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ABSTRACT: Colloidal stability of antibody solutions, i.e., the
propensity of the folded protein to precipitate, is an important
consideration in formulation development of therapeutic
monoclonal antibodies. In a protein solution, different pathways
including crystallization, colloidal aggregation, and liquid−liquid
phase separation (LLPS) can lead to the formation of
precipitates. The kinetics of crystallization and aggregation are
often slow and vary from protein to protein. Due to the diverse
mechanisms of these protein condensation processes, it is a
challenge to develop a standardized test for an early evaluation of the colloidal stability of antibody solutions. LLPS would
normally occur in antibody solutions at sufficiently low temperature, provided that it is not preempted by freezing of the solution.
Poly(ethylene glycol) (PEG) can be used to induce LLPS at temperatures above the freezing point. Here, we propose a colloidal
stability test based on inducing LLPS in antibody solutions and measuring the antibody concentration of the dilute phase. We
demonstrate experimentally that such a PEG-induced LLPS test can be used to compare colloidal stability of different antibodies
in different solution conditions and can be readily applied to high-throughput screening. We have derived an equation for the
effects of PEG concentration and molecular weight on the results of the LLPS test. Finally, this equation defines a binding energy
in the condensed phase, which can be determined in the PEG-induced LLPS test. This binding energy is a measure of attractive
interactions between antibody molecules and can be used for quantitative characterization of the colloidal stability of antibody
solutions.
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1. INTRODUCTION

Therapeutic monoclonal antibodies are an increasingly
important class of protein drugs being used for targets ranging
from inflammation to cardiovascular disease and cancer.1

During the various stages in the development of antibody
drugs, multiple factors can affect their stability and result in
various forms of protein condensation such as crystallization,
aggregation, gelation, and liquid−liquid phase separation.
Recently, a number of cases of such condensation of
monoclonal antibodies have been reported.2−8 In order to
avoid these problems, it would be desirable to have an early
stage solubility screening method to eliminate molecules that
may present challenges in development. However, due to the
diversity of antibody molecules and the various forms of
condensation, standard solubility tests are not yet available in
the biopharmaceutical industry. Current approaches for
evaluating the solubility of protein therapeutics are based on
salt (ammonium sulfate) induced precipitation9,10 or PEG-
induced protein precipitation.11 The advantage of PEG-induced
precipitation in comparison to the ammonium sulfate method
is that the addition of salt can significantly alter the native

interactions between protein molecules12 while addition of
PEG does not.13 Here, we elucidate the mechanism of PEG-
induced protein precipitation and put this method on a
quantitative basis.
In this study, we consider condensation of normally folded

IgGs caused by the attractive interaction between protein
molecules. These condensations include crystallization, colloi-
dal aggregation, gelation, and liquid−liquid phase separation.
From a physicochemical perspective, the folded protein
molecules can be viewed as colloidal particles, and their
condensation signifies the loss of colloidal stability of the
solution. Protein aggregation, often irreversible, can also be
caused by unfolding of the protein molecules. The conforma-
tional stability of proteins associated with unfolding, which is
outside the scope of this work, is usually tested at elevated
temperature, at extreme pHs, or with mechanical agitations.14,15
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Here, we focus on the colloidal stability, which can be tested
directly under storage or production solution conditions,
without promoting chemical modifications and unfolding of
the protein molecules. Protein molecules in their native folded
conformation can attract each other through various types of
interactions such as electrostatic interactions between surface
charges, hydrophobic interactions, and formation of hydrogen
bonds and salt bridges. The propensity to undergo colloidal
condensation is determined by the overall effect of all these
interactions.
Among the various types of colloidal condensations, liquid−

liquid phase separation (LLPS) is of particular importance for
the evaluation of the colloidal stability of protein solutions.
LLPS is a spontaneous segregation of a homogeneous protein
solution, below a certain temperature (LLPS temperature), into
coexisting protein-dilute and protein-rich liquid phases.16−24

LLPS in several different monoclonal antibody solutions have
recently been reported.2−8 In equilibrium, the chemical
potentials of colloidal particles (protein molecules) in dilute
and condensed phases are equal. Since, in the condensed phase,
the spatial position of each particle is restricted by its neighbors,
the chemical potential in the condensed phase typically has a
lesser entropic component, and a larger “binding” energy
component associated with neighbor-to-neighbor attractions.
Thus, a lower temperature generally favors the condensed
phases. The ranges of interprotein attractions are relatively
small in comparison to the size of the protein molecules. As a
result, the protein in the condensed and unordered liquid phase
is “caged” by its neighbors to nearly the same degree as in the
solid state, but has fewer neighbors and thus has a smaller
binding energy than in the solid state. Therefore, the solid state
of colloid particles with short-range attractions has a lower
chemical potential than the condensed liquid phase. That
means that the coexisting protein-rich and protein-dilute liquid
phases are metastable with respect to the protein solid phases.
This is well established both theoretically and experimentally
for spherical colloids25,26 and for quasispherical globular
proteins exhibiting LLPS.27,28 Recent experimental studies
have confirmed that this is also true for Y-shaped IgG
molecules.7,29 In other words, if LLPS is observed in an IgG
solution, crystallization and colloidal aggregation can also occur
under the same solution conditions. That is why in protein
solutions LLPS can only be observed when, for kinetic reasons,
crystallization or aggregation occurs slowly after a significant lag
time required for nucleation.
Observation of LLPS is an indication of the strength of the

averaged overall interprotein attractive interactions which can
also drive crystallization and colloidal aggregation.4,5,8,19,30,31 As
explained above, these other condensates are in principle more
stable than coexisting liquid phases. Crystallization or colloidal
aggregation is therefore possible, but might take a long time, in
a range of conditions such as temperature, pH, ionic strength,
and adjuvant concentrations around conditions conducive to
LLPS. Thus, LLPS provides a universal tool for mapping the
colloidal stability of antibody solutions. Furthermore, antibod-
ies can also lose their solubility over time due to the
accumulation of chemical modifications such as oxidation and
deamidation.32,33 These chemical modifications could cause an
increase of the attractive interprotein interactions with or
without (partial) unfolding, and eventually lead to condensa-
tion. The LLPS temperature is a sensitive measure of the
collective attractions between proteins, and it may change in
the presence of modified proteins.34,35 Therefore, LLPS

temperature can also serve as a useful indicator of the colloidal
stability of the antibody solution over long-term storage.
Despite the great potential of LLPS in evaluating colloidal

stability of therapeutic antibodies, the main constraint for its
application is the absence of LLPS in most antibody solutions.
While LLPS in some antibody solutions has been reported,2−8

in most antibody solutions the overall attractive interprotein
interactions are too weak to cause LLPS at temperatures above
the freezing point of the solution.29 In this work, we
demonstrate that poly(ethylene glycol) (PEG), a common
precipitant, can be used to induce LLPS in all antibody
solutions at temperatures above the freezing point of the
solution. With few exceptions, PEG is a “nonabsorbing”
polymer for proteins.13,36−39 Since PEG is excluded from the
contact area of the interacting proteins, the addition of PEG
alters neither the direct interprotein interaction nor the
interactions between proteins mediated by other small
molecules. Therefore, PEG-induced LLPS is a suitable method
to assess the colloidal stability of pharmaceutically relevant
antibody solutions. This method can also provide a basis for
systematic studies of the effects of various excipients on the
interprotein interactions and the colloidal stability of antibod-
ies. Such studies of PEG-induced LLPS may help make
judicious decisions during protein formulation development
and thus reduce time and resources needed for drug
development.
In this work, we demonstrate the utility of PEG-induced

LLPS by comparing the colloidal stability of different
monoclonal antibodies under different solution conditions. In
section 3.1, we first show that the precipitation of IgGs can be
induced by the addition of PEG, and the protein concentration
in the supernatant over the precipitates (referred hereafter as
the solubility) is a characteristic of each IgG under a given
solution condition. Then, in section 3.2, we demonstrate that
the PEG-induced precipitation is indeed liquid−liquid phase
separation in IgG solutions. In the following section (3.3), we
present examples of the utility of PEG-induced LLPS
measurements for comparing colloidal stability of IgGs under
various solution conditions. In section 3.4, we compare the
ability of PEGs with different molecular weights to induce
LLPS in IgG solutions. In the section 4.1, we explain the
rationale for using LLPS to evaluate the colloidal stability of
IgG solutions. In this section, we also discuss the technical pros
and cons of the solubility method in comparison with two other
alternative methods for characterizing PEG-induced LLPS. In
addition, we point out several considerations to be kept in mind
when performing the solubility measurement. In section 4.2, we
present an equation for describing the solubility reduction in
dilute IgG solutions as a function of PEG concentration. This
equation involves a phenomenological parameter, Δν, which
describes the increase of the solvent volume accessible to PEG
upon one protein molecule going from dilute into condensed
phase and serves to quantify the depletion interaction caused by
PEG. By fitting our experimental data using this equation, we
have calculated the parameter Δν for PEG with a molecular
weight 3350 Da. With the additional data for PEGs with
molecular weights of 1500, 4600, 6000, and 8000 Da, we have
also determined the dependence of Δν on PEG molecular
weight. With the value of Δν known, our equations allow a
prediction of reduction of IgG solubility upon LLPS at a given
PEG concentration and molecular weight. Finally, we introduce
the “binding energy” (εB) in the condensed phase, which can be
deduced from the solubility measurement, as the characteristic
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quantity representing the strength of attractive interactions
between antibodies. The experimental procedure for determi-
nation of εB can be readily automated and optimized for high-
throughput applications. In section 4.3, we discuss how the
binding energy εB can be used for quantifying the colloidal
stability of IgG solutions.

2. EXPERIMENTAL SECTION

2.1. Materials. Fully human monoclonal antibodies
(denoted as mAb 1, mAb 2, mAb 3, mAb 4, and mAb 5)
with purity greater than 95% were produced at Amgen Inc. All
these antibodies belong to the human IgG2 subclass. The
proteins were exhaustively dialyzed into the buffer used in the
experiments. The 10× PBS (phosphate buffered saline) was
purchased from Lonza (AccuGENE, Cat. # 51226, 0.017 M
KH2PO4, 0.05 M Na2HPO4, 1.5 M NaCl, pH 7.4) and diluted
ten times. The acetate buffer at pH near 5 was prepared from
high purity reagents and sterile filtered prior to use. Cell broth
(pH 6.9) was obtained from an Amgen CHO (Chinese hamster
ovary) cell culture process and clarified by centrifugation.
2.2. Solubility Measurement. PEG-induced precipitation

of the IgGs was investigated at 0 and 4 °C in the presence of
7−10% PEG-3350 in PBS at pH 7.2. In order to minimize
nonequilibrium precipitation, sample preparation consisted of
mixing 2× protein and 2× PEG solutions at a 1:1 volume ratio.
After mixing, samples were preincubated at 37 °C for a few
hours to redissolve nonequilibrium aggregates. Then, samples
were placed in a water bath (Ecoline RE 106, Lauda
Brinkmann) at either 0 or 4 °C and incubated for at least 24
h to reach equilibrium. The length of incubation was
established by testing samples with different starting protein
concentrations (1 and 2.5 mg/mL). After incubation, white
precipitates were observed at the bottom of the test tubes and
the supernatants were transparent. The samples were then
centrifuged for 30 s in a centrifuge chilled to the incubation
temperature. Aliquots of the supernatants (i.e., the dilute
phase) were immediately carefully removed. All the above
procedures we carried out in a cold room (4 °C). Thus,
obtained samples of the dilute phase were analyzed by cation
exchange chromatography (CEX). The CEX method was run
on an Agilent 1100 Series HPLC system using a ProPac WCX-
10 analytical column (weak cation exchange, 4 × 250 mm;
Dionex, Sunnyvale, CA) at ambient temperature and at a flow
rate of 0.8 mL/min.40 The column was equilibrated with buffer
A (20 mM acetate, 0.0025% sodium azide, pH 5.2), and the
protein was eluted with a linear gradient of buffer B (20 mM
acetate, 1 M sodium chloride, 0.0025% sodium azide, pH 5.2)
from 0 to 33% over 30 min. Following elution, the column was
washed with 100% buffer B for 2 min and re-equilibrated with
buffer A for 5.5 min. Data were analyzed using Dionex
Chromeleon software and the 280 nm signal was integrated to
estimate protein peak area. The protein concentration was
calculated on the basis of the chromatographic peak area
relative to a control sample with known concentration. It is
worth noting that the protein concentration can also be directly
measured using UV spectrometry in the solubility assay of pure
protein solutions. The absence of contamination from the
precipitates was assured by measuring the protein concen-
tration three times for the aliquots separately pipetted from
each centrifuged sample. We will call the measured protein
concentration in the supernatant “solubility” in the PEG-
induced precipitation experiments.

2.3. Turbidity Measurement. In the turbidity method, a
test tube containing the sample was placed in a thermostated
light-scattering stage, whose temperature was initially set to be
37 °C, at which the solution remained homogeneous. A laser
beam (He−Ne 4 mW, 633 nm) was directed through the
sample, and the transmitted intensity of light was detected by a
photodiode and registered to a power meter (1936-C,
Newport). The temperature of the sample was then lowered
by 0.2 °C every 5 min. At a particular temperature, Tcloud, the
sample became visibly cloudy and the transmitted intensity
rapidly dropped to below one tenth of the initial intensity. This
clouding marks the onset of phase separation and is due to the
formation of small droplets of a protein-rich phase in a dilute
solution. Upon clouding, the temperature was then raised and
the sample became clear again. The temperature at which
clarification occurs is denoted by Tclear. The average of Tcloud
and Tclear was taken as the LLPS temperature Tτ.

2.4. Quasielastic Light Scattering. All protein samples
were filtered through a 0.1 μm Millipore filter and placed in a
test tube. QLS experiments were performed on a light-
scattering apparatus using a PD2000DLSPLUS correlator
(Precision Detectors) and a Coherent He−Ne laser (35 mW,
632.8 nm; Coherent Radiation). The measurements were
performed at a scattering angle of 90°. The measured
correlation functions were analyzed by the Precision
Deconvolve 5.5 software (Precision Detectors). The correlation
functions were used to calculate the apparent diffusion
coefficients, D, of proteins in solutions.

3. RESULTS
3.1. Precipitation of IgG Induced by Addition of PEG.

For all the IgGs (mAb 1, mAb 2, mAb 3, mAb 4, and mAb 5) in
our study, protein precipitation was observed upon addition of
a sufficient amount of PEG into the protein solution (e.g.,
Figure 1A,B). Without PEG, none of these IgGs exhibited
precipitation at the same concentration and temperature for
over a week. During PEG-induced precipitation, IgGs in the
supernatant over the precipitates remained in their monomeric
form (e.g., Figure 2). The IgG concentration in the supernatant
dropped and eventually reached an equilibrium value after
incubating at a constant temperature (0 or 4 °C) for 24 h. The
equilibrium concentration of each IgG in the supernatant
depends on the incubation temperature and the amount of
PEG added (Figure 3). At the same temperature and PEG
concentration, the same equilibrium IgG concentration was
reached for the samples with different initial protein
concentrations. We can define this equilibrium concentration
as the “solubility” of the IgG under the specific solution
conditions.
As is shown in Figure 3, the solubility of IgGs decreases as

the PEG concentration increases, which is caused by the
attractive “depletion” interprotein interactions introduced by
PEG.13,36−39 Also, the solubility of IgGs increases with
temperature (Figure 3), i.e., the precipitate dissolves upon
increasing the solution temperature. At a fixed temperature and
PEG concentration, the solubilities of the IgGs are different
from one another and increase in the order of mAb 3, mAb 1,
mAb 2, mAb 5, and mAb 4.

3.2. PEG-Induced Precipitation and Liquid−Liquid
Phase Separation. To elucidate the nature of the
precipitation observed in the solubility measurements above,
we studied in more detail the phase behavior of two of the
IgGs: mAb 1 and mAb 2. We found that the condensation of
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these IgGs in the presence of PEG is reversible and the
precipitates can be dissolved by increasing the solution
temperature. Under the light microscope, the morphology of
the IgG precipitates in our study appeared to be droplets
(Figure 1C).
We conducted turbidity measurements to determine the

temperature, Tτ, at which the phase transition takes place at
various PEG concentrations. The results are shown in Figure 4.

The temperature hysteresis, ΔT = Tclear − Tcloud, represented by
error bars in Figure 4 is always small, <2 °C. This hysteresis is
inherent in turbidity measurements because the time needed
for precipitate nucleation at Tcloud < Tτ and for its dissolution at
Tclear > Tτ increases substantially when Tclear and Tcloud approach
Tτ. A small hysteresis suggests that the protein condensed
phase is a liquid phase rather than a crystal. Indeed, the
precipitation of IgG that we observed experimentally in the
presence of PEG occurred nearly instantly when the temper-
ature was below Tcloud. In contrast, crystallization near the
liquidus line typically exhibits a substantial time lag due to the
slow nucleation process. These observations confirm that the
PEG-induced precipitation is a liquid−liquid phase separation
(LLPS).
In the turbidity measurements, we measure the LLPS

temperature at a fixed protein concentration. In the solubility
measurements, we measure protein concentration in the
supernatant at a fixed temperature. These two types of
measurements should produce the same results. In Figure 5,
we evaluate the consistency between the coexistence curves
measured by solubility and turbidity methods. In this figure, we
show ascending part of the T−C phase diagrams, where the
temperature is plotted versus the IgG concentration at a fixed
PEG concentration. As expected for LLPS, the results of
solubility measurements and those of turbidity measurements

Figure 1. IgG precipitates produced by the addition of PEG. The
initial solution of 1 mg/mL mAb 1 and 10% (w/w) PEG3350 was
incubated at 21 °C. (A) The cloudy sample after 1 h incubation. (B)
The sample after overnight incubation and 30 s centrifugation at 2000g
at 21 °C. (C) The picture was taken with bright field microscope at 21
°C after 1 h incubation.

Figure 2. A CEX HPLC chromatogram of mAb 2 in the supernatant
after incubating a solution with 1 mg/mL mAb 2 and 8% (w/w)
PEG3350 at 0 °C for 3 days. A 1 mg/mL mAb 2 solution without PEG
after the same incubation is used as the control sample.

Figure 3. Equilibrium concentration of various IgGs in the supernatant
as a function of the initial PEG concentration after incubation at (A) 0
°C and (B) 4 °C.
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fall onto the same T−C phase boundary (typically a concave
downward curve over the whole range of protein concen-
tration) within experimental error. This consistency also
indicates that LLPS is observed in the solubility measurement.
3.3. PEG-Induced LLPS under Various Solution

Conditions. The depletion forces introduced by PEG produce
a purely entropic interprotein attraction which universally
applies to different proteins and solution conditions. (See
Supporting Information section I for a brief description of the
depletion force.) PEG molecules are excluded from the contact
area between two proteins in close proximity to each other
(Figure S1 in the Supporting Information). This absence
(depletion) of PEG from the contact area results in unbalanced
osmotic PEG pressure on the outsides of the proteins in
contact and thus produces the effective attraction between
these proteins. It is also important to note that, being excluded
from the contact area between interacting proteins, PEG per se
has little effect on native interprotein interactions.
PEG-induced LLPS of IgGs can be observed in solutions

which have various pHs, ionic strength, cosolvents, and
adjuvants. The amount of PEG required for inducing LLPS

at a given temperature and protein concentration depends on
the strength of “native” attractive interactions between proteins.
The stronger the attraction, the lower is the PEG concentration
needed. In sufficiently concentrated solutions of some IgGs,
e.g., mAb 1, LLPS can be observed without PEG,5,29 but usually
the attraction between IgGs is too weak to cause LLPS above
the freezing point, especially at low protein concentrations.
Then, the amount of PEG needed to induce phase separation
can be used as a measure of the strength of attractive
interactions between IgG molecules. Therefore, PEG-induced
LLPS provides a tool for evaluating the colloidal stability of an
IgG under different solution conditions. Below are three
examples of utilizing this approach.
First, we compared the colloidal stability of mAb2 in isotonic

PBS and in the formulation buffer (20 mM acetate buffer at pH
near 5) optimized for long-term storage of this pharmaceutical
IgG. Figure 6 shows that the amount of PEG required for
inducing IgG precipitation in the formulation buffer is much
higher (∼20%) than the amount of PEG required for
precipitation in PBS (∼10%) (see Figure 3B). Presumably,
the enhanced colloidal stability of IgG in the formulation buffer
is related to the fact that the protein molecules are highly
positively charged at pH near 5 (the isoelectric point of mAb 2
is equal to 7.2, which is the pH of PBS) and thus strongly repel
each other.
Second, we compared the colloidal stability of IgGs in CHO

(Chinese hamster ovary) cell culture media used for
monoclonal antibody production. LLPS in IgG solutions was
induced with 8% PEG3350. As shown in Figure 7, the rank
ordering of solubility of mAb 1, mAb 2, mAb 3, and mAb 4 in
the centrifuge clarified cell culture fluid (pH 6.9 ± 0.1) is
essentially the same as that in PBS (pH 7.2). This result
suggests that PBS might be a viable surrogate for the
experimental study of protein stability in cell culture media.
Lastly, we studied the PEG-induced LLPS in IgG mixture

solutions. To increase throughput capacity of detecting
pharmaceutical IgGs with low colloidal stability it might be
advantageous to observe PEG-induced precipitation in mixtures
of several IgGs at once. Here, we studied a mixture of mAb 1
and mAb 2 as an example. In pure IgG solutions, precipitation
of mAb 1, and not mAb 2, can be induced with 6% PEG3350 at
0 °C (Figure 8A). With the same amount of PEG,
coprecipitation of mAb 1 and mAb 2 can be induced in the
mixture solution at 0 °C (Figure 8B). This result suggests that
there is an attractive cross-interaction between mAb 1 and mAb
2 and the average magnitude of the mAb 1−mAb 2 interaction
and the mAb 2−mAb 2 interaction is comparable to that of the
mAb 1−mAb 1 interaction. This implication is directly
confirmed by measuring the pairwise interaction using QLS
measurements (Figure S2 in the Supporting Information). In
the QLS measurements, the diffusion coefficients, D, of the
IgGs were measured as a function of protein concentration.
The diffusion coefficients, D0, of the IgGs in the infinitely dilute
solution were deduced by extrapolation to zero protein
concentration. In Figure S2 in the Supporting Information,
the normalized diffusion coefficients, D̃ = D/D0, of pure mAb 1
and mAb 2, as well as their 1:1 mixture, are plotted as a
function of IgG concentration. At relatively low protein
concentration, the slope dD̃/dc1 qualitatively signifies pairwise
net interprotein interaction: a negative sign of the slope
indicates an attraction, a positive sign usually indicates
repulsion, and the magnitude of the slope indicates the
strength of interprotein interaction. Thus, Figure S2 in the

Figure 4. Condensation temperature, Tτ, as a function of PEG
concentration at fixed protein concentration determined in turbidity
measurement. The lower and upper ends of error bars represent
respectively the clouding temperature, Tcloud, at which the precipitation
begins and the clearing temperature, Tclear, at which the precipitates
dissolve. The average of Tcloud and Tclear is taken as the Tτ. The solid
lines are the linear regression fittings of Tτ ‘s.
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Supporting Information shows that both mAb 1 and mAb 2
have attractive interprotein interactions and that interprotein
attraction between mAb 1 proteins is stronger than that
between mAb 2 proteins. In the mixture, the averaged

interprotein interaction is comparable to that of the pure
mAb 1 solution. These results for pairwise interaction measured
by QLS are consistent with conclusions derived from the PEG-
induced LLPS experiments.

Figure 5. The T−C phase boundaries (coexistence curves) of mAb 1 and mAb 2 at different PEG concentrations. The solid points are data taken
from the solubility measurements shown in Figure 3. The open points are data taken from turbidity measurements shown in Figure 4. The two sets
of data consistently fall on the typical concave downward T−C phase boundaries shown by the dashed eye guide lines.

Figure 6. Solubility of mAb 2 in formulation buffer (acetate buffer at
pH near 5) at two different PEG3350 concentrations incubated at 4
°C.

Figure 7. Comparison of the solubility of mAb 1, mAb 2, mAb 3, and
mAb 4 in CHO cell culture media (open bars) and isotonic PBS
(dashed bars) with 8% PEG3350 at 4 °C.
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3.4. Effect of PEG Molecular Weight on the
Precipitation of IgG. We have conducted solubility measure-
ments to evaluate the effect of PEG molecular weight on the
PEG-induced precipitation of IgGs. In these experiments, we
have used PEG with different molecular weights (1500, 3350,
4600, 6000, and 8000 g/mol) to induce protein precipitation in
mAb 2 solutions in PBS at 4 °C. The protein concentration in
the supernatants was measured at different initial PEG
concentrations (Figure 9). It is shown in Figure 9 that, at the
same temperature and PEG concentration, the solubility of IgG
decreases as the molecular weight of PEG increases. This result
is in accordance with the dependence of depletion force on
PEG molecular weight. PEG with larger molecular weight
produces larger depletion interactions between protein
molecules.13,36

4. DISCUSSION
4.1. PEG-Induced LLPS As a Tool for Evaluation of

Protein Colloidal Stability. LLPS in protein solutions is
caused by the net attractive interprotein interactions which are
sufficiently weak to permit reorientation of protein molecules in
the condensed phase. The attractive interactions can also cause
crystallization and/or colloidal aggregation (i.e., aggregation
not associated with protein structure changes) of proteins in
sufficiently concentrated solutions. In protein solutions, when
the range of interprotein interactions is short relative to the size

of the protein molecules, LLPS is thermodynamically
metastable with respect to crystallization and aggrega-
tion.7,27−29 In other words, under solution conditions resulting
in LLPS, crystallization and/or aggregation of proteins can also
take place. However, crystallization and aggregation often are
limited by slow nucleation kinetics and do not occur within a
short period of time. That allows for an experimental
observation of LLPS. It follows that IgGs with a high propensity
to undergo LLPS may possibly crystallize or aggregate even
without the presence of PEG. Clearly, the possibility that
crystallization and/or aggregation of a particular IgG may occur
under given solution conditions is of great importance not only
for long-term storage but also because various sample handling
processes may facilitate nucleation of crystals or aggregates.
The colloidal stability of an IgG solution depends on both the
inherent properties of the IgG and the solution conditions
(including pH, ionic strength, salts, cosolvents, and other
excipients). We discuss here the use of PEG-induced LLPS
measurements for high-throughput evaluation of the colloidal
stability of different IgGs under different solution conditions.
LLPS in a protein−PEG solution is fully characterized by the

coexistence surface in the three-dimensional space of state
variables: IgG concentration c1, PEG concentration c2, and
solution temperature T (assuming that all other solution
components partition evenly in the two coexisting phases). For
both the concentrated and the dilute coexisting phases of a
particular IgG, when two of these state variables are fixed, the
third one is also fixed. Therefore, we can determine the location
of the coexistence surface by measuring any one of these state
variables in the equilibrated coexisting phase, while keeping the
other two quantities fixed.
With this principle in mind, three types of PEG-induced

LLPS experiments can be used to test the colloidal stability of
IgGs. These experiments include the following: (1) the
turbidity measurements at constant protein concentration c1
and PEG concentration c2; (2) the “PEG titration”, i.e.,
measurements of the minimal concentration of PEG needed to
induce precipitation at given T and c1; and (3) the solubility

Figure 8. Protein concentrations in the supernatant after an incubation
of (A) 1 mg/mL pure mAb 1 and mAb 2 solutions and (B) their 1:1
mixture solution containing 1 mg/mL total protein at 0 °C.

Figure 9. Measurements of mAb 2 precipitation induced by PEG with
different molecular weight in PBS at 4 °C. The protein concentration
in the supernatant is plotted versus the PEG concentration in the
samples. The data points for PEG1500 are shown in the inset for the
readability of other data. The axes of the inset are in the same units as
the main figure.
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measurements at constant T and c2, i.e., the main method used
in this article. From the perspective of fundamental physics,
these experiments are equivalent. However, the three methods
are quite different technically. In the turbidity measurements,
one of the state variables, temperature, is changed until phase
separation takes place resulting in clouding of the sample. The
advantage of this method is that it is easy to locate the LLPS
phase boundary with high precision as the whole range of
temperature (from ∼−8 to 40 °C) can be screened within a
relatively short period of time (∼30 min). Furthermore, the
sample does not need to reach equilibrium after precipitation
commences and the sample temperature can be easily changed
back and forth allowing for accurate determination of Tτ, as
described in the Experimental Section. Similarly, in the PEG
titration method, the PEG concentration can be increased at a
fixed temperature until transition occurs. However, to change
PEG concentration at a constant c1 is much less convenient
than changing the temperature.
The solubility method seems to be more preferable in

industrial applications, since it can be used for high-throughput
measurements of samples with very low protein concentrations
and it does not require an optical setup needed for the turbidity
measurements. In solubility measurements, the change in
concentration of the protein in solution occurs by itself in the
process of phase separation after the homogeneous sample has
been brought into a thermodynamically unstable state by the
addition of PEG and reduction of temperature. Though this
method requires time for the two coexisting phases to reach
thermodynamic equilibrium, it is more conducive to high-
throughput measurements. Indeed, multiple samples can be
incubated and centrifuged simultaneously, leaving the concen-
tration measurement as the only required operation per
individual sample. Thus, the solubility method is ideal for
evaluating the colloidal stability of IgG solutions in industrial
applications when the number of therapeutic candidates is
large, and a high-throughput capability is desired. Furthermore,
the solubility method can easily be applied to solutions
containing multiple IgGs. Measurement of PEG-induced
precipitation of IgG mixtures not only assesses the propensity
of individual IgGs to undergo colloidal aggregation but also
characterizes the cross-interaction between different proteins.
The solubility of an IgG in a mixture is not well-defined since
the equilibrium concentration of an IgG in the supernatant
depends on initial concentrations of all precipitating IgGs due
to their cross-interaction. Therefore, PEG-induced precipitation
in mixtures provides a qualitative test of the colloidal stability of
IgGs, rather than a quantitative test as in the case of pure IgG
solutions. However, for industrial applications, PEG-induced
precipitation in IgG mixtures may prove to be very useful
because it allows screening many proteins simultaneously. The
precipitating IgGs among many candidates in the mixture must
include the potentially unstable (less soluble) IgGs which then
can be quickly identified. A similar idea was previously
discussed for the ammonium sulfate precipitation method.9

When using the solubility method, the possibility of
crystallization or aggregation should be taken into consid-
eration. It is known that LLPS is thermodynamically metastable
with respect to crystallization, which is usually kinetically
unfavorable and slow. In the solubility measurement, protein
solutions need to be incubated at constant temperature for
relatively long time in order to reach equilibrium. If crystals
form during the incubation time, the measured solubility would
be lower than that determined in the turbidity measurement

under the same solution conditions.7,29 In our study, none of
the IgGs crystallized readily. Obviously, an IgG that easily
crystallizes has low colloidal stability. However, it is not
physically meaningful to compare the solubility in crystal-
lization to that defined in LLPS. Therefore, when an IgG shows
exceptionally low solubility in the solubility measurements, it is
important to verify the absence of crystals by using either light
microscope or comparison with the turbidity measurements. At
the same time, identification of “crystallizable” IgGs could be
valuable both for research and for the development of novel,
crystalline formulations.
As we can see from Figure 3 and Figure 5, the absolute

difference between the solubility of different IgGs is most
prominent at lower PEG concentrations. This observation is a
trivial reflection of the fact that, at high PEG concentration, all
IgGs have low solubility and their solubility differences are
therefore also small. This result suggests that, in the practical
application, the minimal concentration of PEG sufficient to
cause precipitation should be used in the PEG-induced LLPS
test. Since all IgG molecules have a similar geometry, the
magnitude of the depletion force is approximately the same for
all IgGs. Furthermore, the major portions of IgGs have the
same amino acid sequence, and therefore the relative variation
in the energy of overall interprotein interaction is expected to
be small. Thus, at a protein concentration of 1 mg/mL, the
PEG3350 concentrations between 7% and 10% used in this
work are expected to be an optimal range for the PEG-induced
precipitation test of the colloidal stability of most antibody
solutions at pH near 7.

4.2. A Phenomenological Theory for PEG-Induced
Solubility Shift in Dilute IgG Solutions. In this work, we
have focused our attention on the observation of LLPS at low
IgG concentrations. Such experiments are of particular interest
for evaluating interprotein interactions and colloidal stability of
IgG solutions in practical applications. Furthermore, LLPS at
very low protein concentrations (far away from the critical
point) produces a very dilute protein-poor phase in equilibrium
with a very dense condensed phase. In this limiting case, the
dilute phase is ideal, PEG concentration in the condensed
phase is negligible, and the condensed phase itself is
incompressible. Consequently, the solubility as a function of
PEG concentration is given by an equation with two
phenomenological parameters, εB and Δν (for derivation see
Supporting Information section II):

ν ε
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NA is Avogadro’s number, k is the Boltzmann constant, T is the
absolute temperature, and ν0 is the volume per protein
molecule in the condensed phase. With the incompressible
approximation, ν0 is a constant for similarly shaped IgGs and its
value is determined to be ∼227 nm3 (see Supporting
Information for detailed discussion). Π2 is the osmotic pressure
of PEG, which can be calculated knowing PEG concentration
and molecular weight using an semiempirical equation of
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where c2 is the weight fraction of PEG in the solution, ρ ≅ 1 g/
mL is the density of the solution, and M2 is the molecular
weight of PEG. Here, c2* ≡ ρσ−0.8/v2̃ is the scaling factor for the
dilute−semidilute crossover concentration of PEG, where σ is
the number of monomer units in a PEG molecule and v2̃ =
0.825 mL/g is the partial specific volume of PEG.41

With eq 1 in mind, we plotted the experimental data shown
in Figure 3 as the logarithm of the solubility, ln(c1

I/c0), versus
the reduced osmotic pressure of PEG, Π2/NAkT (Figure S3 in
the Supporting Information). c0 is 1 mg/mL to make the
argument of logarithm being dimensionless. In Figure S3 in the
Supporting Information, ln(c1

I/c0) is proportional to Π2/NAkT,
and the lines of the data points for different IgGs are essentially
parallel but located at different places. Thus, these two
parameters in eq 1 can be determined from the PEG-induced
LLPS experiments for given PEG and IgG solution. Δν is the
magnitude of the slope of the lines in Figure S3 (Supporting
Information) divided by NA, and it has the dimension of
volume. εB is the negative of the intercept at Π2 = 0 less the
constant, ln(ν0NAc0/M1).
As explained in the Supporting Information, Δν is a

difference between solvent volumes made inaccessible to PEG
by a protein molecule in the dilute and in the condensed phase.
Since Δν is the proportionality coefficient for the dependence
of protein solubility on osmotic pressure of PEG, it
characterizes the effect of PEG on interprotein interaction.
The larger Δν is, the stronger is the PEG’s effect on inducing
LLPS. In Figure S3 in the Supporting Information, the lines of
the data points for different IgGs have very similar slopes. The
corresponding values of Δν for PEG3350 are listed in Table 1.
Δν values for the different IgGs at different temperatures are all
the same within the experimental error (∼108 nm3 with a
standard deviation of ∼8%). Observation of a universal value of
Δν is consistent with two facts: first, all IgGs have a common
molecular geometry; second, the depletion interaction is the
major effect of PEG on the IgGs in our experiments, and
specific interactions between PEG and the antibodies are
negligible.
The depletion interaction caused by PEG should depend on

the size (molecular weight) of PEG.36 Indeed, we expect that in
the dilute phase the volume of the depletion layer scales linearly
with the PEG size (Figure S1 in the Supporting Information)
Using the experimental data shown in Figure 9 (see Figure S4
in the Supporting Information), the values of Δν for PEG with
different molecular weights are determined (Table 2). In Figure

S5 in the Supporting Information, Δν for PEGs with different
molecular weights is plotted versus the gyration radius, Rg, of
PEG. Rg of PEG is calculated using the relation Rg ≅
0.0287M2

0.55.13 The dependence of Δν on Rg shown in Figure
S5 in the Supporting Information can be described by Δν =
ARg − δ0, where the slope and the intercept of the linear fitting
are determined to be A = 55 ± 7 nm2 and δ0 = 50 ± 20 nm3.
(See Supporting Information section III for the physical
interpretation of parameters of A and δ0.) In the framework
of depletion interaction, this empirical equation can be applied
to calculate Δν from PEG molecular weight for the PEG−IgG
solutions. With Δν known, the dependence of IgG solubility on
the molecular weight and concentration of PEG at a given
temperature can be predicted using eq 1.
We now consider the parameter εB in eq 1. This parameter

reflects the intrinsic colloidal stability of the IgG solution
without the presence of PEG. When LLPS occurs in dilute
solutions, the protein concentration in the condensed phase is
very high and the protein molecules are closely packed.5 If we
consider the concentrated phase as nearly incompressible (as is
the case in the solid crystalline phase), a binding energy, εB, of
IgGs (analogous to that in crystals) can be defined as the excess
chemical potential of IgG in the condensed phase due to the
interprotein interactions. Using the solubility data (Figure S3 in
the Supporting Information), we have calculated values of εB
for different IgGs (Table 1). The binding energy εB
characterizes the propensity of a particular IgG to undergo
LLPS. In Table 1, the values of εB of different IgGs follow the
inversed order of their solubility at a fixed temperature. In
Table 2, we also reported εB for an IgG determined in
experiments with different PEGs. The values of εB are
essentially the same when taking into account the uncertainty
produced by the osmotic pressure equation. This consistency
implies the validity of the approximation of an incompressible
protein-dense phase in our experiments. For a given PEG,
volumes ν0 and Δν are universal for all identically shaped IgGs.
Therefore, using the values for ν0 and Δν reported here and eq
1 the binding energy εB for any IgG at a particular solution
condition can be computed from a single PEG precipitation
experiment.
When using eq 1 to calculate εB, it is important to keep in

mind two considerations. First, eq 1 is derived in the limit of
dilute solutions where the approximation of incompressible
liquid condensed phase is valid. At high protein concentrations,
ν0 in eq 1 varies with the initial protein concentration and can

Table 1. Volumes of Depletion Layer Δν Excluded for PEG3350 by an IgG Molecule and the Binding Energy of IgGs in the
Precipitates at 0 and 4 °C

mAb 3 mAb 1 mAb 2 mAb 5 mAb 4

Δν (nm3)
0 °C 93 ± 9 103 ± 6 112 ± 8 115 116 ± 4
4 °C 111 ± 9 105 ± 6 105 ± 5 123 ± 9

NAεB (kJ/mol)
0 °C 16 ± 1 12.2 ± 0.5 10.9 ± 0.7 9.4 9.0 ± 0.4
4 °C 13.2 ± 0.7 10.9 ± 0.5 10.1 ± 0.4 7.1 ± 0.7

Table 2. Volumes of Depletion Layer Δν for PEG with Different Molecular Weights and the Binding Energy of mAb 2 in the
Precipitates at 4 °C

PEG PEG1500 PEG 3350 PEG4600 PEG6000 PEG8000

Δν (nm3) 30 ± 6 110 ± 20 110 ± 20 130 ± 20 160 ± 30
NAεB (kJ/mol) 10 ± 1 10 ± 1 11.9 ± 0.9 11.6 ± 0.9 11.7 ± 0.9
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only be modeled with the full knowledge of packing
configurations of protein molecules in the condensed phase.
One way to evaluate the applicability of eq 1 is to perform the
PEG-induced LLPS experiments at two different initial protein
concentrations and check the consistency between the values of
εB computed from the two experiments. Another consideration
in applying eq 1 is that the universality of Δν for a PEG with
given molecular weight was deduced from the depletion force
caused by PEG. In principle, proteins can have specific
interaction with PEG.42 In this case, eq 1 still can be used to
calculate εB, but the value of Δν needs to be determined for the
specific protein by conducting the PEG-precipitation experi-
ments at different PEG concentrations. Since IgGs within the
same subclass have the same size, shape, and amino acids in
most parts of the molecule, universality of Δν is expected to
hold for most members within the subclass. The IgGs in our
experiments belong to the human IgG2 subclass. The IgG
molecules from other subclasses also have similar size and
shape to IgG2, thus Δν is expected to have a similar value when
the depletion force is the major effect of PEG. Also, within the
framework of depletion force, Δν should not be sensitive to the
solution conditions (e.g., pH and ionic strength). In future
studies, it would be valuable to evaluate the universality of Δν
among different IgG subclasses and under different solution
conditions. Establishing the range of universality of Δν and the
suitable protein concentration range can help to reduce the
number of experiments needed for a reliable PEG-induced
LLPS assay.
4.3. Binding Energy and the Colloidal Stability of

Protein Solutions. The binding energy calculated from eq 1 is
the effective potential energy of a protein molecule in the liquid
condensed phase. This binding energy is a measure of the
overall attractive interprotein interaction. A large positive value
of εB indicates a strong attractive interaction. The attractive
interaction also leads to crystallization and colloidal aggrega-
tion. As we discussed above, the liquid protein condensates
formed in LLPS are metastable and have higher chemical
potential than solid protein condensates. In other words, the
binding energy εB for a condensed liquid phase provides a
lower estimate on the binding energy in crystals and colloidal
aggregates. With larger binding energies crystallization or
colloidal aggregation can occur at a much broader range of
conditions, including at higher temperature than that required
for LLPS. While in the short term solubility measurements,
crystallization, and colloidal aggregation may not happen due to
the slow nucleation kinetics, it is much more likely to take place
during the long-term storage of the IgG solutions. Nucleation
can also be facilitated during the manufacturing and
formulation processes due to solution exposure to various
interfaces, such as container inner surfaces or air. Furthermore,
the accumulation of chemically modified proteins during the
long-term storage could cause an increase of the attractive
interprotein interactions. From this perspective, the proteins
having larger initial attraction would be more susceptible to
aggregation over time. Thus, εB is an important characteristic
that can be used to compare the colloidal stability of different
IgG solutions. Since the interprotein interaction depends on
both the protein surface chemistry and the solution conditions,
the binding energy can also be used to evaluate the colloidal
stability of proteins under various formulation conditions such
as pH, ionic strength, and excipients. Under a stable
formulation condition, the binding energy can have negative
values which suggest an overall repulsive interprotein

interaction. When the repulsive interaction is too strong, e.g.,
at pH far away from pI and low ionic strength, it is conceivable
that the PEG-induced depletion force would not be enough to
cause LLPS even at very high PEG concentration (e.g., >30%
w/w). However, in this case, colloidal stability should not be of
concern and the formulation efforts may be directed to prevent
aggregation caused by protein unfolding.

5. CONCLUSIONS

In this work, we have shown that liquid−liquid phase
separation can be widely observed in IgG solutions. We
demonstrated experimentally that such phase separation can be
induced by PEG at IgG concentrations even below 1 mg/mL,
and measured the solubility (the concentration of the dilute
phase) of a number of IgGs at various PEG concentrations and
temperatures. We have found that our experimental data can be
well described by a simple equation assuming that the
condensed phase is essentially incompressible. This equation
involves two parameters: the difference between the volumes
excluded for PEG by the IgG molecule in the dilute and the
condensed phases, Δν, and the binding energy of IgG in the
condensed liquid phase, εB. We have demonstrated that Δν for
a given PEG size is the same for all IgGs in our experiments,
and have deduced from the experimental data the phenom-
enological equation for computing Δν for PEGs with different
molecular weights. The binding energy, εB, is a measure of the
net attractive interactions between IgG molecules. It is a lower
estimate of the binding energy in crystals and colloidal
aggregates and can serve as a comparative characterization
tool of the colloidal stability of IgG under given solution
conditions.
Knowing Δν, εB can be determined by a single solubility

measurement. Large positive value of εB signifies strong
attractions between IgG molecules and consequently a low
colloidal stability. Thus, the solubility test serves as a
quantitative assay of the colloidal stability of the protein
solutions. Our experimental work and theoretical analysis
provides a foundation for using the PEG-induced LLPS test to
assess the likelihood of protein precipitation during various
stages of formulation and as a result of the potential protein
degradation on long-term storage. This solubility test of the
colloidal stability is conducted directly under the solution
conditions used in production or storage of the protein. It is
also feasible to use the solubility measurements in the mixtures
of multiple IgG pharmaceutical candidates as a high-throughput
screening test in the early stage of drug development.
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Quantitative Evaluation of Colloidal Stability of Antibody Solutions using 

PEG-induced Liquid-Liquid Phase Separation 

 

I. Depletion force induced by PEG 

Liquid-liquid phase separation of IgG’s results from the net attractive inter-protein 

interaction. The stronger the attraction, the higher is the LLPS temperature. For most IgG’s, the 

attractive interaction is so weak that LLPS cannot be practically observed as it theoretically 

occurs at temperature below the freezing point of the solution (~–7°C observed in our 

experiments). PEG introduces additional isotropic attractive inter-protein interactions, due to 

the so called depletion force (1-5), and thereby induces LLPS of IgG’s at elevated temperatures.  

The depletion force results from the steric exclusion of the PEG molecules from the 

vicinity of the protein molecules. This exclusion is characterized by the so called depletion layer 

around a protein molecule which is not accessible to the center of mass of PEG molecules (Fig. 

S1). Clearly, the thickness of the depletion layer is proportional to the linear size of the PEG 

molecule. For most proteins, the specific attractive interactions between PEG and protein are 

negligible as compared to the depletion force. The Helmholtz free energy of a protein-PEG 

mixture solution of volume � is a sum of the protein free energy (��), and the PEG free energy 

(��): 

   � � �����,, �, 	
 � �����, ��� , 	�  Eq.S1  

where N1 and N2 are, respectively, the numbers of protein and PEG molecules and ��� is the 

volume accessible to PEG molecules. Let us assume that two protein molecules come into 

proximity of each other so that their depletion layers overlap by volume ��. Then the volume 

accessible to PEG is increased to ��� � �� and the free energy of the system is changed by  

���
�����

∙ �� � ��� ∙ �� , where �� is the osmotic pressure of PEG molecules. The depletion 

force can be interpreted as resulting from the osmotic pressure exerted on the protein 

molecules from the outside which is not compensated by the osmotic pressure from within the 



overlap volume ��. Clearly, for non-spherical molecules such as IgG’s the depletion force is a 

function of the mutual orientation of the IgG molecules. Furthermore, PEG is a deformable 

polymer which cannot be completely excluded even from a small gap between IgG molecules. 

Therefore, the accurate description of the overlap volume �� between IgG molecules is quite 

complicated. Nevertheless, as in the case of spherical proteins, the effective volume of the 

depletion layer per IgG molecule can be evaluated as the product of surface area of the 

depletion layer times an effective thickness proportional to the radius of the PEG molecule.   

II. LLPS in dilute protein-PEG mixture solutions 

LLPS in very dilute solutions is amenable to rather simple qualitative theoretical analysis. 

The simplification is brought about by the fact that far below the critical temperature a very 

dilute phase coexists with a very concentrated phase.(6) The dilute phase is then essentially an 

ideal solution, while the concentrated phase can be approximately considered incompressible, 

i.e. its properties, including density (or volume per protein molecule) and the chemical 

potential of the protein molecules, are nearly independent of the osmotic pressure. This is 

analogous to water-vapor equilibrium, where at room temperature, far below the critical 

temperature of 374 °C, vapor (dilute phase) is an ideal gas while water (dense phase) is 

practically incompressible.  

In a pure protein solution, the free energy of the protein in two coexisting phases I and II 

is �����, �, 	� � ������� , �� , 	� � ��������� , ��� , 	� . Here ��	and ��  is the number of protein 

molecules and volume of phase I (dilute), where ���� � �� � ���  and ��� � � � ��  is the 

number of protein molecules and volume of phase II (condensed). At equilibrium, the free 

energy should be at a minimum with respect to the variables, ��� 	and  �� . That leads to equality 

of the chemical potentials  �� � ���
� !�

� ����
� !��

� ��� and of the osmotic pressures � ���
��� � �

����
����  

in both coexisting phases. When the dilute phase is ideal and the condensed phase is 

incompressible, we can write the chemical potential of the dilute and condensed phases as: 

�� � �" � #	$%�&'(���, and ��� � �" � )*  where &' and )* are, respectively, the volume per 

protein molecule and the binding energy in the condensed phase. �" is the standard chemical 



potential of the IgG molecule in the incompressible condense phase without the presence of 

inter-protein interactions. Then the molar concentration of the dilute phase (�� ≡  !�
��  is given by 

the Arrhenius law, (�� � �
,-
./0 1� 23

456. The equality of osmotic pressures in both phases is 

established by minimal adjustments of the density of the nearly incompressible condensed 

phase.  

As we discussed before, LLPS does not normally occur in pure IgG solutions at low 

concentrations above the solvent freezing temperature. Thus, PEG always has to be added so 

that LLPS can occur in dilute IgG solutions.  Again, far below the critical point, when the dilute 

phase is ideal and the condensed phase is practically incompressible, PEG partitions exclusively 

into the dilute phase. In our experiments reported here, the initial protein concentration in the 

sample is 1 mg/mL. The coexisting liquid precipitates should have a protein concentration of at 

least 300 mg/mL.(6, 7) At such high protein concentrations, the IgG molecules are closely 

packed together leaving little room for PEG molecules, and the PEG concentration in the 

precipitates is essentially zero. Therefore, addition of PEG has little effect on properties of the 

condensed phase including the chemical potential of protein ���, which remains a function of 

the temperature only. If PEG is effectively excluded from the condensed phase, the volume 

accessible to PEG can be written as ���� � � � ��� � ���& , where & is the volume excluded for 

PEG by one individual protein molecule in the dilute phase. Since the overlap of the depletion 

layers in the dilute phase is negligible, & includes the volume of protein itself and depletion 

layer around it. The volume for the condensed phase can be written as ��� � ���� ∙ &'. Thus, 

���� � � � ��&' � ���7&, where 7& � & � &'  is the difference of the PEG-excluded volume 

per protein molecule in the dilute and the condensed phases. Clearly, & 8 &' since in the 

condensed phase the depletion layers around protein molecules overlap significantly. Thus, 7& 

always has a positive value. According to Eq.S1 the contribution of the PEG to the chemical 

potential of the protein in the dilute phase is  
���
� !�

� ���
�����

�����
� !�

. Since  	 ��������
� ��� , 

�� � �" � #	$%�&'(��� � ��7&         Eq. S2 



Since in our approximation the chemical potential of the condensed phase,  ��� � �" � )* is 

not affected by the presence of PEG, we conclude that in equilibrium �� also remains the same 

and the protein solubility, in mg/mL units, in the presence of PEG is described by: 

ln�&'(��� � �7& ;�45 �
23
45 Eq. S3 

Note that term ��7& is in fact the work done by osmotic pressure of PEG as it expands into 

volume 7& freed upon incorporation of the protein molecule into the condensed phase.  By 

converting the molar concentration of protein, (��, to the mass concentration, <��, we obtain 

Eq.1 from Eq.S3. 

 

III. Dependence of => on PEG molecular weight 

By definition, 7& � & � &' characterizes the difference between the excluded volume 

for PEG by one IgG molecule in the coexisting dilute phase (supernatant) and condensed phase 

(liquid precipitates). In the dilute phase, the protein molecules are far from each other, and the 

depletion layers for different protein molecules do not overlap. Thus, the volume of the 

depletion layer is equal to its thickness, r, multiplied by its surface area, a. Since IgG’s have a 

similar size and shape, the value of a can be assumed to be a constant for all IgG’s. The 

thickness of the depletion layer, r, is proportional to the gyration radius of PEG, Rg, i.e. 	? � @AB. 

Thus,	& � C � DAB, where C is the volume of a protein molecule and D ≡ E@. In the condensed 

phase, protein molecules are closely packed. In this case, the depletion layers around different 

protein molecules are highly overlapped, and the total depletion zone includes essentially all 

empty spaces that are not occupied by the protein molecules. In other words, F' is simply the 

volume per IgG molecule in the condensed phase. When LLPS occurs in dilute protein solutions, 

the protein concentration in the condensed phase is quite high and depends very little on the 

initial protein concentration, temperature and the PEG concentration. Therefore, in our 

experiments, &' can be considered as a constant independent of the solution conditions. The 

approximation of constant A and &'  has been validated by the universal value of ∆& for 



different IgG’s measured in the experiments with PEG3350 described in the last section. With 

above considerations, the expression of ∆& can be rewritten as: 

7& � DAB � �'  Eq.S4 

where �' � &' � C is the “empty space” per protein molecule, not occupied by the IgG itself, in 

the condensed phase. Fitting the experimental data we have determined that D � 55±7 nm
2
 

and �' � 50±20 nm
3
 for the PEG-IgG solutions. These values of the parameters D and �' are 

result of extrapolation and should not be interpreted as actual area of antibody surface and 

empty volume per antibody in condensed phase. We have also presented in Fig. S5 the values 

of ∆&’s calculated using another phenomenological expression for osmotic pressure described 

in reference (8). While the ∆&’s calculated using these two equations are essentially consistent 

with each other, the slope and  the intercept (70 nm
2
 and 90 nm

3
) derived using the second 

osmotic pressure equation are somewhat different from the results obtained using Eq.4 in the 

main text. Furthermore, Eq.S4 itself is only justifiable when Rg<<R where R is the characteristic 

curvature of the protein surface. The PEG-IgG pair is of course not in this limit. Thus, Eq.S4 is 

actually a phenomenological equation that reflects experimentally observed linear relationship 

between ∆& and Rg. The phenomenological nature of Eq.S4 does not diminish its practical value 

for predicting the dependence of IgG solubility (for LLPS) on the PEG molecular weight and 

concentration. 

Interestingly, on the qualitative level, the numerical values of the parameters D and �' 

make sense in terms of physical properties of IgG and PEG molecules in the protein condensed 

phase. Indeed, the value of parameter @ defined as the ratio of the thickness of the depletion 

layer to the gyration radius of PEG in the dilute region, @ � ?/AB, has been determined to be 

~0.5 at low PEG concentrations in the solutions of quasi-spherical proteins.(1, 2) At high PEG 

concentrations, @ is expected to be smaller than 0.5 due to the repulsions between PEG 

molecules.(9) The area of the depletion layer, a, around the non-spherical IgG molecules is 

difficult to evaluate. On the other hand, an equivalent sphere with the same volume as an IgG 

molecule should have the minimum surface area. It is reasonable to speculate that a is larger 

than this minimum surface area, ~152nm
2
 which is estimated using the molecular weight I� ≅ 



150,000Da and molecular density K� ≅ 1.4 g/mL for IgG’s (10). With all the approximations 

made in the estimation, the value of D (55 nm
2
) determined in our experiment is surprisingly 

close to the value of 152× 0.5 = 76 nm
2
. From the value of �' (50nm

3
), we can estimate the 

solution volume per IgG molecule in the protein condensed phase, &' � C � �' ≅ 227nm
3
, 

where the molecular volume of IgG is C � I�/�LK�. This value of F' is very close to that of 

close-packing spheres (11) having the same density as the protein molecule, &MN = 239 nm
3
. 

Even though the shape of IgG molecules is far from spherical, the small value of &' indicates the 

dense packing of IgG molecules in the condensed phase. This is expected for the LLPS in very 

dilute protein solutions. In addition, if PEG is partially incorporated into the condensed phase, 

the volume excluded for PEG in the condensed phase, δ0, will be diminished.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig.S1. A schematic mechanism of the inter-protein depletion force induced by PEG. In (A), the overlap 

of depletion layers (gray areas) creates additional free volume (white areas) accessible for the PEG 

molecules. Thus, the spatial configuration of protein molecules in (A) is entropically more favorable than 

that in (B). 

 

Fig. S2. Normalized diffusion coefficients of pure mAb 1 and mAb 2, as well as their 1:1 mixture, 

measured by QLS as a function of protein concentration. 

 

 



Fig. S3.  ln�<�/<'� of different IgG’s as a function of PEG osmotic pressure �� at 0 °C and 4 °C using 

data of the solubility measurement shown in Fig. 3. All correlation coefficients, R
2
, of the linear 

regressions are higher than 0.99.  

  

 

 

 

 

 

 



Fig.S4.  ln�<�/<'� of IgG mAb 2 as a function of PEG osmotic pressure �� for PEG with different 

molecular weight at 4 °C using data of the solubility measurement in Fig. 9. The data points for PEG1500 

are shown in the inset for the readability of other data. The axis’s of the inset are in the same units as 

the main figure. All correlation coefficients, R
2
, of the linear regressions are higher than 0.99. 

 

Fig.S5. The difference between the volumes of depletion layers in the dilute phase and the condensed 

phase, Δv, as a function of the radius of gyration of PEG. The solid circles are calculated with the 

equation of state used in this paper (Eq. 2). The open circles are calculated using the expression of 

osmotic pressure of PEG solutions described in ref (8).  The solid and the dashed lines respectively 

represent the linear fitting of the solid and the open circles. R
2
=0.95 and 1.00 respectively for fitting the 

solid and the open circles. 
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