol
methyl  ether  acrylate)  (PEGA)  as  the  hydrophobic  block  to
prepare  PHPA60-b-PEGAn (n=20,  150, Fig.  5a,  Table  S1  in  ESI)

block  copolymers.  As  previously  reported,  PEGA  is  more  hy-
drophobic  than  PDEGA.[50,67] It  was  found  that  PHPA60-b-PE-
GA20 formed coacervates  at  room temperature  that  were  in-
sensitive to temperature due to the thermal stability and hy-
drophobicity  of  the  PEGA  block.  The  average  droplet  size  of
the  coacervate  was  approximately  856  nm,  which  is  signifi-
cantly smaller than that of PHPA60 (about 5 μm) (Table S1, Fig.
5b and Fig. S16 in ESI). At a PEGA DP of 150, the block copoly-
mer  precipitated  from  the  PBS,  resulting  in  a  liquid-to-solid
phase transition. Collectively, these results demonstrated that
the droplet size and liquid-to-solid phase transition could be

 

0

20

40

60

80

100 ***

*

***

**

a
R

e
la

ti
ve

 w
a

te
r 

co
n

te
n

t 
(%

)

PHPA 44

PDEGA 60

PHPA 44
-b-PDEGA 15

PHPA 44
-b-PDEGA 40

PHPA 44
-b-PDEGA 50

PHPA 44
-b-PDEGA 66

PHPA 44
-b-PDEGA 85

PHPA 44
-b-PDEGA 110

PHPA 44
-b-PDEGA 140

0

20

40

60

80

100 b

*

**

PHPA 44

PDEGA 60

PHPA 44
-b-PDEGA 15

PHPA 44
-b-PDEGA 40

PHPA 44
-b-PDEGA 50

PHPA 44
-b-PDEGA 66

PHPA 44
-b-PDEGA 85

PHPA 44
-b-PDEGA 110

PHPA 44
-b-PDEGA 140

P
o

ly
m

e
r 

fr
a

ct
io

n
 (

%
)

 
Fig. 4    (a) Relative water content and (b) polymer fraction of PHPA44-b-PDEGAm (m=0,15, 40, 50, 66, 85, 110, and 140) with PDEGA60 as reference,
*p<0.05, **p<0.01, and ***p < 0.001.

 

5 4 3 2 1 0

δ (ppm)

a

f,d,e
d’,g

b a

c

e’

h

PHPA60-b-PEGA150

PHPA60-b-PEGA20

b PHPA60 PHPA60-b-PDEGA20
PHPA60-b-PDEGA150

20 μm 20 μm 20 μm

d’ e’

a a
b

43 17
m

c
c f

g h

d e

b
a

b

O

OH OH

O O O
O O

O

 
Fig.  5    (a) 1H-NMR  spectra  of  PHPA60-b-PEGA20 (bottom)  and
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tuned  by  modulating  the  polymer  hydrophobicity  through
the  incorporation  of  a  more  hydrophobic  second  block,  re-
gardless of the thermal responsiveness.

The hydrophobicity-tuned coacervate droplet size and liq-
uid-to-solid phase transition were further studied using tem-
perature-dependent 1H-NMR  and  2D  nuclear  Overhauser  ef-
fect  spectroscopy  (NOESY)  to  explore  the  molecular  mecha-
nisms.  The 1H-NMR spectra  presented in Figs.  6(a)−6(c)  were
recorded from 5  °C  to  35  °C  in  PBS at  an  interval  of  5  °C  be-
tween  each  spectrum.  With  increasing  temperature,  all  pro-
ton signals shifted to the low-field region, which was consis-
tent with previous reports.[17,22,68] As shown in Fig. 6(a), at 35
°C  (above  the Tcp of  PHPA44),  the  signal  intensities  and  inte-
grated areas of both main chain and side chain remained al-
most  unchanged  compared  to  those  below Tcp,  indicating
sufficient  chain  mobility  and  hydration  above  LCST.[17,22,68]

This  result  is  consistent  with  the  LLPS-driven  coacervate  for-
mation. In contrast, for PDEGA60 (Fig. 6b), the integrated area
of  the  main  chain  proton  signals  decreased  gradually  above
Tcp, demonstrating the aggregation of the polymer due to the
liquid-to-solid  phase  transition.  Quantitative  analyses  of  the
integration  of  proton  signals  from  the  methylene  groups  in

the main chain vs temperature (Fig. S17 in ESI) shows that the
integration is dramatically decreased to 27% for PDEGA60 pre-
cipitates,  while  the  liquid-like  PHPA44 is  more  than 90%.  It  is
noted that A broad peak near the terminal methyl groups of
PDEGA60 is observed at 25 °C and above, likely corresponding
to  methyl  groups  in  aggregation  phase,  which  are  probably
partially  swollen precipitates.  With a  further  increase in  tem-
perature,  the  area  of  the  original  methyl  signal  decreased,
while  the  broad  peak  increased,  confirming  enhanced  solid
phase  aggregation.  Quantitative  analyses  revealed  that  ap-
proximately 81% of the PDEGA was in the aggregation phase,
which  is  in  agreement  with  the  polymer  fraction  shown  in
Fig.  4(b).  Additionally,  the  ethylene  glycol  proton  signals
broadened  and  lost  their  fine  splitting  structure,  indicating
strong  hydrophobic  interactions  among  the  polymer  side
chains.[69]

For  PHPA44-b-PDEGA40 coacervate,  all  proton  signals  were
sharp and well-split below Tcp (19 °C) (Fig. 6c), indicating a ho-
mogeneous  solution.  Similar  results  were  observed  from
NOESY  spectrum  at  5  °C  (Fig.  6d).  The 1H-1H  nuclear
Overhauser  effect  (NOE)  signal  primarily  reflects  the  spatial
proximity between protons, with an interaction range of less
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Fig. 6    1H-NMR spectra of (a) PHPA44 (b) PDEGA60 solid precipitate, and (c) PHPA44-b-PDEGA40 coacervate recorded as a function of temperature
in PBS. D2O was added to the capillary tube as the deuterium lock solvent for field stability. The 2D 1H-1H NOESY spectra of PHPA44-b-PDEGA40 in
PBS at (d) 5 °C (below Tcp) and (e) 25 °C (above Tcp).
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than  0.5  nm,[69,70] making  it  a  powerful  tool  for  detecting
weak interactions. Cross-peaks corresponding to interactions
among  the  main  chains,  side  chains,  and  between  the  main
and side chains can be clearly observed (Fig. 6d), indicating a
dynamic coil conformation of the polymer in PBS. However, at
20 °C and above, ethylene glycol signals broadened into a sin-
gle peak (Fig. 6c), demonstrating strong interactions and par-
tial  aggregation  of  the  PDEGA  block.  A  weaker  broad  shoul-
der  emerged  near  terminal  methyl  protons  at  25  °C  and
above,  coinciding  with  the  partial  aggregation  of  PDEGA
block  as  well.  In Fig.  6(e),  cross-peaks  associated  with  the
main  chain  protons  disappeared,  while  those  between  PDE-
GA  side  chain  protons  (H-g and  H-c)  dominated,  indicating
tight  packing (<0.5  nm)  of  the PDEGA side chains via strong
hydrophobic  interactions.  Compared  to  the  PHPA44 coacer-
vate  solution  (Fig.  6a),  both  inter- and  intra-molecular  hy-
drophobic  interactions  were  enhanced  by  the  PDEGA  block,
likely forming compact microdomains, as shown in Scheme 3,
reducing the coacervate droplet size. With increasing PDEGA
block  length,  the  enhanced  hydrophobic  interactions  pro-
moted  the  formation  of  more  compact  PDEGA-rich  mi-
crodomains  within  the  coacervate  droplets,  which  restricted
the  droplet  fusion  kinetics  and  fluidity  (Figs.  1c and  3c,  Figs.
S4 and S8 in ESI), thereby maintaining smaller droplet sizes in
the  system.  Meanwhile,  the  hydrated  PHPA  blocks  stabilized
the hydrophobic microdomains and droplet interface, further
suppressing chain exchange and coalescence, and stabilizing
the coacervate droplets. When the PDEGA block became too
long,  the  microdomain  aggregation  became  too  compact
and too large to be stabilized by the hydrophilic PHPA block,
the  block  copolymer  precipitated  from  PBS,  and  a  liquid-to-
solid  phase  transition  was  observed.  The  key  to  controlling
the coacervate droplet size and its phase transition lies in the
tuning  of  intra- or  intermolecular  interactions  in  solution.  In
this  study,  hydrophobicity-driven  coacervation  of  PHPA-
based  polymers  was  effectively  controlled  by  adjusting  the
length of  the hydrophobic  block.  Droplet  sizes  ranging from
about  5  μm  to  234  nm  were  precisely  achieved  through
molecular design. Furthermore, the liquid-to-solid phase tran-

sition  induced  by  strong  hydrophobic  interactions  provides
insights into the molecular basis of certain diseases.

Thermal Protection of GOx by Coacervate Droplets
Because  of  their  convenient  size  control  and  tolerance  to  pH
and  salt,  coacervates  prepared  using  PHPA-b-PDEGA  copoly-
mers  in  PBS  hold  great  potential  for  applications  in  cell
biomimicry,  nanoreactors,  and  drug/gene  delivery.  To  investi-
gate  their  potential  in  delivery  systems,  encapsulation  of  vari-
ous model compounds, including hydrophobic Nile red, cation-
ic  methylene  blue,  and  biomacromolecular  proteins  and  en-
zymes,  such  as  bovine  serum  albumin  (BSA)  and  glucose  oxi-
dase  (GOx),  was  carried  out  in  different  coacervate  systems.
Biomacromolecules  were  labeled  with  fluorescein  isothio-
cyanate  (FITC)  for  fluorescence  imaging.  As  shown  in Fig.  7(a)
and  Fig.  S18  (in  ESI),  coacervate  droplets  formed  in  the  pres-
ence  of  0.5  mg/mL  of  the  model  compounds  at  temperature
higher than Tcp (35 °C), and all the model compounds were suc-
cessfully  encapsulated  inside  the  droplets  as  observed  by  the
fluorescent microscopy. The distinct color contrast between the
coacervate  phase  and  surrounding  medium  in Fig.  7(a)  indi-
cates  a  high  degree  of  encapsulation  efficiency.  To  further
quantify  this  capability,  the  encapsulation  efficiencies  of  the
model  compounds  in  the  PHPA44,  PHPA44-b-PDEGA40 coacer-
vate droplets,  and PHPA44-b-PDEGA140 precipitates were evalu-
ated. As shown in Fig. 7(b), the encapsulation efficiency of small
molecules  is  usually  higher  than  80%,  regardless  of  whether
they are encapsulated coacervates or precipitates. The high ab-
sorption capacity of the PHPA44-b-PDEGA140 precipitates did not
differ from that of the coacervate droplets, and the correspond-
ing fluorescence image is  shown in  Fig.   S19 (in  ESI).  However,
the  encapsulation  efficiency  of  biomacromolecules  (FITC-BSA
and  FITC-GOx)  was  significantly  lower  (no  more  than  50%),
probably because of the absence of ionizable functional groups
required for  electrostatic  interactions,[71] as  well  as  random en-
capsulation  driven  by  weak  interactions  between  biomacro-
molecules  and  PHPA-based  polymers.  For  FITC-BSA  and  FITC-
GOx,  the  highest  encapsulation  efficiency  was  found  in  the
PHPA44 coacervate and the lowest in the precipitates, especially
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for FITC-GOx (5%).  This much lower encapsulation efficiency in
the  precipitate  state  is  likely  due  to  the  highly  dehydrated
microenvironment  within  these  precipitates,  which  is  unfavor-
able for hydrophilic BSA and GOx macromolecules. Hence, ow-
ing  to  the  neutral  and  salt-stable  properties  of  these  coacer-
vates, a broad range of compounds, including hydrophobic and
neutral  small  molecules,  hydrophilic  and  charged  small
molecules, and biomacromolecules, can be effectively encapsu-
lated,  particularly  in  the  coacervate  state,  which  is  particularly
advantageous for macromolecules.

It  is  well  known that enzymes play crucial  roles in mediat-
ing  most  metabolic  processes  within  living  organisms.  How-
ever,  their  catalytic  activity  is  extremely  sensitive  to  external
stimuli  up  to  the  complete  loss  of  catalytic  activity.  GOx,  a
temperature- and  pH-sensitive  enzyme,  can  be  easily  dena-
tured  at  elevated  temperatures.[52] In  this  study,  LCST-type
coacervation was explored for the thermal protection of GOx.
As shown in Fig.  7(c),  the relative catalytic activity of GOx af-
ter  thermal  incubation  was  significantly  higher  in  the  pres-
ence  of  the  PHPA44 coacervate  than  in  pure  PBS.  Increasing
the PHPA44 concentration gradually improved the GOx activi-
ty  and  prolonged  the  thermal  tolerance  from  1  h  (5  mg/mL,
78%)  to  at  least  3  h  (20  mg/mL,  88%).  As  the  droplet  size  of
the  coacervate  increased  with  concentration,  the  protection
efficiency of GOx likely correlated with the droplet size. Com-

pared to our previous study,[52] this work demonstrates an en-
hanced  ability  to  protect  GOx  from  thermal  treatment,  ex-
tending the protection duration from 1 h to 3 h, thereby pro-
viding  improved  thermal  stability.  Thermal  protection  was
further  studied  using  DLS.  Without  coacervate  protection,
GOx exhibited a dramatic increase in Dh from 7.3 nm (untreat-
ed)  to  283 nm (thermally  treated)  (Fig.  S20a  in  ESI),  confirm-
ing the irreversible aggregation and enzymatic inactivation at
elevated  temperatures.[18] In  contrast,  the  PHPA44/GOx  com-
plex  maintained  a Dh of  1708  nm,  nearly  identical  to  that  of
the pure PHPA44 coacervate (Fig. S20b in ESI), demonstrating
that  spatial  confinement  with  coacervates  restricts  GOx  ag-
gregation,  thereby  preserving  the  enzyme  activity.[18] The
GOx  catalytic  activity  protected  by  coacervates  was  higher
than  the  encapsulation  efficiency,  probably  because  of  the
rapid  exchange  of  GOx  between  the  two  liquid  phases.  As
shown in Fig. S21 (in ESI), the coacervate droplets turn green
immediately after the addition of trace amounts of FITC-GOx,
verifying  the  transient  and  dynamic  exchange  of  GOx  be-
tween the coacervate droplets and the surrounding solution,
which mimics  the matter  and energy exchange functionality
of  MLOs.[72−74] As  a  result,  all  GOx  molecules  in  the  solution
remained highly active after thermal stress.

Thermal  protection  of  GOx  was  also  evaluated  in  coacer-
vates  with  different  droplet  sizes  at  20  mg/mL.  As  shown  in
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Fig.  7    Encapsulation  and  thermal  protection  of  GOx  by  coacervate  droplets.  (a)  Fluorescence  microscopy  images  of  PHPA44-b-PDEGA15

coacervates  (20  mg/mL,  above Tcp)  in  the  presence  of  0.5  mg/mL  methylene  blue,  Nile  red,  FITC-BSA,  and  FITC-GOx,  respectively;
(b)  Encapsulation efficiency of  different  model  compounds by PHPA44,  PHPA44-b-PDEGA40 coacervates,  and PHPA44-b-PDEGA140 precipitates  in
PBS;  (c)  Relative  GOx  activity  after  thermal  treatment  at  60  °C  (1,  2,  and  3  h)  protected  by  PHPA44 coacervate  at  varying  concentrations.
(d)  Relative  GOx  activity  after  thermal  treatment  (60  °C,  3  h)  protected  by  PHPA44-b-PDEGAm coacervates  (m=0,  15,  40,  50,  66,  and  85)  and
precipitates (PHPA44-b-PDEGA110, PHPA44-b-PDEGA140, and PDEGA60) at 20 mg/mL, *p<0.05, **p<0.01, and ***p<0.001.
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Fig. 7(d), the activity of GOx after 3 h of thermal treatment at
60  °C  decreased  gradually  with  reduction  in  the  coacervate
droplet  size  owing  to  the  increasing  PDEGA  block  length.  In
the PHPA60-b-PDEGAx coacervate  system,  a  decrease in  ther-
mal protection capability due to the reduction in droplet size
can  also  be  observed  (Fig.  S22  in  ESI).  Notably,  the  catalytic
activity of GOx dropped dramatically to approximately 1% in
the  precipitates  (PHPA44-b-PDEGA110 and  PHPA44-b-
PDEGA140), which was lower than that in pure PBS, indicating
complete  enzymatic  inactivation.  These  results  verified  that
the  precipitates  adsorbed  GOx  on  their  surfaces  rather  than
encapsulating it, as discussed earlier. It is noted that the rela-
tive GOx activity of PDEGA60 is ca. 10%, which is probably due
to the random encapsulation of GOx in the PDEGA60 precipi-
tates  when  the  temperature  was  increased  above  the  LCST.
As  previously  reported,[18,75] water-rich  coacervate  droplets
can  mimic  the  natural  cellular  environment  to  stabilize
biomolecules  and  prevent  their  irreversible  aggregation  and
denaturation  at  high  temperatures.  Concurrently,  the  rapid
and  reversible  exchange  of  GOx  between  the  interior  of  the
coacervate  droplets  and  bulk  solution  ensures  that  all  en-
zyme molecules are protected.[76,77] However, precipitates re-
sulting  from  the  liquid-to-solid  phase  transition  cannot  pro-
vide  such  a  hydrated  and  dynamic  environment,  leading  to
enzyme  denaturation.  Compared  to  the  high  activity  re-
tained in LLPS-derived coacervates, the inactivation of GOx in
precipitates  formed  by  liquid-to-solid  phase  transition  mim-
ics the pathological mechanisms observed in certain diseases,
such as the abnormal deposition of β-amyloid protein (Aβ) in
Alzheimer’s disease.[78,79]

CONCLUSIONS

In  summary,  LCST-type  thermoresponsive  and  neutral  block
copolymers (PHPA-b-PDEGA) with varying block lengths,  along
with  their  corresponding  homopolymers,  were  synthesized  to
study the effects  of  polymer composition and hydrophobic  in-
teractions  on  phase  separation  behavior  in  PBS  (physiological
conditions).  At  temperatures  higher  than Tcp,  LLPS  was  ob-
served for most polymers in PBS, showing minimal sensitivity to
pH or salt concentration. Hydrophobic interactions were identi-
fied as the driving force for LLPS, as confirmed by 1,6-hexanedi-
ol disruption results. Optical microscopy images and DLS analy-
sis of the PHPA44-b-PDEGAm (m=0, 15, 40,  50,  66,  and 85) poly-
mers demonstrated that the coacervate droplet sizes gradually
decreased  from  about  5  μm  to  about  234  nm.  Furthermore,  a
liquid-to-solid  phase  transition  was  observed  at  PDEGA  DPs  of
110 and 140, accompanied by a lower water content in the pre-
cipitate  compared  to  the  coacervate  phase.  The  temperature-
dependent 1H  NMR  and  2D  NOESY  results  confirmed  that  the
hydrophobic interactions of the PDEGA block play a crucial role
in  droplet  size  control  and  liquid-to-solid  phase  transition.  As
the  DP  of  the  PDEGA  block  increased,  the  intra- and  inter-
hydrophobic  interactions  intensified,  forming  aggregated  mi-
crodomains  within  the  coacervate  droplets,  thereby  reducing
their  size.  When  the  hydrophobic  interactions  became  suffi-
ciently  strong,  the  aggregated  microdomains  grew  large
enough to precipitate, resulting in a liquid-to-solid phase transi-
tion.  The  precise  size  control  of  coacervate  droplets  facilitates
biomimetic applications. These coacervate droplets can encap-

sulate  both  neutral  and  charged  small  molecules  as  well  as
biomacromolecules,  making  them  promising  vehicles  for
drug/gene  delivery.  Furthermore,  the  LCST-type  coacervates
provided excellent thermal protection for the GOx enzyme be-
cause  of  the  rapid  and  dynamic  GOx  exchange  between  the
two  liquid  phases,  which  functioned  as  MLOs.  The  hydropho-
bicity-regulated control of coacervate droplet size is essential for
bio-applications, and insights into the molecular mechanism of
liquid-to-solid  phase  transition  offer  valuable  clues  for  better
understanding the pathological processes in certain diseases.
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