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The underlying reasons for why some mAb (monoclonal antibody) clones are much more inclined to induce a Russell
body (RB) phenotype during immunoglobulin biosynthesis remain elusive. Although RBs are morphologically
understood as enlarged globular aggregates of immunoglobulins deposited in the endoplasmic reticulum (ER), little is
known about the properties of the RB-inducing mAb clones as secretory cargo and their physical behaviors in the
extracellular space. To elucidate how RB-inducing propensities, secretion outputs, and the intrinsic physicochemical
properties of individual mAb clones are interrelated, we used HEK293 cells to study the biosynthesis of 5 human IgG
mAbs for which prominent solution behavior problems were known a priori. All 5 model mAbs with inherently high
condensation propensities induced RB phenotypes both at steady state and under ER-to-Golgi transport block, and
resulted in low secretion titer. By contrast, one reference mAb that readily crystallized at neutral pH in vitro produced
rod-shaped crystalline bodies in the ER without inducing RBs. Another reference mAb without notable solution
behavior issues did not induce RBs and was secreted abundantly. Intrinsic physicochemical properties of individual IgG
clones thus directly affected the biosynthetic steps in the ER, and thereby produced distinctive cellular phenotypes and
influenced IgG secretion output. The findings implicated that RB formation represents a phase separation event or a
loss of colloidal stability in the secretory pathway organelles. The process of RB induction allows the cell to
preemptively reduce the extracellular concentration of potentially pathogenic, highly aggregation-prone IgG clones by
selectively storing them in the ER.

Introduction

Although the vast majority of antibodies are known to be
highly soluble in aqueous solution, there are groups of immuno-
globulins that show remarkable phase behaviors such as crystalli-
zation, aggregation, liquid-liquid phase separation, gelation, and
fibril formation.1-7 While it is difficult to determine what per-
centage of immunoglobulin clones in a given repertoire exhibits
such high protein condensation propensities, every individual is
believed to carry those immunoglobulins in circulation.6 How-
ever, they are normally harmless (thus asymptomatic) because

their overall concentrations are usually low,8 unless over-pro-
duced as paraproteins in the advanced stages of multiple mye-
loma and other plasma cell dyscrasias where serum IgG
concentration can exceed 70 mg/ml.9

Extensive variations in the intrinsic net attractive inter-protein
interaction energy (due to diverse surface charge distribution pat-
terns unique to each mAb clone) have been proposed as an
underlying cause for the solution behavior differences among dis-
tinct monoclonal antibodies (mAbs).3,10 Similarly, differential
susceptibility to various types of physical stresses appears to ori-
ginate from the preexisting stability variations inherent to
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individual mAb clones.11,12 Given the sequence diversities in the
variable regions of immunoglobulin molecules, some IgG mAb
clones are bound to possess prominent aggregation property and
stress-susceptibility a priori. Such predisposed propensity then
manifests itself whenever the right conditions are presented. But
otherwise, such propensities would remain latent. While the dif-
ferent solution behaviors of distinct IgG clones must originate
from the interplay between the intrinsic properties embedded in
the molecule itself and the various extrinsic environmental
parameters, the accurate prediction of such behaviors remains
difficult despite its importance in biopharmaceutical manufactur-
ing13 and in the pathogenesis of immunoglobulin deposition
diseases.6,14

Episodes of immunoglobulin condensation during protein
biosynthesis can lead to the formation of Russell body (RB),
enlarged globular aggregates of immunoglobulins stored in the
endoplasmic reticulum (ER), both in homologous and heterolo-
gous cellular systems.15,16 Depending on the differences in physi-
cochemical properties embedded within the variable regions of
heavy chain (HC) and light chain (LC), some human IgG clones
readily aggregate into RB in the ER lumen, whereas other IgG
clones are much less prone to induce RB under the same expres-
sion conditions.6,15 However, the underlying biophysical or bio-
chemical basis for why some IgG clones are far more inclined to
aggregate into RBs remains elusive. Likewise, while RB pheno-
types have been extensively studied at the cellular level,15-18 little
is known about the characteristics of the RB-inducing IgG mAb
clones after secreted from the cells. Indeed, it is poorly under-
stood whether there are any physiologically relevant differences
in aqueous solution behaviors between RB-inducing IgG mAb
clones and generic innocuous IgG mAb clones.

To explore the link between the intrinsic physicochemical
properties of IgG mAb clones and the phenotypes of the cells
that overexpress them, we examined the early biosynthetic events
of full-length human IgG mAb clones for which high intrinsic
aggregation propensities were known a priori. Specifically, we
selected (i) 2 IgG2k mAbs with marked low solubility at neutral
pH, (ii) 2 IgG2k mAbs with pronounced sensitivity to mechani-
cal agitation stress, and (iii) one IgG2k mAb with exceptionally
high solution viscosity. As references, we tested (iv) one IgG2k
mAb that was previously shown to crystallize readily at neutral
pH environments both in vitro and in vivo19 and, lastly, (v) one
IgG1k mAb without readily identifiable solution behavior issues.
In order to compare the phenotypes of the cells under equivalent
conditions, the HC and LC coding sequences were expressed
from episomally maintained expression vectors transiently trans-
fected into HEK293 cells. This approach revealed that the intrin-
sic physicochemical properties of individual mAb clones
differently influenced the biosynthetic events in the ER, and
thereby induced distinct cellular phenotypes and affected the
secretory output. RB formation thus appeared to represent a
phase separation event or a loss of colloidal stability that precipi-
tously took place in the secretory pathway organelles. The induc-
tion of RB phenotypes can therefore be the earliest tangible
evidence by which we can distinguish intrinsically aggregation-
prone IgG mAb clones from innocuous generic mAbs.

Relationships of IgG mAb behaviors in vitro and in cellulo,
potential values of cell phenotype screening in therapeutic lead
candidate selection, and the implications for the physiological
roles of RB formation in vivo are discussed.

Results

RB phenotype is induced by a human IgG2k (mAb-A) that
has intrinsic propensity to gel at neutral pH environment

For the 5 model human IgG mAbs (clones A–E) and 2 refer-
ence mAbs (clones F and G), the target antigen class, the germ-
line gene segment usage for VH and VL, calculated isoelectric
point, and the types of known solution behavior issues are sum-
marized in Table 1. We did not find apparent association of spe-
cific sequence-based attributes to particular solution behavior
issues in this antibody panel.

The first model mAb (mAb-A) was marked by its low solubil-
ity at neutral pH range. This propensity was identified during
the characterization of pharmaceutical properties during an early
development stage. While mAb-A was completely soluble at
70 mg/ml in a buffered pH 5.0 condition (Fig. 1A-1), mAb-A
solution immediately turned gel-like and opaque when the solu-
tion pH was raised to a neutral range (Fig. 1A-2). The gel
remained at the bottom of the vial even when the glass vial was
placed upside down (Fig. 1A-3). When a smear of the gel was
viewed with a DIC microscope, the gelated material was com-
posed of slurry of heterogeneously condensed protein globules
(Fig. 1B). No other major issues were identified.

Co-transfection of HC- and LC-encoding expression con-
structs into HEK293 cells resulted in the secretion of fully assem-
bled IgG (Fig. 1C left and middle panels, lane 1). By contrast, a
separate transfection of individual subunit chains resulted in no
detectable protein secretion despite the protein synthesis
(Fig. 1C, middle and right panels). The LC subunits are often
secreted by itself in the absence of HC expression. However, our
previous studies showed that there are LC clones that are at odds
with this consensus view.15 Typically, those LCs have high aggre-
gation propensities and induce RBs by themselves (see below). In
a 7-day batch cell culture method (see Materials and methods),
the secretion titer of mAb-A was around 10 mg/L on average
(Table 2). Given that the secretion output can reach 300 mg/L
in this expression system, the secretion level of mAb-A was clearly
on the lower end of the range. In this expression system, cell
viability and viable cell density can vary during the course of the
7-day cell culture process depending on the RB-inducing propen-
sities of the overexpressed mAb clone.15 However, cell viabilities
at 72 hr post transfection were mostly greater than 85% when
the imaging studies were carried out. The cell viability data for a
representative experiment of each mAb clone were provided in
the corresponding figure legend.

Under normal cell growth conditions, RB phenotype was
induced in 18.6% of the transfected cells (Fig. 1E, first row;
Table 2). When the cells were cultured in the presence of Brefel-
din A (BFA), a widely used inhibitor of ER-to-Golgi trans-
port,20,21 the IgG secretion was effectively blocked during the
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24-hr treatment period (Fig. 1D) and, due to the accumulation
of IgG in the ER, the prevalence of RB-positive cells increased to
37.5% (Fig. 1E, second and third rows; Table 2). For the HC-
only and LC-only transfected cells, the RB phenotype frequency
was 65.8% and 90.6%, respectively (Fig. 1F; Table 2).

RB phenotype frequency was much higher when the subunit
chains were expressed individually (HC alone, 65.8%; LC
alone, 90.6%) than when they were co-expressed (18.6%).
Apparently, the high aggregation propensities of individual sub-
unit chains were alleviated by the interactions and assembly of
the 2 subunit chains. However, as is clear from our past15,22

and present study (below), every IgG clone is unique when it
comes to the RB-inducing propensity of individual subunit
chains and it is not yet possible to derive a rule whether RB-
inducing propensities are to increase or decrease by the co-
expression of HC and LC subunits.

Induction of RBs during the overexpression of human
IgG2k (mAb-B) that exhibits pH- and temperature-dependent
needle-shaped particulate formation

The second IgG model clone (mAb-B) also presented low sol-
ubility issues at neutral pH range. Although mAb-B was soluble
at 70 mg/ml in an acidic pH solution (Fig. 2A, left), the mAb-B
solution instantly became clouded upon shifting the pH to a neu-
tral range (Fig. 2A, middle). When microscopically examined,
the clouded solution was filled with short needle-like particulates
(Fig. 2B). The needles, however, did not settle to the bottom of
the vial by gravity even after a static incubation at room tempera-
ture for 24 hrs. Interestingly, incubation at 4�C restored the solu-
bility of mAb-B at neutral pH (Fig. 2A, right). No other marked
solution behavior problems were identified for mAb-B.

Co-transfection of HC and LC constructs into HEK293 cells
led to the secretion of fully assembled IgG (Fig. 2C left and mid-
dle panels, lane 1). When individual subunit chains were inde-
pendently expressed, a small amount of LC monomers and LC-
LC covalent dimers were secreted (Fig. 2C, lane 3), but HC-only

secretion was not observed although the HC polypeptide was
produced (Fig. 2C, lane 2). In the 7-day batch cell culture
method used, the mAb-B secretion titer was »26 mg/L on aver-
age (Table 2).

Based on the particulate morphology at neutral pH, we
expected that mAb-B might induce needle-like inclusion bodies
in the ER, but mAb-B induced classic RBs both at steady-state
and upon cargo accumulation by BFA treatment. Under normal
cell culture conditions, RB phenotype was observed in 13.5% of
the transfected cells (Fig. 2E, first row; Table 2). Under the secre-
tion block condition (Fig. 2D), the prevalence of RB phenotype
cells increased to 40.0% (Fig. 2E, second and third rows;
Table 2). For the HC-only and LC-only transfected cells, the RB
phenotype frequency was 59.8% and 88.7%, respectively
(Fig. 2F; Table 2). Similar to the case of mAb-A, BFA treatment
markedly increased the number of RB-positive cells. Likewise,
RB phenotype frequency was much higher when the subunit
chains were expressed individually than when they were co-
expressed.

RB phenotypes ensue from the overexpression of human
IgG2k mAb-C that readily induces irregular grain-like particles
upon mechanical agitation stress

The third IgG clone, mAb-C, was distinguished by its high
sensitivity to mechanical stress by agitation on an orbital shaker
platform. Mechanical agitation of an antibody solution is
believed to expose mAbs to unfolding stresses such as shear and
air-liquid or surface-liquid interfaces.23 Although this may not
be a physiologically relevant stress, it is a key testing condition
that mimics the process of biopharmaceutical shipping and
transport in an accelerated manner and, as such, aims to identify
physically unstable mAb clones.23 When a concentrated mAb-C
solution (70 mg/ml, at pH 5.0) was subjected to agitation stress
for 72 hrs (see Materials and methods), the solution became
clouded (Fig. 3A). When viewed with a DIC microscope,
the post-agitation mAb-C solution was filled with irregular

Table 1. Characteristics of 7 model human IgG mAb clones evaluated in this study. For the fourth and fifth columns, the identity (in percentage) to the cor-
responding germline sequence is shown on a gene-segment-by-gene-segment basis

mAb Antigen class
HC sublcass /
LC isotype

V-D-J gene usage for
VH (identity to germline)

V-J gene usage for VL
(identity to germline)

Calculated
isoelectric point

Identified unfavorable
solution properties

A cytokine receptor G2 / kappa VH4j4-59/D3j3-22jRF2/JH2
(91.8%/33.3%/93.8%)

VK3jA27/JK1 (89.4%/92.3%) pH 8.93 low solubility at neutral pH

B integrin G2 / kappa VH3j3-11/D6j6-19jRF1/JH4
(96.9%/80.0%/100%)

VK1jL19/JK1 (94.6%/100%) pH 8.39 low solubility at neutral pH

C cytokine receptor G2 / kappa VH1j1-24/D3j3-3jRF2/JH4
(92.9%/33.3%/86.7%)

VK2jA2/JK4 (96.9%/100%) pH 6.58 agitation sensitivity

D growth factor receptor G2 / kappa VH1j1-18/D3j3-3jRF3/JH4
(100%/40%/93.3%)

VK4jB3/JK3 (97.0%/100%) pH 7.0 agitation sensitivity

E cytokine receptor G2 / kappa VH1j1-24/D6j6-6jRF1/JH4
(96.9%/70%/93.3%)

VK4jB3/JK1 (93.9%/100%) pH 6.33 high viscosity

F secreted factor G2 / kappa VH1j1-18/D7j7-27jRF1/JH6
(83.7%/33.3%/73.7%)

VK1jO2/JK4 (90.3%/92.3%) pH 7.05 crystallization at neutral pH

G secreted factor G1 / kappa VH3j3-48/D4j4-17jRF2/JH4
(92.9%/60%/80%)

VK2jA19/JK2 (99.0%/92.3%) pH 8.51 no notable issues
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grain-shaped particulates (Fig. 3B). The particulate formation
was effectively suppressed by adding 0.01% (w/v) Tween-20 to
the mAb-C solution (data not shown). Beside the high agitation
susceptibility, no other major issues were identified for mAb-C.

Co-transfection of HC
and LC constructs into
HEK293 cells resulted in
the assembly and secretion
of IgG (Fig. 3C left and
right panels, lane 1).
Because anti-human IgG
polysera had different detec-

tion threshold, epitope coverage, and affinities to different sub-
unit chains and isotypes, the Western blotting signal strengths
did not always reflect the subunit stoichiometry. When individ-
ual subunit chains were transfected separately, the LC was

Figure 1. Human IgG2k
(mAb-A) forms gel at neutral
pH environments in vitro
and induces Russell bodies
during biosynthesis. (A) Glass
vials containing mAb-A solu-
tion at 70 mg/ml at pH 5.0
(vial 1) and at pH »7.0 (vials
2 and 3). Vial-3 is placed
upside down. (B) DIC micro-
graph of a gelated mAb-A
solution. (C) Western blotting
results for the cell culture
media and cell lysates har-
vested on Day-7 post trans-
fection. The expression
constructs used are shown at
the top of each lane.
(D) Western blotting results
on the cell culture media
after 24 hr of BFA (15 mg/ml)
or null treatment from Day-2
to Day-3 post transfection.
The cell viabilities after the
24 hr BFA and mock treat-
ment were 87.2% and 91.7%,
respectively. (E) Fluorescent
micrographs of HEK293 cells
co-transfected with HC and
LC constructs. Cells under
null treatment are shown in
the first row. Cells under BFA
treatment are shown in the
second and third rows.
Green, anti-gamma staining.
Red, anti-kappa staining. RBs
are pointed by arrowheads
in the bottom row. (F) Fluo-
rescent micrographs of
HEK293 cells transfected
with HC construct (first 2
rows) or with LC construct
(third row). Green, anti-CD147
staining. Red, anti-gamma
or anti-kappa staining. Endog-
enous CD147 was stained
to highlight cell surface and
cell shape. RBs are pointed
by arrowheads in the second
row.
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secreted in the form of monomers and covalently linked dimers
(Fig. 3C, lane 3). The HC-only secretion, by contrast, was not
observed despite the polypeptide being expressed (Fig. 3C, lane
2). The mAb-C secretion titer was »4 mg/L on average
(Table 2).

We explored what types of cellular phenotypes were induced
by the expression of this agitation-sensitive mAb-C. At steady
state conditions, RB phenotype was induced in 73.1% of the
transfected cells (Fig. 3E, first 2 rows; Table 2). Under the 24-hr
BFA treatment conditions that block IgG secretion (Fig. 3D),
the frequency of the RB-positive cells remained about the same
(71.5%; Fig. 3E, third row; Table 2). The frequency of RB phe-
notypes for the HC-only and LC-only transfected cells was
65.2% and 77.4%, respectively (Fig. 3F; Table 2).

Induction of RB phenotypes by the overexpression of
agitation-sensitive human IgG2kmAb-D

The fourth model IgG clone, mAb-D, was also known for its
high susceptibility to a mechanical agitation stress. When mAb-
D solution was subjected to agitation for 72 hrs, the solution
became turbid (Fig. 4A). Unlike that of mAb-C, generated
microscopic particulates were amorphous (Fig. 4B). Beside the
high agitation susceptibility, no other major issues were found.

Co-expression of HC and LC led to the assembly and the
secretion of IgG (Fig. 4C, lane 1). In the 7-day cell culture
method, the mAb-D secretion titer was »27 mg/L on average
(Table 2). The LC-only expression resulted in an abundant secre-
tion of LC both in monomers and disulfide-linked dimers
(Fig. 4C, lane 3). The HC-only construct was not secreted
despite the protein synthesis (Fig. 4C, lane 2).

Both at steady-state and under BFA treatment (Fig. 4D),
roughly 59% of the transfected cells induced RB phenotypes
(Fig. 4E; Table 2). The frequency of RB phenotypes for the HC-
only expression was 81.1% (Fig. 4F, top; Table 2). The LC-only
transfection, by contrast, induced RB phenotypes only in 2.5%
of the transfected cells (Fig. 4F, bottom; Table 2) and partly
accounted for why the LC-only secretion was so abundant. In
contrast to the 2 mAb clones with solubility issues at neutral pH
(see Sections 2.1 and 2.2 above), the frequency of RB-positive

cells did not increase by blocking the ER-to-Golgi transport for
the 2 agitation-susceptible mAb clones.

RB phenotypes are induced by the human IgG2kmAb-E
that causes unusually high solution viscosity

The fifth IgG clone, mAb-E, had no major issues in mechani-
cal stress and solubility at neutral pH, yet it was deemed undesir-
able as a therapeutic lead candidate because of its unusually high
solution viscosity. Within a range of tested concentrations from
70 mg/ml to 145 mg/ml, the viscosity of the mAb-E solution
was much higher than that of mAb-C, which largely fell within
an expected range for a mAb in this testing condition (Fig. 5A).
To meet efficacious dosing requirements and subcutaneous
administration volume limits, antibody therapeutics are often
concentrated to>100 mg/ml in aqueous solution. High viscosity
of mAb solution therefore poses a problem in drug administra-
tion by injection.24 Furthermore, the overproduction of highly
viscous mAb clones in vivo is likely to exacerbate the pathogene-
sis of hyperviscosity syndromes associated with hypergammaglo-
bulinemia and multiple myeloma.25

Co-expression of HC and LC resulted in the secretion of
assembled mAb-E (Fig. 5B, lane 1). Similar to many other
mAbs, the LC-only expression led to the secretion of LCs
(Fig. 5B, lane 3). A modest level of HC-only secretion was also
observed (Fig. 5B, lane 2). The secreted HC-only species was
covalently aggregated into high molecular weight species when
analyzed under non-reducing conditions (data not shown). The
mAb-E secretion titer was »15 mg/L on average (Table 2).

At steady state and under the effective BFA dosing (Fig. 5C),
70.2% and 79.6% of the transfected cells induced RB pheno-
types, respectively (Fig. 5D; Table 2). The frequency of RB phe-
notypes for the HC-only expression was 34.1% (Fig. 5E;
Table 2). The LC-only transfection, on the other hand, induced
RB phenotypes extensively in 96.7% of transfected cells (Fig. 5F;
Table 2).

Crystalline body phenotype is induced by a human IgG2k
mAb-F that readily crystallizes at neutral pH

As a reference mAb, we re-visited the human IgG2k clone that
was recently characterized and shown to possess high

Table 2. Summary of secretion titers and phenotypes frequency. Secretion titers are shown in average § standard deviation, followed by sample size in
parentheses

mAb
Secretion titer

(mg/L)
Cell phenotype at

steady-state
Cell phenotype
with Brefeldin A

Cell phenotype
with thapsigargin

Cell phenotype
HC only

Cell phenotype
LC only

A 11.08 § 4.85 (n D 5) RB, 18.6% (85/457) RB, 37.5% (192/512) n.d. RB, 65.8% (79/120) RB, 90.6% (387/427)
B 26.38 § 1.89 (n D 5) RB, 13.5% (41/303) RB, 40.0% (102/255) n.d. RB, 59.8% (113/189) RB, 88.7% (407/459)
C 4.24 § 2.71 (n D 9) RB, 73.1% (517/707) RB, 71.5% (402/562) n.d. RB, 65.2% (176/269) RB, 77.4% (254/328)
D 27.31 § 8.98 (n D 3) RB, 58.7% (131/223) RB, 58.8% (104/177) n.d. RB, 81.1% (154/190) RB, 2.5% (4/157)
E 15.04 § 7.98 (n D 7) RB, 70.2% (643/916) RB, 79.6% (422/530) n.d. RB, 34.1% (221/619) RB, 96.7% (480/496)
F 64.48 § 9.51 (n D 4) RB or CB, 0% (0/353) CB, 20.1% (85/422) n.d. Grape, 93.3% (404/433) RB, 0.36% (1/274)
G 301.04§ 51.47 (nD 8) RB, 0.85% (2/234) RB, 4.0% (9/224) RB, 38.4% (87/226) RB, 24.5% (5/232) RB, 0.45% (1/218)

The type of phenotype is shown in abbreviations, followed by phenotype frequency (%) and the actual count number in parentheses. Abbreviations: RB,
Russell body; CB, crystalline body; Grape, grape cell phenotype; n.d., not determined.
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crystallization propensity at neutral pH, both in vitro and in the
ER.19 The solubility of mAb-F was high in an acidic environ-
ment at 70 mg/ml (Fig. 6A-1). However, mAb-F readily crystal-
lized (i.e., went through liquid-solid phase separation) upon

shifting the solution pH
to a neutral range and
instantly sedimented to

the bottom (Fig. 6A-2). The precipitates were composed of rod-
and bullet-shaped crystalline materials (Fig. 6B).

Co-transfection of HC and LC resulted in a robust secretion
of fully assembled IgG (Fig. 1C, lane 1). When individual

Figure 2. Human IgG2k
(mAb-B) forms needle-
shaped aggregates at neu-
tral pH in vitro and induces
Russell bodies in the ER.
(A) Glass vial containing
mAb-B solution at 70 mg/
ml at pH 5.0 (left) and after
pH shift to pH »7.0 fol-
lowed by a brief mixing
(middle). The vial shown in
the middle panel was sub-
sequently kept at 4�C for
24 hr (right). (B) DIC micro-
graphs of the clouded
mAb-B solution after pH
raising. (C) Western blot-
ting results for the cell cul-
ture media and cell lysates
harvested on Day-7 post
transfection. The expres-
sion constructs used for
transfection are shown at
the top of each lane.
(D) Western blotting results
on the cell culture media
and cell lysates after 24 hr
of BFA or null treatment
from Day-2 to Day-3 post
transfection. The cell viabil-
ities after the 24 hr BFA
and mock treatment were
94.6% and 96.9%, res-
pectively. (E) Fluorescent
micrographs of HEK293
cells co-transfected with HC
and LC constructs. Cells at
steady-state are shown in
the first row. Cells under
BFA treatment are shown in
the second and third rows.
Green, anti-gamma stain-
ing. Red, anti-kappa stain-
ing. RBs are pointed by
arrowheads in the bottom
row. (F) Fluorescent micro-
graphs of HEK293 cells
transfected with HC con-
struct (first 2 rows) or with
LC construct (bottom 2
rows). Green, anti-CD147
staining. Red, anti-gamma
or anti-kappa staining. RBs
are pointed by arrowheads
in the second and fourth
rows.
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subunit chains were inde-
pendently expressed, the LC
was abundantly secreted as
monomers and covalent
dimers (Fig. 6C, lane 3).
The HC was not secreted to
the culture media despite
the HC polypeptide expres-
sion (Fig. 6C, lane 2). The
mAb-F secretion titer was
»64 mg/L on average using
the 7-day cell culture
method (Table 2).

Under normal cell
growth conditions, mAb-F
expressing cells did not
induce any inclusion body
phenotypes (Fig. 6E, first
row; Table 2). When the
protein secretion was
blocked for 24 hrs by BFA
treatment (Fig. 6D), 20.1%
of the transfected cells
induced rod-shaped crystal-
line bodies (CBs) (Fig. 6E,
second and third rows;
Table 2), but no RB was
observed. Unlike RBs that
can be directly stained by
anti-gamma and anti-kappa,
the rod-shaped CBs were
not stained by the same set
of antibodies due to their
crystalline nature that pre-
vents the penetration of
staining antisera. For the
HC-only transfected cells, a
variant of RB so-called
“grape cell” phenotype26

was induced in 93.3% of
the HC-expressing cells
(Fig. 6F, first 2 rows;
Table 2). Less than 1% of
the LC-only transfected
cells induced RB phenotype
(0.36%; Fig. 6F, bottom
row; Table 2). The co-
expression of HC and LC
subunits were required for
CB phenotype induction,
but importantly such pro-
pensities were not predict-
able from the phenotypes
induced by the expression
of individual subunits.

Figure 3. Agitation-sensitive human IgG2k (mAb-C) induces Russell body phenotype. (A) Glass vials containing
mAb-C solution at 70 mg/ml at pH 5.0 at room temperature before (left) and after (right) the subjection to agitation
stress. The actual stress was applied in a 3-ml vial (see Materials and Methods). The content was transferred to a
1-ml vial before the photograph was taken. (B) DIC micrograph of the clouded mAb-C solution after the agitation
stress. (C) Western blotting results for the cell culture media and cell lysates harvested on Day-7 post transfection.
The used expression constructs are shown at the top of each lane. (D) Western blotting results on the cell culture
media and cell lysates after 24 hr of BFA or null treatment from Day-2 to Day-3 post transfection. The cell viabilities
after the 24 hr BFA and mock treatment were 84.6% and 88.3%, respectively. (E) Fluorescent micrographs of
HEK293 cells co-transfected with HC and LC constructs. Cells at steady state are shown in the first 2 rows. Cells under
BFA treatment are shown in the third row. Green, anti-gamma staining. Red, anti-kappa staining. RBs are pointed by
arrowheads in the bottom row. (F) Fluorescent micrographs of HEK293 cells transfected with HC construct (first
row) or with LC construct (second row). Green, anti-CD147 staining. Red, anti-gamma or anti-kappa staining.
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Cellular phenotypes induced by the overexpression of
human IgG1kmAb-G that shows no major solubility issues
in vitro

Not all human IgG mAb clones have the propensity to induce
RB or CB phenotypes under the same expression conditions.

One such example is mAb-
G. Although absence of
evidence is not evidence of
absence, no notable solu-
tion behavior issues were
associated with mAb-G
(unpublished data).

Co-transfection of HC
and LC resulted in an abundant secretion of fully assembled IgG
(Fig. 7A, lane 1).

When the LC subunit was independently expressed, a high
level LC secretion was observed as monomers and disulfide-
linked dimers (Fig. 7A, lane 3). The HC-only secretion was also

Figure 4. Agitation sensi-
tive human IgG2k (mAb-D)
induces Russell body during
immunoglobulin biosynthe-
sis. (A) Glass vials contain-
ing mAb-C solution at
70 mg/ml at pH 5.0 at room
temperature at 0 hr (left)
and after 72 hr agitation
stress (right). (B) DIC micro-
graph of a mAb-D solution
after the agitation stress.
(C) Western blotting results
for the cell culture media
and cell lysates harvested
on Day-7 post transfection.
The transfected expression
constructs used for trans-
fection are shown at the
top of each lane. (D) West-
ern blotting results on the
cell culture media and cell
lysates after 24 hr of BFA or
null treatment from Day-2
to Day-3 post transfection.
The cell viabilities after
the 24 hr BFA and mock
treatment were 85.0%
and 88.0%, respectively.
(E) Fluorescent micrographs
of HEK293 cells co-trans-
fected with HC and LC con-
structs. Cells at steady-state
are shown in the first 2
rows. Cells under BFA treat-
ment condition are shown
in the third and fourth rows.
Green, anti-gamma stain-
ing. Red, anti-kappa stain-
ing. RBs are pointed by
arrowheads in the second
and fourth rows. (F) Fluores-
cent micrographs of
HEK293 cells transfected
with HC construct (first row)
or with LC construct (sec-
ond row). Green, anti-
CD147 staining. Red, anti-
gamma or anti-kappa
staining.
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marginally detectable
(Fig. 7A, lane 2). The
mAb-G secretion titer
was »300 mg/L on
average (Table 2), and
was at the high end of
secretion output range
in this batch cell culture
system.

When cellular phe-
notypes were examined
during mAb-G overex-
pression, less than 1%
of the transfected cells
exhibited RB pheno-
types at steady-state
conditions (Fig. 7B,
lane 1; Fig. 7C, top
row, Table 2). Even
when the secretion was
blocked by BFA treat-
ment (Fig. 7B, lane 2),
RB phenotypes were
induced in no more
than 4.0% of the trans-
fected cells (Fig. 7C,
second row; Table 2).
To gauge the degree of
intrinsic protein solubil-
ity in intracellular envi-
ronments, we tested
whether mAb-G
expressing cells can
withstand an adverse
cell culture condition
without inducing RB
phenotypes. To this
end, we treated the cells
with thapsigargin to
deplete free calcium
from the ER lumen and
to disrupt ER resident
proteins functions. Sim-
ilar to what was shown
previously for a different
set of high-secreting IgG
clones,15 thapsigargin
treatment was effective
in inducing RB-like
phenotypes in 38.4% of
the transfected cells
(Fig. 7B, lane 3;
Fig. 7C, bottom;
Table 2). This suggested
that even an IgG mAb
clone with no major

Figure 5. High viscosity-causing human IgG2kmAb-(E)induces Russell body phenotypes. (A) Viscosity of mAb-E solution
(closed circle) and mAb-C solution (open circle) was measured at 70, 95, 120, and 145 mg/ml in triplicate. Error bars
denote standard deviation. Centipoise (cP) is a dynamic viscosity measurement unit. (B) Western blotting results for the
cell culture media and cell lysates harvested on Day-7 post transfection. The expression constructs used for transfection
are shown at the top of each lane. (C) Western blotting results on the cell culture media and cell lysates after 24 hr of
BFA or null treatment from Day-2 to Day-3 post transfection. The cell viabilities after the 24 hr BFA and mock treatment
were 85.2% and 89.8%, respectively. (D) Fluorescent micrographs of HEK293 cells co-transfected with HC and LC con-
structs. Cells at steady state are shown in the first row. Cells under BFA treatment condition are shown in the second
row. Green, anti-gamma staining. Red, anti-kappa staining. (E and F) Fluorescent micrographs of HEK293 cells trans-
fected with HC construct, shown in green (E) or with LC construct, shown in red (F). RBs are pointed by arrowheads in
the bottom row.
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solubility issues in vitro can
still aggregate into RBs dur-
ing biosynthesis if the func-
tions of ER resident
proteins were perturbed.
Despite the apparent dis-
ruption of normal ER func-
tions, mAb-G was
nonetheless secreted during
the 24-hr thapsigargin
treatment, albeit at a lower
level (Fig. 7B, lane 3). The
frequency of RB pheno-
types for the HC-only
expression was 24.5%
(Fig. 7D, top; Table 2).
The LC-only transfection
induced RB phenotypes
in 0.45% of transfected
cells (Fig. 7D, bottom;
Table 2).

Discussion

How precisely will
intracellular biosynthetic
events predict the
extracellular solution
behaviors of an IgG
mAb clone?

Tangible explanations
on why some full-length
human IgG clones induce
RB formation much more
readily than others have
been elusive. It has also
been a puzzle as to why the
secretion output of some
IgG clones is much lower
than others. Whether those
events are related and are of
physiological importance
have not been addressed to
date. We tackled these
problems by examining a
panel of model IgG mAb
clones for which we know
the detailed molecular
attributes in advance. This
approach not only uncov-
ered important clues to
what types of full-length
IgGs can preferentially
induce RB phenotypes dur-
ing biosynthesis, but also

Figure 6. Human IgG2k mAb-F readily crystallizes at neutral pH both in vitro and in the ER. (A) Glass vial containing
70 mg/ml mAb-F solution at pH 5.0 (left) and after pH shift to pH »7.0 (right). (B) DIC micrograph of the precipitated
materials recovered from the bottom of vial-2. (C) Western blotting results for the cell culture media and cell lysates
harvested on Day-7 post transfection. The expression constructs used for transfection are shown at the top of each
lane. (D) Western blotting results on the cell culture media after 24 hr period of BFA or null treatment from Day-2 to
Day-3 post transfection. The cell viabilities after the 24 hr BFA and mock treatment were 93.3% and 95.4%, respec-
tively. (E) Fluorescent micrographs of HEK293 cells co-transfected with HC and LC constructs. Cells under null treat-
ment are shown in the first row. Cells under BFA treatment are shown in the second and third rows. Cells containing
readily identifiable crystalline bodies are marked by arrowheads. Green, anti-gamma staining. Red, anti-kappa stain-
ing. (F) Fluorescent micrographs of HEK293 cells transfected with HC construct (top 2 rows) or with LC construct
(third row). Green, anti-CD147 staining. Red, anti-gamma or anti-kappa staining.
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provided physiological con-
texts to the enigmatic RB phe-
notype induction. Five model
mAb clones exhibiting
‘unfavorable’ solution behav-
iors induced RB phenotypes
during immunoglobulin bio-
synthesis at steady state and
under a pharmacological
block of ER-to-Golgi trans-
port. Another IgG mAb clone
that readily crystallized at
neutral pH in vitro also
induced crystal formation in
the neutral pH environment
of the ER lumen. Conversely,
one representative IgG mAb
clone with no notable solu-
tion behaviors did not induce
RB-like phenotypes unless the
ER functions were severely compromised by thapsigargin treat-
ments. These observations led us to think that predisposed high
aggregation propensities (associated with a subset of IgG clones)
affect the fate of an antibody molecule from the beginning of its

protein life, still being synthesized in the ER and before trans-
ported out of the ER. The RB (and CB) induction could thus be
the earliest first-hand evidence by which we can distinguish
intrinsically aggregation-prone IgG mAb clones from innocuous

Figure 7. Cellular phenotypes
induced by the high-secreting
human IgG1k mAb-G under dif-
ferent cell culture conditions.
(A) Western blotting results for
the cell culture media and cell
lysates harvested on Day-7 post
transfection. The expression
constructs used are shown at
the top of each lane. (B) West-
ern blotting results on the cell
culture media and cell lysates
after 24 hr of null (lane 1),
15 mg/ml BFA (lane 2), or 1 mM
thapsigargin (lane 3) treatment
from Day-2 to Day-3 post trans-
fection. The cell viabilities after
the 24 hr BFA, thapsigargin, and
mock treatment were 82.0%,
84.2%, and 85.2%, respectively.
(C) Fluorescent micrographs of
HEK293 cells co-transfected
with HC and LC constructs. Cells
under null treatment are shown
in the first row. Cells under BFA
and thapsigargin treatment are
shown in the second and third
row, respectively. Green, anti-
gamma staining. Red, anti-
kappa staining. (D) Fluorescent
micrographs of HEK293 cells
transfected with HC construct
(top row) or with LC construct
(bottom row). Green, anti-
CD147 staining. Red, anti-
gamma or anti-kappa staining.
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generic mAb clones. Because imaging assays are amenable to high
throughput formats, phenotype screening of IgG-expressing cells
has the potential to become a tool for identifying and disqualify-
ing undesirable IgG clones from the lead candidate pool at the
early stage of an antibody drug discovery program.

Does the HC isotype play roles in providing distinct proper-
ties to immunoglobulins? In our testing mAb panel, the innocu-
ous mAb happened to be IgG1k and all the mAbs with solution
behavior issues were IgG2k. Is this observation generalizable?
There is a suggestion that, on average, IgG2s are more aggrega-
tion-prone than IgG1s in vitro.27 When it comes to the biosyn-
thesis, however, Stoops et al. reported that G1 to G2 isotype
switching did not affect the RB-inducing propensities and the
secretion titers of 3 independent human IgG clones.15 In clinical
settings, RB formation is observed for other HC classes such as
IgA and IgM.6 Likewise, in immunoglobulin deposition diseases,
disease-causing immunoglobulins are not restricted to IgG2.6

For those immunoglobulins that can induce CB phenotypes, the
HC isotype differences appeared to modulate biosynthetic pro-
cesses in cellulo.22,28 Overall, a consistent guiding model is still
missing for the roles of HC isotypes on immunoglobulin’s prop-
erties in vitro, in cellulo, and in vivo. Furthermore, uncovering
the rules for certain structural features (either linear or conforma-
tional) that would contribute to IgG crystallization or phase sepa-
ration phenomena require further investigation.

Why does BFA treatment exacerbate the RB phenotypes when
the mAbs possess low solubility issues at neutral pH, but not so
much in other cases? One likely scenario is that BFA treatment
temporarily elevated the concentration of export ready IgG spe-
cies in the ER lumen and helped reach the solubility limit more
readily when the IgG clone in question had inherent solubility
problems at neutral pH environment. The neutral pH of the ER
lumen likely played a role in such event. Similar principles should
also apply to the CB phenotype induction.19,22

Because the 2 compared environments (i.e., in the ER lumen
and in test tube) are fundamentally different, identical pheno-
typic responses may not always occur between the cell imaging
assays and in vitro assays. For example, folding intermediates and
the resident proteins co-exist in a highly crowded environment of
the ER, yet the chemical composition of the ER lumen is not pre-
cisely understood except the pH being neutral.29 By contrast, in a
test tube setting, purified IgG mAbs are usually the only protein
constituent in a chemically defined buffer solution. Whereas nei-
ther can exact IgG concentration in the ER be measured in each
cell nor normalized among transfected cells, the concentration of
IgG can be set at will in test tubes. Moreover, different types of
aggregation propensities and condensation events are usually
identified under different conditions using dedicated in vitro
assays designed to measure specific attributes of interest. It could
therefore be difficult for a cell imaging assay to be able to fully
distinguish such diverse IgG condensation events. In a cellular
setting, different types of solution behaviors will be represented
by a limited number of phenotypic readouts, with varying fre-
quency, morphology, or response to pharmacological treatments.

Finding a shared cellular phenotype during the overexpression
of 5 poorly-behaved IgG mAb clones does not instantly mean

that all poorly behaving IgG mAb clones would induce RB phe-
notypes during biosynthetic steps although it is an attractive pos-
sibility. Whether all IgG clones with pronounced solution
behaviors would preferentially induce RBs is difficult to test
because we usually do not have resources to examine the entire
clonal repertoires. Similarly, for the IgG mAb clones that do not
induce RB phenotypes, it would be difficult to prove that they
have no solution behavior issues outside of the assay conditions
used. Likewise, the question of assay linearity across multiple
parameters is difficult to address in a controlled manner because
such an experiment would require a series of closely related IgG
mAb clones with varying degrees of severity for a given solution
behavior of interest. The strongest type of evidence that could
support our view would be the genetic one in which a point
mutation rectifies the unfavorable solution behaviors in vitro and
concurrently eliminates RB phenotypes during biosynthesis.
Such mutants were identified previously for the crystallizing
mAb-F,19 but we have not found such variants for the 5 RB-
inducing IgG mAbs used here.

Implications for the physiological roles of Russell body
formation in vivo

The prevailing view of the RB formation is that it is an ER
protein control mechanism that prevents the secretion of abnor-
mally truncated or deleted immunoglobulin proteins.17,18 This
hypothesis was derived from the studies using a secretion-incom-
petent mutant of mouse m-HCs lacking the CH1 domain.17,18

Based on the cell phenotype similarities to the ER storage diseases
caused by a group of mutant proteins,30 a possible involvement
of RBs in the pathogenesis of such disease process was consid-
ered.17 While this interpretation remains attractive, it does not
address the issue of pre-existing differences in RB-inducing pro-
pensities among functional (and secretion-competent) human
IgG clones with no gross sequence abnormalities.15 Based on the
insights from this study, we propose that RB induction represents
a phase separation event taking place in the ER lumen or a loss of
colloidal stability of the overexpressed IgG mAb in the physiolog-
ical environment of the ER. This model predicts that the IgG
mAb clones with intrinsically high condensation/aggregation
propensities would preferentially reach the RB-inducing thresh-
old in the ER lumen. Intrinsic physicochemical properties of the
cargo therefore play critical roles in determining the secretion
output potential by directly affecting the biosynthetic steps. As
such, RB formation could serve as a mechanism to limit the
release of (thus the serum concentration of) immunoglobulins
with high aggregation/condensation properties and preemptively
reduce the risk of immunoglobulin deposition diseases.

Various roles and explanations have been proposed for the
enigmatic RBs during the last 120 years. William Russell origi-
nally asserted that RB was a parasitic intracellular fungus that
causes cancer.31 This hypothesis was not well supported, obvi-
ously, and this view is revisited mostly for a historical reason.
Our study offered a new role for RBs as a potential cellular mech-
anism to restrict the secretion of intrinsically aggregation-prone
(thus potentially harmful and pathogenic) IgG mAb clones to
the extracellular space. To strengthen this view, examination of
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the biosynthetic steps for the bona fide pathogenic immunoglob-
ulin clones derived from the patients of immunoglobulin deposi-
tion diseases would be valuable.

Material and Methods

Chemicals, detection antibodies, and human IgG mAbs
All the chemicals, bioactive compounds, and reagents were

obtained from Sigma-Aldrich. FITC-labeled mouse anti-CD147
was from BD Transduction Laboratories. Affinity purified Rabbit
polyclonal anti-human IgG (HCL) antibody was from Jackson
ImmunoResearch Laboratories. FITC-conjugated goat anti-
human gamma and Texas Red-conjugated goat anti-human
kappa antibodies were from Southern Biotech. Seven recombi-
nant human IgG mAb proteins (mAb-A, -B, -C, -D, -E, -F, -G)
used for in vitro assays were obtained from Amgen’s purified pro-
tein repository. In brief, the mAbs were produced using stably
transfected proprietary Chinese hamster ovary cell lines devel-
oped in Amgen Inc. Human mAbs were then purified from the
culture media by Protein-A affinity chromatography followed by
cation exchange chromatography in order to achieve >95%
homogeneity.

Expression constructs
The coding sequences for LC and HC were obtained from

XenomouseTM-derived cognate hybridoma cell lines by using the
molecular cloning method described previously.15 Recombinant
sequences of interest, either cloned from hybridoma or excised
from pre-existing stable expression vectors, were subcloned into a
pTT5 expression vector (obtained from National Research
Council of Canada) by commonly used molecular cloning tech-
niques. The germline gene segment usage for the VH and VL
sequences was analyzed by using VBASE.32

HEK293 cell culture and transient transfection
HEK293-EBNA1 cells were obtained from National Research

Council of Canada and were cultured in a humidified incubator
(37�C, 5% CO2) using Freestyle 293 media (Life Technologies).
To grow cells in suspension format, the cells were cultivated in
shaker flasks (Corning) placed on an Innova 2100 platform
(New Brunswick Scientific). Expression constructs were
transfected into HEK293 cells using the protocols detailed else-
where.15 A cognate pair of HC and LC constructs was co-trans-
fected at one-to-one plasmid DNA mass ratio. When individual
HC or LC constructs were transfected separately, one-half of the
total DNA was substituted by an empty vector to normalize
recombinant gene dosage. At 24-hr post transfection, cells were
supplemented with Difco yeastolate (BD Biosciences). Cell cul-
ture media and whole cell lysates were collected on Day-7 post
transfection. The concentration of secreted IgG in the harvested
culture media was determined with an Octet RED96 (ForteBio)
using Protein-A biosensors. To assess the effect of Brefeldin A
(BFA) treatment on protein secretion, growth media of HEK293
suspension cell culture were replaced with fresh media with or
without 15 mg/ml of BFA at 48 hrs post transfection. The cells

were kept in suspension format for another 24 hrs before the cul-
ture media and cell lysates were harvested and analyzed by West-
ern blotting.

SDS-PAGE and Western blotting
NuPAGE 4–12% Bis-Tris gradient gel and the accompanying

buffer system (both from Life Technologies) were used to per-
form SDS-PAGE. Centrifugation-harvested cell pellets were
directly lysed in SDS sample buffer (Life Technologies) and
heated for 5 min at 90�C. Likewise, harvested cell culture media
were mixed with SDS sample buffer and heat treated. For protein
analysis under reducing conditions, 5% (v/v) b-mercaptoethanol
was added to the sample buffer. For non-reducing analysis,
2 mM N-ethylmaleimide was included as an alkylating agent.
Whole cell lysates corresponding to 12,000–12,500 cells were
analyzed per lane. To compare the differences in volumetric
secretion levels, equal volume (5 ml) of harvested cell culture
media was analyzed per lane. Resolved proteins were electro-
transferred to a nitrocellulose membrane, blocked with fluores-
cent Western blocking buffer (Rockland Immunochemicals), and
probed with rabbit polysera against human IgG (HCL) obtained
from Jackson ImmunoResearch Laboratories. After washes in
PBS containing 0.05% (v/v) Tween-20, the nitrocellulose mem-
branes were probed with AlexaFluor 680-conjugated secondary
antibodies (Life Technologies). The fluorescent Western images
were acquired using an Odyssey� infrared imaging system avail-
able from LI-COR Biosciences.

Immunofluorescent microscopy
At 48 hrs post transfection, growth media of HEK293 suspen-

sion cell culture were replaced with fresh media with or without
15 mg/ml of BFA. HEK293 cells (one million cells per well)
were then seeded to poly-L-lysine coated glass coverslips placed
in a 6-well plate and quiescently cultured for 24 hrs. The cells
were fixed in 100 mM sodium phosphate, pH 7.2, containing
4% (w/v) paraformaldehyde for 30 min at room temperature.
After washing steps in PBS containing 100 mM glycine, the fixed
cells were incubated with permeabilization buffer (PBS contain-
ing 0.4% (w/v) saponin, 1% (w/v) BSA, 5% (w/v) fish gelatin)
for 15 min, followed by incubation with FITC- or Texas Red-
conjugated anti-gamma chain, anti-kappa chain, or anti-CD147
antibodies for 60 min. After washes in permeabilization buffer,
coverslips were mounted to glass slides using Vectashield mount-
ing media (Vector Labs). The slides were analyzed using a Nikon
Eclipse Ti-E microscope with a 100£, 60£, or 40£ CFI Plan
Apocromat oil objective lens and Chroma FITC-HYQ or Texas
Red-HYQ filter. Images were acquired using a Cool SNAP HQ2
CCD camera (Photometrics) and Nikon Elements imaging soft-
ware. To determine Russell body (RB) or crystalline body (CB)
phenotype frequencies, microscopic images of 10–50 randomly
chosen fields were captured for each construct set using 60£
objective lens. Based on the anti-gamma and anti-kappa co-stain-
ing, the total number of transfected cells was first determined for
each condition. The presence of RB or CB phenotypes was deter-
mined by visual inspection in order to calculate the prevalence of
phenotype-positive cells.

1530 Volume 6 Issue 6mAbs



Antibody solution pH shift
After Protein-A purification, testing human IgG mAbs were

concentrated to 70 mg/ml using 10,000 MWCO Amicon Ultra-
15 (Millipore) in 10 mM acetate-buffered (pH 5.0) isotonic
sucrose solution (hereafter mAb buffer). The concentrated mAb
solution (100, 300, or 500 ml) was dispensed into a 1-ml glass
vial and equilibrated to room temperature. To facilitate a pH
shift to a neutral range, one-twentieth volume of 20£ PBS
(pH 7.4) was added to the glass vial, mixed briefly, and kept at
room temperature for one hour. Glass vials were photographed
and the mAb solutions were examined with a DIC microscope.

Mechanical agitation of mAb solution
After concentrating to 70 mg/ml in mAb buffer, 500 ml of

testing mAb solution was dispensed into 3-ml glass vials. The
vials were then placed in an upright position onto a foam-lined
vial holder affixed to an orbital shaker (VWR, model OS-500;
orbital diameter, 19 mm). The mAb solutions were mechanically
agitated at 500 rpm for 72 hrs at ambient temperature in the
dark. Glass vials were photographed, and post-agitation mAb sol-
utions were examined with a DIC microscope.

Viscosity measurement of mAb solution
Purified testing human mAbs were concentrated to a desired

level (ranging 70–145 mg/ml) using 10,000 MWCO Amicon
Ultra-15 (Millipore) in mAb buffer. The solution viscosity was

determined at each mAb concentration using a dynamic light
scattering method described previously.33 In brief, 49.5 ml of
mAb samples and 0.5 ml of polystyrene beads (101.5 nm nomi-
nal radius at 1.05 g/ml density; Thermo Scientific) were mixed
and the diffusion of the beads were measured with DynaProTM

plate reader (Wyatt Technology) at 25�C in a 384-well format.
The solution micro-viscosity was calculated from diffusion coeffi-
cient data by applying the Stokes-Einstein equation (see ref 33 for
detail).
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