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biochemical reactions, thereby providing protection against
environmental or mechanical stress. However, sequence
mutations and microenvironment alterations can alter
condensate physical properties, often associated with func-
tional loss, abnormal physiological responses, and neuro-
degenerative diseases.3,18,27 Recent studies on the relaxation
dynamics of synthetic and natural polyelectrolyte complexes
(PECs) have clarified how molecular parameters (e.g.,
chirality,28−30 charge pattern,31−36 hydrophobicity,37−42 chain
length43−47) and environmental conditions (e.g., salt
ions,45,48−50 temperature,47,51−53 pH54,55) govern the physical
properties. These insights are critical for applications in 3D
bioprinting and electrospinning.56−62

We want to explore the exquisite interactions and
thermodynamics between heterologous food proteins to create
protein-based soft matter with desirable physical properties.
Such materials can spontaneously assemble, thus avoiding
complex processing or expensive equipment. Unlike membran-
ized artificial cells and intracellular condensates that require
dynamic biochemical regulation, coacervate droplets self-
assemble in vitro and coalesce under interfacial tension into
a dense, processable phase.63,64 In classical polymer theory,
LLPS occurs when the protein concentration surpasses the
solubility limit or critical concentration threshold. The abrupt
enrichment in protein volume fraction makes coacervates far
exceed the protein content of typical colloidal assemblies (e.g.,
colloidal gels, fibrillar gels, and emulsions) derived from
protein solutions.65 Therefore, food protein coacervates
represent a distinct class of highly crowded soft matter systems
that are fundamentally distinct from conventional protein
solutions, o"ering significant potential for engineering
innovative protein-based food systems. Although extensive
research has elucidated coacervation mechanisms of synthetic
polyelectrolytes and disordered biomolecules, the mechanistic
insight into coacervates composed exclusively of globular
proteins, particularly their phase behavior, physical states, and
emergent material properties, remains inadequately charac-
terized. Bridging this knowledge gap is not only a key scientific
challenge but also a pathway to designing next-generation

high-protein food substrates and nutritional supplements with
tunable material properties.
In this study, we investigated the LLPS-driven coacervates

formed by oppositely charged β-lactoglobulin (BLG) and
lysozyme (LYS). By modulating pH-dependent charge
symmetry to regulate protein−protein hydrogen bonding and
desolvation, we demonstrated a platform for creating food-
protein-based materials with widely tunable physical proper-
ties. BLG, a major whey-derived byproduct of dairy processing,
and LYS, sourced from egg whites, are both widely used in
food applications and have well-documented safety profiles.66
Their well-defined globular structures make them ideal model
systems for investigating soft matter behavior and protein
physics in food science. To elucidate the pH-driven liquid−
gel−solid transition of BLG-LYS HPCCs, we analyzed
coacervate relaxation properties across nine decades in
frequency space using time-pH superposition and examined
water dynamics within the coacervate phase (Figure 1). We
also quantified the thermodynamic parameters of protein
interactions and desolvation during LLPS to uncover the
thermodynamics behind pH-dependent transitions in physical
states. The role of protein−protein hydrogen bonding and
desolvation in phase transitions was confirmed by urea-induced
inversion of both phase state and dynamics. Furthermore, all-
atom molecular dynamics (MD) simulations and coarse-
grained (CG) simulations provided molecular-level insights
that validated and complemented the experimental findings.
Finally, the high protein content and customizable physical
properties of HPCCs demonstrate their potential as next-
generation high-protein food substrates and nutritional supple-
ments.

2. EXPERIMENTAL SECTION

2.1. Materials
The LYS powder (62971, ∼70000 U/mg, from chicken egg white)
was purchased from Sigma-Aldrich (St. Louis, USA). The BLG
powder (L304933, protein ≥ 95%, derived from milk) was purchased
from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Inductively coupled plasma optical emission spectrometry showed

Figure 1. Schematic diagram of charge-symmetry-induced liquid−gel−solid transition of coacervates across multiple spatial scales.
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that BLG contained 1.020% K, 0.740% Na, 0.076% Ca, and 0.014%
Mg. LYS contained 0.100% Na, 0.073% Ca, 0.023% K, and 0.079%
Mg. The bicinchoninic acid (BCA) kit was purchased from
Guangzhou Dingguo Biotechnology Co., Ltd. (Beijing, China).
NaH2PO4, HCl, NaOH, and urea were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Milli-Q water (18.2
MΩ·cm) was used for all experiments (Millipore Corp., Bedford,
MA).
2.2. Preparation of BLG-LYS Coacervates
BLG and LYS solutions (5 mg/mL) were prepared by dissolving the
protein powders in Milli-Q water and magnetically stirring at 450 rpm
for 6 h to fully hydrate. The stock solutions were filtered through 0.22
μm syringe filters to remove the residues. For urea-containing
coacervates, urea was added after filtration. The stock solutions were
adjusted to their target pH using 0.1 M NaOH or HCl and then
mixed in a series of mass ratios. The mixture was then centrifuged
(8000 × g, 20 min) to obtain the coacervate phase, which was then
stored 6 h to allow for equilibration and used in subsequent
measurements except ζ-potential, turbidity, and isothermal titration
calorimetry measurements. All experiments were conducted at 25 °C.
2.3. ζ-Potential Measurements
The ζ-potential of the protein solutions and mixtures was determined
by a Malvern Zetasizer Nano ZS. The samples were loaded into
disposable electrophoretic mobility cells (DTS1070, Malvern, United
Kingdom) and equilibrated for 120 s. The dielectric constant and the
refractive index of the solvent were set at 78.5 and 1.333, respectively.
2.4. Turbidity Measurements
Turbidity measurements were conducted at 600 nm using 1 cm path
length glass cuvettes using a SHIMADZU UV-1800 spectropho-
tometer (SHIMADZU Co., Japan), with Milli-Q water serving as a
reference for 100% transmittance (T). The turbidity was quantified as
follows (eq 1):

= TTurbidity ln (1)

2.5. Protein Recovery Ratio
Protein recovery of BLG-LYS complex coacervates was quantified
using the BCA assay with bovine albumin as the standard reference
protein. The recovery ratio was calculated by subtracting the
supernatant protein concentration after phase separation from the
initial protein concentration before phase separation. The supernatant
was obtained by centrifuging the BLG-LYS mixture at 8000 × g for 20
min and then diluted 4-fold with Milli-Q water to achieve an
appropriate concentration for analysis.
2.6. Optical Microscopy Observation
The morphology of BLG-LYS coacervates was observed by bright-
field microscopy (Mshot MF31, Guangzhou, China) with a 40×
magnification objective.
2.7. Scanning Electron Microscopy (SEM)
The microstructure of the freeze-dried BLG-LYS coacervates was
scanned with SEM (SU8600 Hitachi, Tokyo, Japan) at an accelerating
voltage of 5.0 kV and a magnification of 5000×. The coacervate
powder, obtained through freeze-drying (Alpha 1−4 LD, Christ
Company, Germany), was mounted on aluminum stubs using double-
sided carbon tape and coated with a thin gold film by using a sputter
coater for surface morphology scanning.
2.8. Small-Angle X-ray Scattering (SAXS)
The BLG-LYS coacervates were placed in 304 stainless steel flat
washers (inner diameter D, outer diameter DC, thickness 5 mm, 9
mm, and 0.8 mm, respectively) and sealed with polyimide tape. Small-
angle X-ray scattering (SAXS) measurements were performed using a
small-angle X-ray scatterometer (Xeuss 2.0, Xenocs, France), with a
wavelength of λ = 1.34 Å and an X-ray source of MetalJet-D2
(Excillum, Switzerland). The detector used was a two-dimensional
Pilatus3R 1 M (Dectris, Switzerland) with pixel sizes of PSize1 =
0.000172 m and PSize2 = 0.000172 m, positioned 2.52 m from the

sample, with an exposure time of 1800 s. The scattering wave vector Q
ranged from 0.005 to 0.25 Å−1, corresponding to observable length
scales between 2.5 and 125.7 nm in real space.
2.9. Linear Viscoelasticity Measurements
The linear viscoelasticity of the BLG-LYS coacervates was determined
by using small-amplitude oscillatory shear measurements on an Anton
Paar MCR702e strain-controlled instrument (Anton Paar GmbH,
Austria). Strain amplitude measurements ranging from 0.1% to 10% at
100 rad/s were conducted to determine the linear viscoelastic region
(Figure S3a,b). Frequency sweeps were then conducted from 100 to
0.1 rad/s at a fixed strain of 0.1% within the linear viscoelastic regime,
using a 25 mm diameter measuring cone with a 1° angle (CP25−1)
and a gap value of 0.5 mm as well as a 25 mm diameter measuring
plate (PP25) with a gap value of 1 mm. Two milliliters of supernatant
were poured around the geometry to prevent evaporation. The
temperature was maintained at 25 °C by using a Peltier cell connected
to a recirculating bath, and all measurements were performed with a
normal force below 0.1 N to ensure fully relaxed systems.
2.10. Time-pH Superposition
Time-pH superposition and time-pH-urea superposition were
determined according to the method of Es Sayed et al.,37 with
minor modifications. Prior to conducting the superposition, the plot
of the loss factor, tan δ, as a function of the angular frequency, ω, was
generated to qualitatively assess the feasibility of time-pH super-
position and time-pH-urea superposition for a series of coacervates as
a function of pH and urea concentration. The horizontal shift factors,
denoted as apH and apH‑urea, were determined from the plot of tan δ as
a function of ω, taking the data from the sample prepared at pH 7.0 (0
M urea) as the reference. Correspondingly, the vertical shift factors,
bpH and bpH‑urea, were obtained by vertically shifting the viscoelastic
curves to match those of G′ and G″.
2.11. Isothermal Titration Calorimetry (ITC)
The ITC experiment was conducted using a Microcal PEAQ-ITC
(Malvern Panalytical Ltd., UK) according to the method described by
Zheng et al.6 with minor modifications. BLG solution (1 mg/mL) and
LYS solution (5, 10, and 14 mg/mL) at varying pH levels (6.0, 7.0,
and 8.0) were prepared following the protocol described in Section
2.2, using 5 mM sodium phosphate bu"er in place of deionized water.
Apparent thermodynamic parameters including the binding constant
(Kapp), enthalpy change (ΔHapp), entropy change (−TΔSapp), and
binding stoichiometry (N) were calculated by iterative curve fitting of
the binding isotherms. The “One Set of Sites” binding model,
provided with Microcal software, was employed to fit the binding
isotherms. The Gibbs free energy (ΔGapp) was calculated as follows
(eq 2):

=G RT Klnapp app (2)

2.12. Water Content and Dynamics Analysis
The total water content of the coacervates was determined using a
METTLER TOLEDO TGA 2 (Mettler Toledo, Switzerland). Around
10 to 20 mg of the sample was placed in a crucible. Then, the crucible
was transferred to a furnace and heated to 150 °C at a rate of 20 °C/
min and held isothermally for 8 min to ensure complete dehydration.
Subsequently, the temperature was increased to 700 °C at a rate of 20
°C/min to completely combust the organic matter. The heating and
holding stages were conducted under a nitrogen atmosphere (20 mL/
min), while the final heating stage utilized oxygen (20 mL/min). The
mass fractions of the protein were calculated by recording the mass
loss during the final heating process. Since the coacervates
experienced slight mass loss between weighing and the start of the
analysis, the mass fractions of water were obtained by subtracting the
protein mass from the total mass.

The relaxation state of water in the coacervate was analyzed using
low-field nuclear magnetic resonance spectroscopy with the NMI 20−
040H−I (Niumag Analytical Instrument Co., Ltd., Suzhou, China)
under a magnetic field of 0.50 ± 0.05 T and a proton resonance
frequency of 21 MHz. Approximately 1 g of the sample was placed in
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a 40 mm NMR sample tube for measurement. The transverse
relaxation time (T2) was determined using a Carr−Purcell−
Meiboom−Gill (CPMG) pulse sequence at 32 °C, with a waiting
time of 10000 ms, an echo time of 0.200 ms, 8000 echoes, and 4
repeat scans. The CPMG decay curve was analyzed by exponential
fitting using the instrument’s inversion software, Niumag MultiExp
Inv Analysis, with 10000 inversion iterations. From the fitting, the
intrinsic T2 peak position, peak area (A2), and relative percentage of
each peak (%) were calculated.
2.13. Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared (FTIR) spectroscopy of BLG, LYS, and
BLG-LYS coacervates was conducted using a Nicolet iS50-Nicolet
Continuum instrument (Thermo Fisher Scientific Inc., USA). Spectra
of freeze-dried samples were collected with an average of 32 scans
over a wavenumber range of 4000−400 cm−1 at a resolution of 4
cm−1. The background spectra were acquired under conditions
identical to those of the sample measurements. Peak positions were

identified by using the automatic peak-finding algorithm available in
Origin 2021.
2.14. All-Atom Molecular Dynamics Simulation
The crystal structures of BLG and LYS were obtained from the RCSB
database, with the codes 3NPO and 1DPX, respectively. Missing
residues were repaired using the Swiss PDB Viewer tool,67 and the
protonation states of the structures at pH 6 and 8 were determined
based on the H++ tool.68 Molecular dynamics simulations were
performed using GROMACS 2021.6 software.69 The protein
topology information was generated based on the Amber14sb force
field. The insert-molecules tool was employed to construct simulation
systems at pH 6 and 8 with protein ratios of 3:1 and 2:2, respectively.
Each system was explicitly solvated and placed in a cubic box filled
with TIP3P water molecules. Counterions were added to neutralize
the total charge of the system and maintain electroneutrality. Energy
minimization was performed in two stages: first, using the steepest
descent method (10000 kJ/mol/nm), followed by conjugate gradient

Figure 2. Images of BLG-LYS coacervates at pH 6−8 across multiple spatial scales: macroscopic photos (a), bright-field microscopy images (b),
scanning electron microscopy images (c), background-subtracted scattering intensity I(Q) as a function of wave vector Q (d), and Kratky plots (e).
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optimization (100.0 kJ/mol/nm). Subsequently, pre-equilibration of
the system was carried out using the canonical ensemble (NVT, 1 ns)
and the isothermal−isobaric ensemble (NPT, 1 ns) sequentially. All
systems were simulated for 200 ns. Bonds involving hydrogen atoms
were constrained by using the default Linear Constraint Solver
(LINCS) algorithm. The V-rescale thermostat and the Parrinello-
Rahman barostat were used to control the simulation temperature
(298.15 K) and pressure (1.0 bar), with time constants of 0.1 and 2
ps, respectively. Long-range interactions were treated by using the
Particle-Mesh Ewald (PME) method, with a cuto" of 10 Å for van der
Waals interactions. A time step of 2 fs was employed, and snapshots
were collected every 1 ps.
2.15. Coarse-Grained Molecular Dynamics Simulation
The coarse-grained (CG) models of BLG and LYS were constructed
based on the Martini 3.0 guidelines provided on the Martini Web site.
Their secondary structures were calculated using the DSSP
program.70 Simulation systems at pH 6 and 8 were built with protein
ratios of 15:5 and 10:10, respectively. The LINCS algorithm was
employed to constrain bond lengths within proteins as well as bonds
between the backbone and side chains. All simulations began with
energy minimization using the steepest descent integrator. Sub-
sequently, a 40 ns temperature ramp-up MD simulation was
performed under NVT conditions to stabilize the system at 298.15
K. This was followed by a 40 ns NPT simulation to equilibrate the
system at a pressure of 1.0 bar. Finally, an unrestricted 2 μs MD
simulation was conducted at 298.15 K. The solvent-accessible surface
area (SASA) of BLG, LYS, and the BLG-LYS complex was calculated
by using the SASA module in GROMACS. The di"erence between
the total SASA of BLG and LYS and that of the BLG-LYS complex
was evaluated to quantify changes in the contact area between BLG
and LYS in coacervates.
2.16. Statistical Analysis
Statistical analysis was performed using Excel 2013 (Microsoft,
Redmond, WA, USA) and SPSS 19.0 (IBM, Armonk, NY, USA).
Significant di"erences were determined using Duncan’s multiple range
test in SPSS. A P-value of less than 0.05 was considered statistically
significant.

3. RESULTS AND DISCUSSION

3.1. pH-Driven Liquid−Gel−Solid Phase Transitions of
Coacervates

This study reported a distinct liquid−gel−solid phase
transition of BLG-LYS coacervates as the pH increased from
6 to 8. All coacervates were prepared at their respective pH-
dependent stoichiometric ratios (Figure S1). As the pH
increased from 6 to 8, the BLG/LYS mass ratio changed from
4:1 to 1.3:1 (with the molar ratio changing from 3.2:1 to 1:1).
These changes were mainly attributed to the increased
ionization of the carboxyl groups of Glu, accompanied by
the decreased ionization of the amino groups of Lys and N-
terminal amino acids and the imidazole groups of His, with
increasing pH (Figure S2). This regular phase transition of
BLG-LYS coacervates was elucidated by structural character-
ization at di"erent length scales. This systematic transition in
physical properties allows us to uniformly refer to the
assemblies as coacervates throughout this paper, rather than
distinguishing between coacervates and precipitates to
represent liquid and solid phases, respectively.
Specifically, at the macroscale, the coacervate phase obtained

by centrifugation appeared as a transparent liquid with good
fluidity at pH 6 (Figure 2a). At the microscale, under bright-
field microscopy, mixing BLG and LYS at pH 6 resulted in the
formation of transparent spherical droplets capable of fusion, a
characteristic of liquid coacervates (Figure 2b). The coacervate
phase after freeze-drying was observed using SEM, and the
liquid coacervate showed uniformity at the microscale (Figure
2c). SAXS was employed to investigate the assembly structure
of coacervates at the nanoscale. In this study, the experimental
Q-range was from 0.005 Å−1 to 0.25 Å−1, corresponding to a
size range of 125−2.5 nm (d ≈ 2π/Q) (Figure 2d). In the
high-Q region of 0.17 Å−1 to 0.25 Å−1, the scattering intensities
of BLG-LYS coacervates at pH 6 decayed with a power law of
Q−2.97, indicating that the primary unit of the BLG-LYS
coacervates resembled a surface-roughened, three-dimensional
spherical scatterer (Figure 2d).71−73 The Kratky plot showed a

Figure 3. Frequency sweep data (a), time-pH superposition data with reference sample at pH 7.0 (b), horizontal shift factor (apH), and terminal
relaxation time (τ) as a function of pH (c). T2 relaxation time (d), and peak relaxation times of bound, intermediate, and free water (e).

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.6c00197
Biomacromolecules XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.6c00197/suppl_file/bm6c00197_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.6c00197/suppl_file/bm6c00197_si_001.mp4
https://pubs.acs.org/doi/10.1021/acs.biomac.6c00197?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.6c00197?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.6c00197?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.6c00197?fig=fig3&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.6c00197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bell-shaped peak at 4 nm, indicating a compact three-
dimensional spherical assembly, with the upward slope after
the peak suggesting a rod-like or chain-like extended structure
(Figure 2e).74 In the middle-Q region, the scattering intensity
decayed with a power law of Q−1.23, and in the low-Q region,
no significant scattering was observed, consistent with their
large-scale structural uniformity observed in SEM images and
transparent macroscopic appearance (Figure 2a,d).
As the pH increased, the fluidity and transparency decreased

and a translucent gel was formed at pH 6.8−7.0 (Figure 2a).
Under bright-field microscopy, the coacervates formed after
mixing exhibited larger gel-like blocks (Figure 2b). SAXS
analysis showed that in the high-Q region, the scattering
intensity decayed with a power law of Q−2.58, indicating surface
roughness and certain mass fractal characteristics; in the
middle-Q region, the decay was Q−1.19, suggesting the
formation of rod-like structures; in the low-Q region, the
coacervates at pH 7 (Q−3.35) showed a lower power-law decay
than at pH 8 (Q−3.83), suggesting a lower degree of aggregation
(Figure 2d,e).
Further increasing the pH to 7.5−8.0 resulted in a white

solid precipitate (Figure 2a). When the pH was further raised
to 8.0, the coacervates appeared as amorphous complexes with
a nonuniform structure, and SEM revealed inhomogeneous
aggregates (Figure 2b,c). This heterogeneity typically arises
from the stalled structural relaxation following kinetic trapping.
SAXS analysis showed that in the high-Q region, the scattering
intensity decayed with a power law of Q−1.49, indicating rod-
like scatterers; in the middle-Q region, the decay of Q−1.10

suggested further assembly of rod-like structures; and in the
low-Q region, the coacervates exhibited a high power-law
decay of Q−3.83, indicating the aggregation of these rod-like
units into larger structures (Figure 2d). At this length scale,
aggregates typically caused strong light scattering, thus
explaining the complete opacity of the macroscale coacervate
phase at pH 8 (Figure 2a,b). The SAXS results provided a
good description of the structural features of the primary units,
as well as the larger-scale structural heterogeneity due to
kinetic trapping. The structure of the primary units in the high-
Q region and rod-like structures in the medium-Q region were
verified by all-atom MD simulations and coarse-grained
simulations, respectively (Supplementary Movies 1−4).
3.2. Dynamics of Liquid, Gel, and Solid Coacervates

The linear viscoelasticity of the BLG-LYS coacervates was
further analyzed to understand the relaxation dynamics behind
the transition in pH-driven physical properties and structural
di"erences. The storage modulus (G′) and loss modulus (G″)
increased with increasing pH, except at pH 8, which is
generally associated with the hardening of the coacervates
(Figure 3a).45 The terminal relaxation time (τ) of the
coacervates, which reflects the time scale of the lifetime of
the protein−protein interactions within the coacervates, is
determined from the crossover frequency between the G′ and
G″ curves. For folded proteins, these interactions are mediated
by “stickers”, namely the interacting patches on the protein
surface.75 From pH 5.5 to 6.8, the viscoelastic response was
dominated by G″, with τ far below the relaxation time of 0.06 s
corresponding to the frequency maximum tested, indicating
that the coacervates relaxed rapidly and displayed liquid-like
behavior due to the transient nature of intermolecular
interactions. As the pH increased to 7.0 and 7.5, the
appearance of a G′−G″ crossover revealed the onset of gel-

like properties, where the system transitioned from viscous to
elastic response as a percolated protein network formed. The
longer relaxation times (τ = 0.17 and 8.1 s) reflected the
increasing stability and lifetime of these interactions. In
contrast, at pH 8.0, τ exceeded 60 s, and the response was
arrested across the frequency range, suggesting that strong
association and aggregation of proteins led to kinetically
trapped, solid-like structures with minimal capacity for
relaxation. It should be noted that the observed rheological
state is inherently coupled to the accessible frequency range;
thus, the apparent dominance of G′ or G″ often stems from the
experimental time scale rather than an absolute thermody-
namic identity.76 As shown in Figure 3b, although G′
consistently exceeded G″ within the tested frequency range
for the pH 8.0 sample, the tan δ still exhibited a slight
frequency dependence over longer time scales. Furthermore,
Figure S6 clearly reveals that the tan δ curves at di"erent
frequencies converged toward a potential intersection point
(the critical liquid-to-solid transition point) located beyond pH
8.0. These observations indicated that, according to the
Winter−Chambon theory, even the coacervate at pH 8.0
technically remained in a pregelation state on a su!ciently
long time scale.77 However, within the accessible experimental
time scale, the pH 8.0 sample exhibited behavior characteristic
of a viscoelastic solid. Therefore, to better characterize the
relaxation behavior in this regime, we adopted the moduli-
dominance approach, classifying the samples as “liquid-like”,
“gel-like”, or “solid-like” based on their dominant viscoelastic
properties.
The linear viscoelasticity of the coacervates at pH 7.0 was

used as the reference condition, and the relaxation dynamics of
BLG-LYS coacervates across nine decades in frequency space
were explored using time-pH superposition because the linear
viscoelasticity obtained from frequency sweeping only allows
the exploration of the relaxational behavior of the coacervates
over a limited time scale (Figure 3b). This superposition
analysis has been frequently used in recent studies to quantify
the dynamics of various polyelectrolyte complexes as functions
of salt concentration, polymer chemistry, and pH, but it has
rarely been applied to the analysis of globular protein
coacervates.41,44,45,47,55,76,77,78 Traditionally, van Gurp−Pal-
men (tan δ vs complex modulus G*) and Cole−Cole plots
(G″ vs G′) are employed to assess the homogeneous nature of
polymer melts and composites, with a semicircle shape
implying the absence of any heterogeneity in the materi-
al.33,37,42,45,47 Consequently, as shown in Figure S3f,g, we
observe that the data of varying pH collapse on one another,
implying the same relaxation modes for all pH conditions. The
continuity of tan δ indicated the good quality of the
superposition, and the turning of the tan δ curve may be
related to the additional forces in the liquid−gel−solid
transition (Figure 3b). The successful superposition demon-
strated the similarity in the relaxational behavior of these
coacervates.45,46,79
The “sticky di"usion” theory and nonentangled sticky Rouse

model were used to understand the results of time-pH
superposition, because the scaling relations of the terminal
curves are close to G′ ∼ ω2 and G″ ∼ ω at pH 6.0 and 6.5
(Figure 3c).45,51,80 The local friction is believed to be caused
by the interaction between the protein stickers.35 The average
lifetime of the stickers is governed by the activation energy
barrier of the interactions;76 thus, the relaxation dynamics of
the coacervates exhibit an exponential dependence on the pH-
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modulated energy levels. In this study, the power law of the
shift factor apH showed a good linear relationship with pH
(Figure 3c). Changing only one unit of pH a"ected the
relaxation time by 3.4 orders of magnitude, suggesting that a
decrease in pH significantly lowers the energy barrier for
sticker dissociation, thereby accelerating the coacervate
dynamics. The τ values of the liquid, gel, and solid coacervates
at pH 6, 7, and 8 were 0.00017, 0.17, and 267 s, respectively,
based on their shift factors apH and the τ of the coacervate at
pH 7. This estimate was reasonable because it was consistent
with the results obtained by the frequency crossover points.
The corresponding vertical shift factors (bpH) were presented
as a function of pH in Figure S3c.
Low-field nuclear magnetic resonance (LF-NMR) and spin−

spin relaxation techniques were also employed to investigate
the relaxation dynamics of water in the BLG-LYS coacervates.
As shown in Figure 3d, the relaxation times of strongly bound
water and weakly bound water decreased significantly with
increasing pH, indicating the slowdown of the bound water
dynamics. The drop ratio of strongly bound water was almost
twice as high as that of weakly bound water, which meant that
the relaxation times of strongly bound water and weakly bound
water reflected the relaxation dynamics of coacervates at
di"erent time and length scales (Figure 3e). Unlike the
dynamics of strongly bound water, which reflects the
movement of polar groups on the protein side chains, the
dynamics of weakly bound water in the gaps between protein
molecules may reflect the disturbance of water by the overall
movement of protein molecules in the coacervates. Interest-
ingly, no free water was detected in coacervates with faster
dynamics at the pH 6.0−6.8, while coacervates with slower

dynamics at higher pH contained free water because it was
di!cult to expel free water introduced by structural
inhomogeneity at large length scales through slow structural
relaxation (Figure 3d).
3.3. Driving Force Analysis of Liquid, Gel, and Solid
Coacervates

The physical properties and dynamics of coacervates are
usually closely related to the driving forces of complex
coacervation. Therefore, ITC was used to analyze the
thermodynamics of the BLG-LYS complex coacervation at
pH 6, 7, and 8. The integrated enthalpies at all three pH levels
showed typical results of “one set of sites” and converged near
the midpoint of the titration (Figure 4a−c). The stoichio-
metric ratios obtained by ITC were consistent with the results
of the ζ-potential and supernatant protein content (Figure 4d).
The apparent dissociation constant Kd,app decreased signifi-
cantly with increasing pH, indicating that the binding a!nity
between proteins increased with increasing pH, which can
explain the liquid−gel−solid transition of coacervates and the
corresponding slowed dynamics (Figure 4e).
However, the absolute value of ΔH decreased with an

increase in pH, whereas entropy increased significantly (Figure
4f). This indicated that the increased binding a!nity did not
come from the enhanced electrostatic interaction but resulted
from the entropy gains within the system, although the
exotherm caused by electrostatic interaction was the main
driving force for BLG-LYS complex coacervation at pH 6, 7,
and 8. This result was consistent with the ionization degree of
BLG and LYS. At pH 6, the carboxyl groups of BLG were
almost completely ionized, whereas the N-terminal amino
group of LYS and the imidazole group of His were

Figure 4. ITC titration graphs of BLG (1 mg/mL) with LYS (5, 10, and 14 mg/mL) at pH 6 (a), pH 7 (b), and pH 8 (c). ITC calorimetric data
obtained from the fitting model of “one set of sites”: binding site data (d), apparent dissociation constant Kd,app (e), and changes in apparent
entropy (−TΔSapp), apparent enthalpy (ΔHapp), and apparent total Gibbs free energy (ΔGapp) (f). Total water content of BLG-LYS coacervates
(g). The ratio of the peak areas corresponding to bound, intermediate, and free water (h). The estimated contents of bound water, intermediate
water, and free water were calculated by total water content and peak area ratio (i).
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deprotonated as the pH increased from 6 to 8, which led to the
weaker interaction between the oppositely charged patches
(Figure S1a,b).
Complex coacervation causes a portion of the water

molecules bound to proteins to be released into the dilute
phase, causing an increase in entropy. The protein molecules
and the water remaining in the coacervates reduce their
degrees of freedom due to the dense, crowding environment,
resulting in entropy loss.81 Their tug-of-war determines the
entropy change of the entire process. With the increase of pH,
the entropy increase released by water molecules gradually
overcame the entropy loss and won the thermodynamic
advantage, resulting in the reversal of unfavorable entropy to
favorable entropy. Therefore, the liquid−gel−solid transition
and the slowdown of coacervation dynamics may be related to
the entropic force of desolvation.
The content of bound water in BLG-LYS coacervates was

evaluated to validate the desolvation e"ect. The total water
content obtained by the TGA method and the proportion of
water in each dynamics state obtained by spin−spin relaxation
were combined to obtain the absolute content changes of
various types of water in the coacervates (Figure 4g−i). The
total water content of coacervates decreased with increasing
pH from 6.0 to 7.5, and only increased at pH 8.0, consistent
with the decreased G′ and G″ at pH 8.0 (Figures 4g and 3a).
The water content of the liquid coacervate at pH 6 was
60.21%, which meant that even the liquid BLG-LYS coacervate
had a protein content of nearly 40% (Figure 4g). The content
of strongly bound water in the coacervate decreased
significantly with increasing pH. It decreased to only 0.1% at
pH 7.5 and was even undetectable at pH 8.0. Similarly, the
content of weakly bound water also decreased as the pH
increased from 6.0 to 7.5. The abnormal increase in weakly
bound water at pH 8.0 may be related to the measured high
total water content because long length-scale structural
inhomogeneity of the coacervate at pH 8 caused a large
amount of free water to be doped inside and on the surface of
the coacervate sample, which was observed during the sample
preparation and was also confirmed by the significantly
increased free water content (Figures 4i and 2a).
The loss of a large amount of bound water meant that the

protein−water hydrogen bonds were converted into protein−
protein hydrogen bonds, especially the complete loss of
strongly bound water, which meant that polar groups on the
protein surface almost all form protein−protein hydrogen
bonds. During the pH-induced liquid−gel−solid transition,

although long-range electrostatic interactions weaken with
increasing pH, the number of short-range protein−protein
hydrogen bonds increases, which can also lead to an increase in
protein−protein binding a!nity, resulting in a slowdown of
coacervate dynamics.
3.4. Role of Hydrogen Bonding and Desolvation E!ect

The amide A in infrared spectroscopy is key for studying
protein−protein interactions.82 When the N−H group acts as a
hydrogen bond donor, it is partially “attracted” by the lone pair
of electrons of the hydrogen acceptor. This interaction causes
the electron density of the N−H bond to decrease, lowering
the vibration frequency of the N−H bond and resulting in a
redshift.83 Protein−protein hydrogen bonds induce a greater
bond extension and thus a larger redshift than protein−water
bonds.82 The FT-IR spectra of BLG, LYS, and the BLG-LYS
coacervates at pH 6, 7, and 8 are shown in Figure S4.
Compared to the individual BLG and LYS, the amide A band
of the BLG-LYS coacervates exhibited a larger redshift,
indicating the formation of protein−protein hydrogen bonds
after phase separation. Moreover, the degree of redshift in the
amide A band shows an increasing trend with an increase in
pH in coacervates, suggesting an increase in hydrogen bond
transfer.
The strong competition of urea for protein hydrogen bonds

was used to study the e"ects of intermolecular hydrogen bonds
on the physical properties, dynamics, and phase transitions of
the BLG-LYS coacervates. Increasing urea concentration from
0 to 1.5 M induced a solid−gel−liquid transition (Figure 5a).
Coacervate formation was completely inhibited at 2 M urea,
which was much lower than those typically causing partial (4
M) or complete (6−8 M) protein denaturation.84,85 This
demonstrates that H-bonding is not only crucial for the pH-
induced liquid−gel−solid transitions but is also a necessary
driving force for coacervate formation itself. Furthermore, the
urea concentration required to completely inhibit coacervation
increased with pH, indicating that more intermolecular
hydrogen bonds form at higher pH (Figure 5a). In addition,
linear viscoelastic analysis showed that urea significantly
reduced the G′ and G″ of the coacervates and accelerated
their dynamics. Time-pH-urea superposition was largely
achievable (except for pH 8 with 1 M urea at low frequencies),
confirming that hydrogen bonds critically regulate the
dynamics of BLG-LYS coacervates (Figures 5b and S3h,i).
The corresponding apH‑urea and bpH‑urea values were presented
in Figure S3d,e.

Figure 5. Bright-field microscopy images of BLG-LYS coacervates at pH 6, 7, and 8 containing 0−2 M urea (a). The time-pH-urea superposition of
linear viscoelastic responses of BLG-LYS coacervates (b).
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All-atom MD simulation (200 ns) was performed to verify
the protein interactions and desolvation e"ect of the BLG-LYS
complex coacervation. Each box contained four proteins
(BLG:LYS = 3:1 at pH 6, BLG:LYS = 1:1 at pH 8), which
was close to the SAXS-derived basic units. The Lennard-Jones
potential, short-range Coulomb potential, and total binding
energy between BLG and LYS during the complex
coacervation at pH 8 were higher than those at pH 6 (Figure
6a−e). Specifically, the Lennard-Jones potential at pH 8 was
2.7 times greater than at pH 6 during the time intervals of
150−200 s, indicating more interaction interfaces at pH 8
(Figure 6b). As shown in Figure 7a, when BLG:LYS = 1:1, the
interaction interface between BLG and LYS was more than
that when BLG:LYS = 3:1. Considering that the all-atom MD
simulation was limited by the total number of proteins, we
used coarse-grained simulations to further verify the
interaction interface area between BLG and LYS at two
stoichiometries on a larger scale, which was obtained by
solvent-accessible surface calculation. Coarse-grained simula-
tion systems were built at pH 6 and 8 with protein ratios of
15:5 and 10:10, respectively, and SASA calculations indicated
that the interaction interface at pH 8 formed more contacts,
approximately 1.7 times greater than at pH 6 (Figure 6f).
Furthermore, the absolute value of the binding energy between
proteins and water molecules decreased significantly over time,
with lower values at pH 8 compared to those at pH 6 (Figure
6a). In addition, the reduction in binding energy was mainly
due to the decreased short-range Coulomb potential (i.e.,
hydrogen bond), which demonstrated significant desolvation.
The degree of desolvation was higher at pH 8 (Figure 6a−c).
This finding was also confirmed by tracking the dynamic
changes in protein−water and protein−protein hydrogen
bonds during complex coacervation (Figure 6d). Within 0−
200 ns, BLG-LYS hydrogen bonds increased from 0 to 16 at
pH 6 and to 26 at pH 8. The number of protein−water
hydrogen bonds also decreased more at pH 8. The number of
protein−water hydrogen bonds at pH 8 was 1.625 times that at
pH 6, consistent with the SASA results, further confirming the

enhanced desolvation and stronger protein−protein interac-
tions at higher pH.
Finally, the interaction sites at 200 ns were analyzed. The

main groups involved in the formation of hydrogen bonds were
amino acids with charged side chains, such as arginine and
lysine in LYS as well as aspartic acid and glutamic acid in BLG,
showing that long-range electrostatic interactions were closely
related to the formation of hydrogen bonds (Figures 7a,b and
S5). In addition, the side chain amide groups (asparagine and
glutamine) and hydroxyl groups of polar amino acids were also
involved in forming BLG-LYS hydrogen bonds. In addition to

Figure 6. Total binding energy (a), Lennard-Jones potential (b), Coulomb SR (c), and H-bond number (d) of BLG-LYS interactions and the
energy of protein−water interactions (e) at pH 6 and 8, obtained from all-atom MD simulations. Ratio of SASA between pH 8 and pH 6 systems
over 0−2000 ns in coarse-grained simulations (f).

Figure 7. Snapshots of the coacervate unit formed by BLG and LYS
during all-atom molecular dynamics simulations (a). Interaction sites
of BLG and LYS in all-atom molecular dynamics simulations at 200 ns
at pH 6 (b) and 8 (c).
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the above groups, amide groups of hydrophobic amino acids
such as glycine, proline, and methionine also formed
interprotein hydrogen bonds at pH 8, which may be related
to the higher desolvation degree at pH 8. The desolvation
environment in the coacervate also promoted the generation of
hydrophobic interactions in the coacervate. Altogether, these
results pointed to the fact that pH-induced stoichiometric
changes a"ected hydrogen bonding, desolvation, dynamics,
and matter state in a stepwise manner by a"ecting the number
of heteroprotein (BLG-LYS) interaction interfaces within the
coacervates.

4. CONCLUSIONS AND FUTURE PERSPECTIVES
This study reported the liquid−gel−solid transition of food
protein coacervates composed of BLG and LYS as the charge
symmetry increased. Experimental techniques, including SAXS,
rheology, calorimetry, and LF-NMR, combined with all-atom
MD simulations, provided detailed insights into the dynamics
and thermodynamic mechanisms underlying the physical
properties of coacervates composed of globular food proteins.
The liquid−gel−solid transition of BLG-LYS coacervates was
demonstrated by the slowed dynamics of water and the time-
pH superposition of the linear viscoelastic responses. The
power law for the shift factor apH demonstrated a strong linear
relationship with pH, showing that a one-unit increase in pH
slowed the terminal relaxation time of the coacervate by 3.4
orders of magnitude. Despite a decrease in long-range
electrostatic interactions during this transition, the change in
pH-driven charge variation of BLG and LYS caused the
stoichiometric ratio (BLG/LYS) of the coacervate to shift
gradually from 3:1 to 1:1. And all-atom molecular dynamics
simulations revealed that this shift in the stoichiometric ratio
increased charge symmetry, increasing the number of
interaction interfaces between BLG and LYS. The long-range
electrostatic interaction at the BLG-LYS interface promoted
intermolecular hydrogen bond formation and the desolvation
of bound water, strengthening the binding energy between the
proteins and driving the liquid−gel−solid transition of the
coacervate. Food protein coacervates are a type of highly
crowded soft matter distinct from typical protein solutions,
with promising applications in developing innovative food
systems based on proteins. Although many disciplines have
conducted long-term research on the coacervation of synthetic
polyelectrolytes and disordered biomolecules, the theoretical
understanding of the coacervation composed solely of globular
proteins and their physical states remains limited. Our
understanding of the physical property transition caused by
the stoichiometric ratio and charge symmetry of protein
coacervates is likely to be transferable to synthetic polyelec-
trolytes and biomolecular condensates, providing a new
perspective for multidisciplinary exploration of the physical
property and functional changes in coacervate materials.
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