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Understanding the liquid—liquid phase separation (LLPS) of immunoglobulin G (IgG) is crucial, as it profoundly
influences IgG’s biological activity and stability. In this study, we employed coarse-grained molecular dynamics simulations
to systematically investigate the phase separation behavior of IgG. We first constructed two types of IgG models: all-pair
IgG model and partial-pair IgG model, and compared the coexistence curve from our simulations with experimental data.
Our results showed that the partial-pair IgG model aligns better with the experimental critical temperature and critical
density. Using this model, we then calculated the temperature-dependent variations of IgG’s radius of gyration, surface
tension, viscosity, etc. More importantly, we demonstrated that variations in the interaction strengths among IgG molecules
significantly influence their phase separation behavior. Specifically, a higher standard deviation of interaction strength at
different temperatures is found to lead to more stable phase-separated states. Furthermore, we observed that the introduction
of repulsive polymers and strongly attractive polymers consistently enhances IgG phase separation, while weakly attractive
polymers exhibit a dual regulatory effect on the phase separation. Overall, this study provides valuable insights into the
mechanisms governing IgG phase behavior, with potential implications for optimizing biopharmaceutical products.

Keywords: phase separation, immunoglobulin G, coarse-graining, molecular dynamics
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1. Introduction

Immunoglobulin G (IgG) is the most important type of
antibody in the human body, accounting for approximately
70%—-80% of total antibodies.!!! It is primarily synthesized by
plasma cells and plays a crucial role in immune function, in-
cluding neutralizing pathogens, promoting phagocytosis, and
activating the complement system.!!=3! In recent years, IgG
has garnered significant attention, particularly in the context
of its liquid-liquid phase separation (LLPS), a key biophysical
phenomenon that profoundly affects its biological activity and

[4-101 which represents a key step in the study of ther-

stability,
apeutic antibody formulations.!!"'?) LLPS occurs when IgG
spontaneously separates into dilute and concentrated phases
under specific conditions, impacting protein solubility, func-

13-15] Therefore, investigating

tionality, and overall stability.!
the mechanisms of IgG phase separation holds considerable
significance for both fundamental biophysical research and the
development of biopharmaceutical products.[!6:17}

In recent years, significant progress has been made in ex-
perimental studies on the phase separation of IgG, which is

influenced by multiple factors,'#-231 with intermolecular in-
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teractions playing a dominant role in determining the phase

[24-26] These interactions include contribu-

diagram structure.
tions from excluded volume effects, electrostatic interactions,
and short-range interactions.?’->°! Additionally, external con-
ditions such as temperature, pH, ionic strength, and the type
and concentration of additives also play a critical role in this

5.39-321 For example, Wang et al.!**! found that IgG ex-

proces
hibits a broad and asymmetric coexistence curve compared
to globular proteins, with a critical concentration of approx-
imately 100.00 mg/ml. In another noteworthy study, Mason
et al.'®! emphasized that the pH and ionic strength of the so-
lution are two key factors influencing the stability of protein
solutions. Furthermore, Nishi er al.!'! indicated that at high
ionic concentrations, the stability of IgG solutions is less sen-
sitive to pH, whereas at low ionic strength, phase separation is
more stable under acidic conditions.

However, due to the complexity of experimental condi-
tions, understanding these phenomena solely through experi-
ments poses challenges. To address this, the present study em-
ploys coarse-grained molecular dynamics (CGMD)?! sim-
ulations to explore the microscopic mechanisms underlying
protein multibody interactions behind existing experimen-
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tal observations. We constructed a 12-bead model of IgG
molecules and compared our model’s coexistence curve with
experimental data to determine the interaction parameters be-
tween the coarse-grained IgG beads. We further analyzed var-
ious properties of IgG molecules, including the radius of gyra-
tion, radial distribution function, surface tension, diffusion co-
efficient, and viscosity. Finally, we also examined the energy
dispersity of the IgG system and investigated the influence of
external molecules on IgG phase separation behavior.

2. Model and methods
2.1. Coarse-grained model for IgG

The structure of IgG consists of four polypeptide chains:
two heavy chains and two light chains, connected by disul-
fide bonds, forming a classic Y-shaped structure. As shown in
Fig. 1(a), each heavy chain contains four domains: one vari-
able domain (Vy) and three constant domains (Cy;, Cip, and
Cu3),2*39 while each light chain contains two domains: a
variable domain (Vi) and a constant domain (Cr). The Cyp
and Cyz domains of the heavy chain form the Fc region, which
is characterized by its crystallizable properties, while the Fab
region, responsible for antigen binding, is composed of the
Vi, VL, and Cyy; domains.37381 The Vi and Vi domains to-
gether form the antigen-binding site, which is crucial for spe-
cific antigen recognition. Additionally, the complementarity-
determining regions (CDRs) within the variable domains are
made up of amino acids encoded by highly variable seg-
ments from the human genome, resulting in a high diversity
of antibodies.®**"! The Cp3 domains play a critical role in
maintaining the stability of antibodies. Previous studies have
shown that the structural stability of the Cy3 domains signif-
icantly impacts the antigen-binding capability of the variable

[41,42

domains. I Conformational changes in the Cys domains

can affect interactions between Vi, and Vy, ultimately impact-
ing the antibody’s overall functionality.!*?!

As shown in Fig. 1(b), in the coarse-grained molecu-
lar dynamics (CGMD) simulations, we constructed a 12-bead
coarse-grained (CG) IgG model to identify CG sites based on

5,361 with different colors rep-

the centroids of IgG domain
resenting the molecular domains: Vy (blue), Cy; (red), Cua
(yellow), Cys (green), VL (cyan), and Cr, (purple). Here, the
Cui, CL, and Cyyp domains of the IgG molecule are outlined
with black dashed lines, dividing the IgG molecule into in-
ternal and external regions to facilitate the subsequent model
setup. This model incorporates three standard types of effec-
tive interaction potentials: bond, angle, and dihedral. The
bond potential applies to two CG beads, while angle and di-
hedral potentials act on three and four CG beads, respec-
tively. For bond interactions, we introduced the Urey—Bradley
(UB) potential. The interactions for bonds, angles, and dihe-
drals are defined using harmonic approximations of interaction

strengths 3%
V(ong = Koona (7= 0)?, ()
V(6)angte = Kangle(6 — 60)* +ku(r—rup)’, ()
V(D) dihedral = Kdihedral [1 +cos (Po —d)], (3)

where r is the distance between two beads in a bond, 0 is the
angle between three beads, and @ is the dihedral angle in a
set of four beads. And kponds Kangle> kUB, and Kginedral are the
spring constants for bond, angle, Urey—Bradley (UB), and di-
hedral interactions, respectively. rg, ryg, and the angles 6y
and @y are parameters of the CG model. The UB term adds
an additional interaction between the first and third beads in an
angle. The detailed parameters for the IgG model can be found
in the previous work by Chaudhri ez al.,[**! where they were
obtained via direct Boltzmann inversion using all-atom sim-
ulations of a single IgG molecule. In their approach, dimen-
sionless units were employed to calculate the model’s overall
volume based on the partial specific volume v, under the as-
sumption that all coarse-grained (CG) sites occupy identical
volumes. Using this methodology, we determined the diame-
ter o of the coarse-grained bead for IgG, as defined by

1

mv 3 \3
=2 —=— 4
° (N47r> ’ “)

where m is the protein molecular weight, N is the number
of CG beads (12 for the IgG molecular model), and v =
0.729 mL/g."*! The calculated diameter of the IgG beads is
O1ec = 30.38 A.

(a)

.
W

CrizfCiz

Fig. 1. Schematic representation of the coarse-grained models of IgG and
polymer used in the simulations. (a) Structural schematic of IgG, which
consists of two identical heavy chains (Vg—Cp1—Crh2—Cphs ) and two iden-
tical light chains (VL.—CL). (b) The 12-bead coarse-grained model over-
laid on the 3D structure of IgG, where the Cyj, Cr, and Cyp domains
of the IgG molecule are outlined by black dashed lines. The diameter of
the coarse-grained beads is o1y = 30.38 A. (¢) Coarse-grained model of
polymer, where the coarse-grained bead diameter is Opolymer = 13.75 A.
(d) Snapshot of the simulation box with IgG in a homogeneous phase at
the initial state. (e) A snapshot of the dense phase of IgG molecules in a
slab simulation box.

In the IgG model, the non-bonded beads interact through
the Lennard—Jones (LJ) potential, which is defined as

e (2 (]
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where € is the energy well depth and ¢ represents the bead
diameter. In this study, we considered two coarse-grained
models of IgG. The first model configures all molecular sites
to interact with mutual attraction through the LJ potential.
This model is defined as the ‘all-pair IgG model’. The sec-
ond model builds upon the above model by introducing re-
pulsive interactions between specific internal structural do-
mains of the IgG molecule, including the Cy;, Cpp, and Cp
regions. Specifically, the interactions between these coarse-
grained beads (Cyj, Chp, and Cp) were modeled using the
Weeks—Chandler—Andersen (WCA) potential, a purely repul-
sive potential defined as

4e((2)2 = (2)°] +e, i r<r,

0, if r>re,

(6)

Vweal(r) =

where r denotes the inter-bead distance, and all beads within
the coarse-grained (CG) model are assumed to have uniform
dimensions. The strength of the repulsive interactions is quan-
tified by setting € = 1 kg T, with a cutoff radius r, = 21/6(71g(;.
This model is referred to as the ‘partial-pair [gG model’.

2.2. Coarse-grained model for polymer

Polymers have been extensively utilized in biochemical
and pharmaceutical applications due to their excellent bio-
compatibility with cellular components.*4 Recent stud-
ies have demonstrated their widespread adoption as model
additives for investigating liquid-liquid phase separation of

s.[47-491 Therefore, we developed a coarse-

biomacromolecule
grained polymer model to investigate its regulatory effects on
IgG phase separation.

In our simulations, we took the polyethylene glycol
(PEG) with a molecular weight of 5000 Da as an example,
and constructed a coarse-grained polymer model composed of
five equivalent beads (Fig. 1(c)), where each bead represents
multiple repeating units (corresponding to a molecular weight

of 1000 Da). Using
Rp = aN*/>, )

we calculated the distance between each bead to be 22.36 A,
where N represents the degree of polymerization, and o refers
to the monomer size (approximately 3.5 A for PEG). The
diameter of the coarse-grained beads was determined to be
Opolymer = 13.75 A, using the formula in Eq. (4). Here, m
denotes the molecular weight of the polymer, N indicates
the number of CG beads (which is 5 for the polymer) and
v = 0.820 mL/g.5% The bond potential between the coarse-
grained beads is defined using a harmonic approximation

V(F)vona = kbona (r — 0)7, ®)

with a spring constant kyong = 1500 kg7 /o2 and an equilib-
rium distance ro = Opolymer-

2.3. Slab method

To accurately characterize the phase diagram of IgG,
we employed the slab method to simulate the phase separa-

[51.52] Simu-

tion phenomena of IgG at various temperatures.
lations were performed using the LAMMPS software pack-
age (29 October 2020), 3! with Langevin dynamics employed
in the NVT ensemble. The initial dimensions of the simula-
tion box were set to 300 x 300 x 300, containing a total of
100 IgG molecules randomly distributed throughout the sim-
ulation box [Fig. 1(d)]. To simplify calculations, we adopted
a dimensionless Lennard—Jones unit system, where energy is
expressed in terms of kg7, temperature as T* = kg7 /€, dis-
tance as Ojgg. The time step used in the simulations was set
to 0.000027. All simulations were conducted under periodic
boundary conditions. To obtain the density distribution of IgG
chains along the z-axis, we scaled the dimensions of the ini-
tial cubic box to approximately 100 in the x and y directions.
An anisotropic pressure coupling was employed to equilibrate
the system along the z-axis, expanding the box’s z dimension
to 100c. The resulting slab simulation box, as illustrated in
Fig. 1(e), displays a snapshot of the dense phase obtained at
the initial temperature. Subsequently, the system was gradu-
ally heated to the target temperature, and after an equilibration
duration of 4 x 10® time steps, the IgG density distribution was
analyzed.

We initially centered the trajectory of each frame within
the slab and divided the simulation box into 100 squares, each
with a width of 16. The trajectories obtained from the slab
method simulation (sampling one frame every 10007) were
then centered within the slab, and subsequent averaging was
performed on the trajectories. In the event of phase separation,
the average density profile was fitted to a hyperbolic tangent
function

_pPotpL Ap 7—20
ple) =7 2tanh< , ) ©)

where zg represents the position of the interface and d deter-

mines the interfacial thickness. The average concentrations of
IgG in the dilute phase (pr) and the dense phase (pp) were
computed accordingly. The critical temperature 7; and the
critical concentration p, were determined through fitting us-
ing

pp—pL=A(T.—T)°, (10)
Pp +pL
2

=pe+B(T—T), (11)

where f is the critical exponent, set at 0.325, which exhibits
the universality of the three-dimensional Ising model.’!) A
and B are the fitting parameters used to determine the critical
points of the phase diagram.
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2.4. Calculation of IgG structure and material properties

To further investigate the structural properties of IgG
molecules, we analyzed the radius of gyration (Ry) of the IgG
molecules, which is calculated using the following formula:

N

1
Re=\|% <Z(rirc0M)2>, (12)

i=1

where N is the number of atoms in the structure, r; is the po-
sition of atom i in 3D coordinates, and rcoy is the geometric
center of the molecule. Notably, changes in the radius of gy-
ration can reflect alterations in molecular conformation as a
function of varying conditions such as temperature and con-
centration.

The radial distribution function (RDF) is calculated as

g(r):w

, 13
0 (13)

where p(r) refers to the local density at a distance r from a
reference atom, and p represents the average density of the
system.

During the phase separation of IgG, the surface tension
v at the interface between the concentrated and dilute phases

54,55

is a significant determinant of fluidity.>*>>! We employed the

Kirkwood-Buff% relation to calculate the surface tension

L Pu+ P,
y=;<l’u—""2”>, (14)

where L, denotes the length of the simulation box in the z-
direction, and Py, Py, and P, refer to the pressure tensor com-
ponents in the x, y, and z directions, respectively. The factor
of 1/2 accounts for the presence of two interfaces in the slab
geometry used for phase coexistence simulations.

The diffusion coefficient characterizes the mobility of
molecules within the solution. In this study, we calculated it
by monitoring the mean squared displacement (MSD) of I1gG

molecules as a function of time[®”!

MSD (t) = {[r; (t) — r; (0)]*) = 6D, (15)

where r;(#) represents the position of a polymer chain i at time
t. In this work, the diffusion coefficients were calculated using
PyLAT, >8] an analysis tool for LAMMPS.

For viscosity calculations, we employed the Green—Kubo
(GK) formalism®%0! to evaluate the viscoelastic behavior of
IgG aggregates. In isotropic systems, the shear relaxation
modulus G(¢) can be determined using all components of the

stress tensor Oqp (591

1%

) = 55T

{ (G (0) G (1)) + (3 (0) 0 (1)

(032 (0) 0 (1)) + ¢ [ (Ney (0) ey (1)

N N (1) + (4 0N ()] . 16

where Nop = Oaa — Opp represents the normal stress dif-
ference. The relaxation modulus G(r) was computed using
the “Compute ave/correlation/long” command available in the
“USER-MISC” package of LAMMPS software.[%91 Subse-
quently, the shear viscosity 17 was determined by time inte-
gration of the shear stress relaxation modulus

n :./0 G(r)dt. (17)

To address the typical noise characteristics observed in the ter-
minal decay region of aggregates during simulations, G(z) was
fitted to a Maxwell model over longer timescales using the

open-source RepTate software!(®!]

M
G(t)=) Giexp <é> (18)

i=1 4
where 7; and G; are the fitting parameters defined in the
Maxwell modes, and M is the number of Maxwell modes used
in the fitting. Overall, the viscosity was calculated by numer-
ically integrating the initial region (0—¢) using the trapezoidal
rule and summing the contribution from the terminal region
(to—o=), which corresponds to slower relaxation modes!!1-62]

n="1(t0)+ ) uGiexp <—IT°) : (19)

i=1 4
where 1(#p) corresponds to the contribution computed over
shorter timescales and ¢ represents the transition time between
the two regimes.

3. Results and discussion

3.1. Phase diagrams of IgG solutions in the all-pair IgG
model

To investigate the phase separation behavior of IgG, we
first performed simulations using the all-pair IgG model. In
this model, all the beads in IgG molecules interact with each
other through the Lennard—Jones potential with the interaction
strength £. We then generated phase diagrams under differ-
ent conditions by tuning the interaction strength € between
beads. Previous experimental studies have shown that IgG
phase separation exhibits unique characteristics, namely, the
coexistence curve displays an asymmetric shape, with a criti-
cal temperature of approximately 273.00 K and a critical con-
centration of about 100.00 mg/m].[?#!

In our simulations, we varied the interaction strength €
between 0.20 kg7 and 0.32 kg7. As shown in Fig. 2(a),
the density distribution of IgG along the z-axis obtained un-
der an interaction strength of 0.30 kg7 is presented. The
distribution curves overlap at different temperatures and ex-
hibit distinct peaks, indicating significant phase separation at
these temperatures. As the temperature increases, the peak
height decreases, reflecting a weakening of phase separation.

088701-4
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We then fitted the critical temperature 7. using Eq. (1), as
shown in Fig. 2(b). The fitting yielded a critical temperature of
T. = 272.60 K. Using Eq. (11), we obtained the critical con-
centration p. by fitting the data within the same temperature
range, as shown in Fig. 2(c). This results in a critical den-
sity of p. = 192.50 mg/ml. Figure 2(d) shows the phase di-
agram of IgG, with the relationship between the dense-phase
and dilute-phase concentrations at each temperature, and the
critical point obtained from the fitting. The inset rectangular
box displays a snapshot of the phase separation observed at
217.50 K. The phase diagram clearly indicates that the calcu-
lated critical temperature here is consistent with experimental
critical temperature (273.00 K), and the calculated coexistence

curve also exhibits an asymmetric shape.?*
800 - 650
(a) —T=2175K (b) ® Pp—PL
_600F —T=225.0 K| ,_.E — FIT
= < 550
% 400 £
E =
: IQ 450 F
200 N
L
op =——— , ——— 350, . 4
—60—40 —20 0 20 40 60 210 220 230 240 250 260 270
Z (o) T (K)
320 300
B ® (pptpL)/2
& 200 (©) — FIT 270}
= %
% 260 : 240
U
t 230 210F
) °
200 B ——— 180—+ L : =
210 220 230 240 250 260 270 0 200 400 600 800

T (K) pps pr (mg/ml)

Fig. 2. Phase diagram at interaction strength € = 0.30 kg7 of the all-
pair IgG model. (a) Slab density distribution profiles at a series of coex-
istence temperatures for the all-pair IgG coarse-grained model, with an
interaction strength of € = 0.30 kg7 between all sites. (b) The critical
temperature obtained from the fitted curve is 272.60 K. (c) The critical
density obtained from the fitted curve is 192.50 mg/ml. (d) The coexis-
tence curve of IgG LLPS obtained from the density distribution, with an
inset showing a simulation snapshot of the IgG system at a temperature
of 247.50 K.

The phase diagrams formed under different ranges of in-
teraction strength (&) are shown in Fig. 3(a). As the interac-
tion strength increases, the coexistence curves shift toward the
upper-right, indicating that stronger interactions significantly
elevate the critical temperature (7;) for IgG phase separation.
Figure 3(b) illustrates the relationship between the critical
temperature (7;.) and critical density (p.) as a function of inter-
action strength. As the interaction strength increases, the criti-
cal temperature shows a linear upward trend, while the critical
density exhibits a slight decrease. This observation aligns with
the findings of Vlachy ez al.,!%! who demonstrated that the
critical volume fraction decreases with increasing € based on
Wertheim’s thermodynamic perturbation theory. However, the
critical density observed here is much higher than the exper-
imental value of 100 mg/ml. Moreover, since p. is relatively
insensitive to variations in &, it suggests that simply adjusting

¢ is unlikely to achieve experimental agreement for the critical
density in simulations.

(@) 30 =0z we=oan| (P 310 -T, o
300 k=022 +c=0.28 ¢c=0.32 280F = p. {205
< 250t g 2501 {210 %
& 200} 7 & 220F {195 =
L

150 F 190 | 1180

100 L— . . . 160 L— . . 165

50 250 450 650 850 0.20 0.25 0.30 0.35
pps P (mg/ml) e (kgT)

Fig. 3. Phase diagrams of the all-pair IgG model under different inter-
action strengths. (a) Comparison of phase diagrams obtained for the all-
pair IgG model within the interaction strength range of € = 0.20 kgT
to 0.30 kgT. (b) Variation of the critical temperature (7;) and critical
concentration (p) of the all-pair IgG model as a function of interaction
strength.

3.2. Phase diagrams of IgG solutions in the partial-pair
IgG model

The all-pair IgG model assumed attractive interactions
between all beads, which may be overly simplistic. Previ-
ous experimental studies have revealed that the interactions
between Cyj, Chp, and Cp, domains exhibit weaker binding
affinities, while the interactions between the Cyz domain and
the variable domain (Vg and Vi) dominate the inter-protein
interactions. [+ To capture this characteristic, we devel-
oped a ‘partial-pair IgG model’, allowing attractive interac-
tions only between the coarse-grained sites in the Vy (blue),
Cus (green), and Vi (cyan) domains, as illustrated in Fig. 1(b).
The interactions between these beads and other beads, and the
interactions among other beads were repulsive via WCA po-
tential.

Following the same approach as before, we simulated
the phase separation behavior of IgG using the partial-pair
IgG model, tuning the interaction strength € in the range of
0.70 kgT t0 0.90 kg T'. The results for € = 0.82 kg T are shown
in Fig. 4(a), which displays the density distribution of IgG
molecules along the z-axis at different temperatures. As the
temperature increases, the peak height decreases, indicating a
gradual reduction in the extent of phase separation. Using an
appropriate temperature range and fitting data with Eq. (10),
the critical temperature was determined to be 272.60 K, as
shown in Fig. 4(b). The linear decrease in the average density
of the dense and dilute phases with increasing temperature is
illustrated in Fig. 4(c). Fitting this trend using Eq. (11), we
obtained the critical concentration as 125.63 mg/ml. The rela-
tionship between the dense-phase and dilute-phase concentra-
tions at each temperature was plotted as a phase diagram, with
the critical point obtained earlier [Fig. 4(d)]. The phase sep-
aration process across varying temperatures is clearly demon-
strated, and from top to bottom, as the temperature increases,
in Fig. 4(e). The IgG molecular system transitions toward a
uniform distribution, reflecting the system’s approach to the
critical point of the phase diagram.
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T=222.0 K
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Fig. 4. Phase diagram at interaction strength € = 0.82 kg T of the partial-pair IgG model. (a) Density distribution profiles at various temperatures
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320 s 155 100.00 mg/ml. This discrepancy may stem from the model’s

300F wp 1= assumption of equal interaction strength among the six attrac-

2801 1+ é tive sites, as previous theoretical studies have indicated that the

60y 1283 asymmetry in interaction strength between Fab and Fc regions

240} l 1;“ could further reduce the critical concentration.!%>%%1 Here, for
150 =+ L L L : : t 5

L 220 L L . .. . . .
0 100 200 300 400 500 ~ 0.65 075  0.85  0.95 the sake of simplicity, we did not further modify the interac-
pp; P (mg/ml) e (kgT) . . .

tion strengths between the Fab and Fc regions, as their exact

Fig. 5. Phase diagrams of the partial-pair IgG model under differ-
ent interaction strengths. (a) Comparison of phase diagrams obtained
for the partial-pair IgG model within the interaction strength range of cult to determine experimentally and challenging to map onto
€=0.70 kgT to 0.90 kgT. (b) Variation of the critical temperature (7;)
and critical concentration (p) of the partial-pair IgG model as a function
of interaction strength.

interaction strengths, or even their relative strengths, are diffi-

our coarse-grained simulation model.

3.3. Structural and material properties of IgG molecules
The comparative phase diagrams obtained for the partial- To further investigate the phase behavior of IgG
pair IgG model under interaction strengths ranging from
0.70 kgT to 0.90 kgT are shown in Fig. 5(a). Consistent

with the results from the all-pair IgG model, the coexistence

molecules, we selected the partial-pair IgG model with the in-
teraction strength € = 0.82 kg7, which aligns well with ex-
perimental results, to study the effect of temperature varia-

curves shift upward with increasing interaction strength, in-  jong on the structural and thermodynamic properties of IgG

dicating enhanced phase separation ability. Figure 5(b) illus- molecules. We first calculated the radius of gyration Ry, which
trates the trends in critical temperature and critical concentra- is used to measure the overall size and conformation of IgG
tion as a function of interaction strength. The critical tem- molecules. Figure 6(a) shows the relationship between the av-
perature increases significantly with stronger interactions, sug- erage radius of gyration of a single IgG molecule and that of
gesting that enhanced attractive forces can sustain phase sep-  the IgG molecules in the phase-separated state as a function
aration at higher temperatures. Meanwhile, the critical con-  of temperature. It is found that the radius of gyration of a
centration shows a slightly decreasing trend as the interaction  single molecule remains largely stable, indicating that temper-
strength increases. The results indicate that the critical tem-  ature changes have minimal impact on the conformation of a

perature (272.60 K) and critical concentration (125.63 mg/ml)  single IgG molecule. In contrast, the average radius of gyra-
obtained at € = 0.82 kg7 are the closest to the experimental  tion for the IgG system in the phase-separated state increases

data, suggesting that this model better captures the key fea-  with temperature. This value is smaller than that of a single
tures of IgG intermolecular interactions under realistic con-  molecule, suggesting that the close packing of IgG molecules
ditions. However, it is worth noting that the critical concen-  during phase separation leads to a more compact structure.

tration still slightly deviates from the experimental value of =~ We then calculated the radial distribution function (RDF) that
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describes the spatial arrangement and interaction strength be-
tween molecules. Figure 6(b) illustrates how the RDF for IgG
molecules in the phase-separated state varies with tempera-
ture. As the temperature increases, the peak of the RDF de-
creases, indicating a weakening of the ordered structure be-
tween IgG molecules at higher temperatures.

We next calculated the surface tension (y) of IgG so-
lutions using the slab method and Eq. (14). As shown in
Fig. 6(c), the surface tension decreases with increasing tem-
perature, suggesting a tendency toward interfacial instabil-
ity as phase separation is reduced. Notably, the simulated
surface tension values exhibit good agreement with experi-
mental data,'%”! both in terms of magnitude and temperature-
dependent trends. This confirms the accuracy of our compu-
tational model in describing IgG’s interfacial dynamics under
thermal variations.

Interestingly, as shown in Fig. 6(d), we observed a power-
law relationship for surface tension against the reduced tem-
perature (t = 1 — T'/T;) near the critical temperature

Y= t", (20)

where Yy represents the critical surface tension, and we
have assumed p = 1.26 based on Widom’s hyperscaling re-
lationship for the three-dimensional Ising model universal-
ity class.[®®] The fitting parameters in Eq. (20) were T, =
272.10 K. Notably, the critical temperature obtained by fitting
the surface tension is close to that (272.60 K) by fitting the
densities.
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Fig. 6. Analysis of the structural properties and surface tension of the
IgG model with an interaction strength of € = 0.82 kgT'. (a) The variation
of the radius of gyration (R) of a single IgG molecule and the average
radius of gyration (Rg) of IgG in the dense phase as functions of temper-
ature. (b) The variation of the radial distribution function (RDF) of IgG
in the dense phase during phase separation as a function of temperature.
(c) Surface tension at different temperatures. The inset graph shows the
simulated and experimental values!%”! of the surface tension of the IgG.
(d) Surface tension values (}p) scaled by the critical amplitude, fitted to
the universal curve, showing the temperature dependence of surface ten-
sion as the temperature decreases, with simulation data points compared
to theoretical predictions (blue curve).

To gain deeper insights into the material properties of
the IgG molecules in dense phase, we further calculated the
diffusion coefficients and viscosity. Figure 7(a) shows the
mean squared displacement (MSD) of the center of mass of
the IgG model as a function of time at different tempera-
tures. The MSD vs. time curve is linear at the latter part of
time scales. Based on this, the diffusion coefficients at dif-
ferent temperatures were calculated using Eq. (15), as shown
in Fig. 7(b). This method of calculating the diffusion coeffi-
cient (D) from the MSD accurately captures the translational
motion of IgG molecules within the dense phase and demon-
strates that the diffusion coefficient increases consistently with
rising temperature. Viscosity is a fundamental material prop-
erty of biomolecular condensates. To further evaluate the vis-
cosity of the IgG system, we employed the Green—Kubo (GK)
relation. Figure 7(c) illustrates the shear stress relaxation mod-
ulus G(t) as a function of time at different temperatures. No-
tably, G(¢) exhibits a sharp decay in the terminal region, in-
dicating liquid-like behavior and complete relaxation of the
IgG system. Subsequently, we performed a time integration
based on Eq. (19) to calculate the viscosity (1) at different
temperatures. As shown in Fig. 7(d), the viscosity decreases
progressively with increasing temperature.
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Fig. 7. Analysis of the material properties of the IgG model with an in-
teraction strength of € = 0.82 kgT'. The variation of the (a) mean squared
displacement (MSD), (b) diffusion coefficient (D), (c) shear stress relax-
ation modulus G(7), and (d) shear viscosity (1) of the dense phase of IgG
phase separation as functions of temperature.

3.4. Effect of dispersity of interaction strengths on IgG
phase separation

In the above sections, we assumed that the system con-
tained only one type of IgG molecule, meaning that the in-
teractions between IgG beads were uniform. However, it is
known that IgG molecules consist of variable domains (Vy
and Vi), where the amino acid sequences are highly variable.
This variability may lead to diversity in IgG interactions, even

69,70

among IgG molecules of the same class. "% To explore how
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the dispersity of interaction strengths between IgG molecules
affects their phase separation, we assumed that the interaction
strengths (€) within the IgG molecules follow a normal dis-
tribution with a mean of 0.82 kg7 and standard deviations of
0 =0.05kgT,0.10 kgT, 0.20 kg T, 0.30 kT, and 0.40 kgT.
The maximum cluster interaction intensity distribution at

temperature 7 =210 K is shown in Fig. 8. When 6 =0.00 kg T
(i.e., the case in Subsections 3.2 and 3.3), the system forms a
large, concentrated, and relatively uniform cluster, with a max-
imum cluster ratio of 0.77. At 6 =0.05 kg7 and 0.10 kg T, the
cluster structure starts to disperse, though it remains relatively
large, with a slight decrease in the maximum cluster ratio.

Maximum cluster

_ _ Maximum cluster Maximum cluster
0=0keT | tio=0.77 0=0.05 ks io = 0.76 0=0.10 kpT 1 pti0 = 0.74
(a) (b) 0.9576 (c) 1.0637
L
0.8270 0.8241
k
0.6918 0.5853
_ Maximum cluster _ Maximum cluster o Maximum cluster
(d)6_0.20 kgT ratio — 0.72 © 0=0.30 kgT ratio — 0.68 (f)6—0.40 kgT ratio = 0.67
1.5340 - 0 1.6863 1.7775
0.8211 0.8254 0.8178
0.3694 0.0833 0.1102

Fig. 8. The variation of the maximum cluster ratio and phase separation snapshots with the standard deviation at a temperature of 7 =210 K. The
intermolecular interaction strength in the IgG system has a mean value of 0.82 and standard deviations of (a) 0.00 kg7, (b) 0.05 kg T, (c) 0.10 kg T,
(d) 0.20 kT, (e) 0.30 kg T, and (f) 0.40 kgT. The color scale range varies from blue (weak interactions) to red (strong interactions). Clusters
are defined using a distance-based criterion: two IgG molecules are considered part of the same cluster if any pair of interacting beads between

them are within a cutoff distance of 2!/ O1gG. The maximum cluster ratio is defined as the proportion of IgG molecules belonging to the largest
cluster.

Maximum cluster Maximum cluster

Maximum cluster
520 k‘BT ratio=0.05 5:005 kBT ratio:0.0G 52010 kBT ratio:0.07
(a) (b) (c)
%s Sag 8000 =53 0.9576 1.0637
0.8270 0.8241
0.6918 0.5853

(d)

ratio =0.24

§=0.20 kg7 Maximum cluster

(e)
1.5340

0.8211

0.3694

§=0.30 kgT Ma.ximum cluster
ratio =0.41

1.6863

0.8254

0.0833

§=0.40 kgT
f)

Maximum cluster

ratio =0.47

1.7775

0.8178

0.1102

Fig. 9. The variation of the maximum cluster ratio and phase separation snapshots with the standard deviation at a temperature of 7 = 255 K. The
intermolecular interaction strength in the IgG system has a mean value of 0.82 and standard deviations of (a) 0.00 kg 7', (b) 0.05 kg T, (c) 0.10 kg T,
(d) 0.20 kT, (e) 0.30 kg7, and (f) 0.40 kgT. The color scale range varies from blue (weak interactions) to red (strong interactions). Clusters
are defined using a distance-based criterion: two IgG molecules are considered part of the same cluster if any pair of interacting beads between
them are within a cutoff distance of 2!/6 01gG- The maximum cluster ratio is defined as the proportion of IgG molecules belonging to the largest

cluster.
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Local regions exhibit stronger interactions (red), suggesting
that moderate energy dispersity has minimal impact on sys-
tem stability. As the standard deviation further increases to
0.20 kgT, 0.30 kgT, and 0.40 kg T, the ratio of the maximum
cluster decreases to 0.72, 0.68, and 0.67, respectively. At this
point, the energy map indicates that the regions of strong inter-
action (red areas) become more localized, while their overall
distribution becomes more dispersed, leading to the formation
of multiple smaller clusters.

The behavior of the IgG system at temperature T =
255 K is illustrated in Fig. 9. When the standard deviation
is 0.00 kg T, the IgG system remains in a dispersed state, with
the maximum cluster ratio as low as 0.05. As the standard
deviation increases to 0.05 kgT and 0.10 kg7, the maximum
cluster ratio slightly increases, and the system aggregates into
multiple small clusters centered around regions of strong in-
teractions (red). At a standard deviation of 0.20 kg T, the IgG
system forms a compact, large-cluster structure, with the max-
imum cluster ratio rising to 0.24. As the standard deviation
continues to increase, the maximum cluster ratio significantly
grows, ultimately reaching 0.47 when the standard deviation is
0.40 kg T. This phenomenon indicates that the increase in stan-
dard deviation with gradual temperature rise facilitates phase
separation in the system.

A detailed analysis of the effect of standard deviation
variations on the maximum cluster ratio and the second-largest
cluster ratio at different temperatures is provided in Fig. 10.
At temperatures 7 = 210 K, molecular thermal motion is rel-
atively weak, and the maximum cluster ratio remains stable,
while the second-largest cluster ratio stays low. This suggests
that under relatively low-temperature conditions, the majority
of IgG molecules aggregate into a primary cluster, with oth-
ers remaining widely dispersed, thereby limiting the formation
of secondary clusters. In this context, smaller standard devi-
ations favor the formation of maximum clusters (promoting
phase separation). However, as the standard deviation of inter-
action strength increases, the complexity of IgG interactions
increases, leading to a rapid decrease in the maximum clus-
ter ratio. Under conditions where temperature exceeds 225 K,
the maximum cluster ratio tends to increase as & increases.
This indicates that enhanced thermal motion at higher temper-
atures more effectively overcomes interaction barriers, facili-
tating the formation of larger clusters (i.e., higher standard de-
viations favor the formation of maximum clusters). The local
aggregation effect thus becomes a dominant driving force for
phase separation, increasing the likelihood of forming maxi-
mum clusters.

Overall, when the energy dispersity is large, IgG
molecules with strong interactions remain stable despite tem-
perature fluctuations. This stability contributes to a more
consistent and robust cluster structure across the system. In

more complex environments, such as real biological condi-
tions where IgG interaction energies are more widely dis-
tributed, dispersity enhances the flexibility of molecular inter-
actions, further promoting the formation of maximum clusters.
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Fig. 10. The variations in (a) the maximum clusters ratio and (b) the
second-largest cluster ratio with respect to standard deviation at different
temperatures. The maximum cluster ratio is defined as the proportion of
IgG molecules belonging to the largest cluster, and the secondary cluster
ratio is defined as the proportion of IgG molecules in the second-largest
cluster.

3.5. Effect of external polymer on IgG phase separation

In practical applications, IgG phase behavior is usually
regulated by adding ions or polymer to IgG solutions.[”!-73]
Among these, polyethylene glycol (PEG) is mostly employed
as a model system for studying excluded volume effects in
protein phase separation research due to its distinctive non-

5.1 To model such an exclu-

adsorbing polymer characteristic
sion mechanism, we implemented a purely repulsive Weeks—
Chandler—Andersen (WCA) potential for the interaction be-
tween polymers and IgG. We systematically investigated the
effects of varying concentrations of repulsive polymer on
IgG phase separation. Figure 11(a) shows simulation snap-
shots of IgG phase separation ranging from 0 to 400 polymer
molecules. As the number of polymer molecules increases,
the extent of phase separation is enhanced, exhibiting a more
distinct intermediate dense region at elevated polymer con-
centrations. Density distribution curves for polymer and IgG
along the z-axis, obtained using the slab method, are shown
in Figs. 11(b) and 11(c). The polymers exhibit higher den-
sities at the sides and lower densities in the central region as
their numbers increase. Upon adding polymer to IgG solu-
tions, phase separation occurs immediately, and the IgG den-
sity in the intermediate region rises with polymer numbers.
The coexistence densities of polymer and IgG under various
conditions were calculated to construct the binary coexistence
curve [Fig. 11(d)].
IgG phase separation is further demonstrated in Fig. 11(e), re-

The effect of the polymer numbers on

vealing that the dense-phase concentration of IgG increases
with polymer numbers, indicating that polymer promotes IgG
phase separation.[7?!

Apart from PEG, other types of polymer (e.g., poly(L-
lysine) (PLL))!! are also used in experiments to regulate
protein phase separation. These polymers may exert weak
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attractive interactions with the IgG through various mecha-
nisms. To further explore the impact of such attractive in-
teractions between IgG and polymer on phase separation, we
introduced Lennard-Jones (LJ) interactions (with interaction
strength € = 0.1 kg T') between the interaction sites of IgG (Vy,
VL, and Cy3 regions) and the polymer. Under weak attrac-
tive conditions, we obtained binary phase separation snapshots
and density distribution curves for polymer and IgG along the
z-axis at different temperatures [Figs. 12(a)-12(c)]. The re-
sults demonstrated that low polymer numbers promoted IgG
phase separation, consistent with findings observed with PEG.
However, when the polymer numbers were increased further,

the polymer significantly suppressed IgG phase separation, as
evidenced by the marked decrease in dense-phase IgG con-
centration [Fig. 12(c)]. Using the slab method, we calculated
the two-phase concentrations at various temperatures and fit-
ted the coexistence curve, as shown in Fig. 12(d). The dual ef-
fect of polymer on IgG phase separation under weak attractive
interactions is clearly illustrated in Fig. 12(e). This behavior
is consistent with experimental studies indicating that addi-
tives interacting with the protein surface can reduce attractive
protein-protein interactions, thereby diminishing the extent of

protein phase separation.
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Fig. 11. The effect of different polymer numbers on the phase separation of IgG under conditions of purely excluded-volume interactions between
IgG and polymer. (a) Phase separation snapshots of the IgG system at 7 = 300 K, with purely repulsive interactions between IgG and polymer,
under polymer numbers of 0, 50, 100, 200, 300 and 400 molecules. Density distribution curves of (b) polymer and (c) IgG along the z-axis under
different polymer numbers. (d) Coexistence curve of the IgG—polymer system. (e) The variation of IgG dense-phase density as a function of
polymer numbers.
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Fig. 12. The effect of different polymer numbers on the phase separation of IgG under conditions of weakly attractive interactions between IgG
and polymer. (a) Phase separation snapshots of the IgG system at 7 = 300 K, with weakly attractive interactions between IgG and polymer,
under polymer numbers of 0, 50, 100, 200, 300 and 400 molecules. Density distribution curves along the z-axis of (b) polymer and (c) IgG at
different polymer numbers. (d) Coexistence curve of the IgG—polymer system. (e) The variation of IgG dense-phase density as a function of

polymer numbers.
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Fig. 13. The effect of different polymer numbers on the phase separation of IgG under conditions of strongly attractive interactions between IgG
and polymer. (a) Phase separation snapshots of the IgG system at 7 = 300 K, with strongly attractive interactions between IgG and polymer,
under polymer numbers of 0, 50, 100, 200, 300 and 400 molecules. Density distribution curves along the z-axis of (b) polymer and (c) IgG at
different polymer numbers. (d) Coexistence curve of the IgG—polymer system. (e) The variation of IgG dense-phase density as a function of

polymer numbers.

We further investigated the effect of strongly attractive
polymers on IgG phase separation by increasing the interac-
tion strength to 0.6 kg7 in the simulations. As shown in
Fig. 13(a), under strongly attractive conditions, the IgG sys-
tem transitions from a homogeneous state to a highly phase-
separated state as the number of polymer molecules increases.
Density distribution profiles of polymers and IgG along the
z-axis obtained via the slab method [Figs. 13(b) and 13(c)] re-
veal that polymers are highly enriched within the dense IgG
phase, and the volume fraction of the dense IgG phase ex-
hibits an exponential increase with increasing polymer num-
bers, indicating that strong attractive interactions drive the for-
mation of an intermolecular dynamic cross-linking network.
Figure 13(d) shows that increasing polymer numbers signifi-
cantly promote IgG aggregation and broaden the coexistence
region. Figure 13(e) further quantifies the relationship be-
tween the density of the dense IgG phase and the number
of polymer molecules, displaying a monotonically increasing
trend, which confirms that adding strongly attractive polymer
enhances IgG phase separation.

4. Conclusion

In summary, we utilized a partial-pair IgG coarse-grained
molecular dynamics (CGMD) model to generate phase dia-
grams consistent with experimental data, and further provided
valuable insights into the structural and material properties
of IgG. A notable finding is the influence of dispersity in
intermolecular interaction strengths on phase separation sta-
bility. We showed that higher standard deviations in inter-
action strengths lead to more stable phase-separated states,
particularly under varying temperatures, underscoring the sig-
nificance of diverse amino acid sequences in IgG’s variable

domains. We also explored the effects of external polymer.
Our results indicated that increased polymer numbers pro-
mote phase separation through repulsive interactions. Addi-
tionally, we identified a dual regulatory effect with weakly
attractive polymers (low concentrations enhance phase sepa-
ration, while high concentrations inhibit it) and a monotonic
effect with strongly attractive polymers. Overall, our study
enhances the understanding of IgG phase separation at the
molecular level, which contributes to the fundamental knowl-
edge of IgG’s biophysical properties and informs the design
of therapeutic antibody formulations and biopharmaceutical
products. Future studies should aim to bridge molecular-scale
simulations with mesoscopic theories that explicitly account
for domain-specific interactions and conformational flexibil-
ity. The development of continuum models, such as Flory—
Huggins or ¢-4 theory, that incorporate anisotropic interac-
tion tensors may help better unify molecular mechanisms with
macroscopic phase diagrams.
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