
exhibit enhanced self-association, causing too high viscosities
for administering the drug. There have again been numerous
studies where researchers tried todetermine the molecular origins
of self-association, and to predict enhanced self-association and
viscosity based on simple low concentration parameters such as
B2* and kD, albeit mostly with limited success. 130,134,166…172Given
the difficulties in trying to reproduce Ds

c(q*)/D0 or the location of
the arrest line for globular proteins, it seems out of question to
arrive at some prediction of the location of an arrest line or the
concentration dependence of the relative viscosity Zr for mAbs that
exhibit a concentration-dependent self-association and a corres-
ponding strong increase of Zr at higher concentrations. However,
the observation previously made for lysozyme cluster fluids, where
Zr was found to follow the Quemada relation, 61 clearly indicates
that there is hope! If we can use an effective hard sphere model to
describe the concentration dependence of the zero shear viscosity
for protein cluster fluids, the same may be possible also for self-
associating mAbs.

This has indeed been demonstrated for an IgG system, where
the problem of enhanced self-association in high concentration
antibody solutions and the concomitant high viscosities was
tackled using a succession of coarse graining steps.130 In this
study, mAb self-association and viscosity as a function of concen-
tration was characterized using a combination of experiments
(static and dynamic light scatte ring and microrheology), theory
and simulations using analogies to patchy colloids. In a first step,
self-association and cluster formation due to attractive electrostatic
interactions between oppositely charged points on the arms (anti-
gen binding or FAB domains) and on the tail (constant or FC
domain) was identified as the driving force for the ionic strength
dependence of the concentration-induced increase of the relative
viscosity. A model that takes into account the anisotropic character
of both the mAb shape (Y-shaped particle) and of the mAb…mAb
interactions (patchy attraction) was then constructed, based on
electrostatic calculations of a single antibody molecule in buffer,
and MC simulations and analytical calculations were performed,
the latter using an analytic solution based on Wertheim 173 theory.
A comparison between calculated and measured values of the
concentration dependence of the isothermal compressibility or
apparent molecular weight provid ed quantitative values for the
strength of the attractive patches. In combination with so-called
hyperbranched polymer theory174 this directly provided the cluster
size distribution as a function of concentration.

To further predict the dynamic properties, an additional
coarse-graining step was made, by considering mAb clusters
rather than single mAb molecules as e�ective hard or sticky
hard spheres. Here the cluster size distribution from the initial
fit to the static light scattering data was used together with the
corresponding theories for the concentration dependence of
the apparent collective di�usion coe�cient or hydrodynamic
radius for these two models. The only additional free para-
meters in this step were a constant required for the rescaling of
the volume fraction from the one based on individual mAbs to
the one describing the cluster fluid, and the stickiness parameter
for the sticky hard sphere model. In a final step, the relative
viscosity Zr was calculated for each concentration without any

additional free parameter using the Mooney relation Zr =
exp[2.5fHS/(1 � fHS/fg)] often applied for polydisperse hard
spheres,175 and assuming fg = 0.71 based on literature values
for hard spheres with comparable polydispersity. Remarkably,
the measured data … the apparent molecular weight as obtained
by static light scattering, the apparent hydrodynamic radius
from dynamic light scattering and the zero-shear viscosity from
microrheology measurements … were in good agreement with
the model predictions, showing that excluded volume inter-
actions between the assembled clusters are indeed at the origin
of the strong increase of the viscosity at high mAb concentrations.
Moreover, the attraction strength of the patch…patch interactions
calculated from the Wertheim fit to the static light scattering data
agreed remarkably well with an estimate based on screened
Coulomb interactions and a charge distribution on the IgG
based on electrostatic calculations for the specific type of
immunoglobulin.

This is indeed quite encouraging, and indicates that this
could be a suitable approach to investigate and quantitatively
assess the e�ects of additional excipients or chemical modifications
on the antibody interaction. Such a model could then be used to
estimate their e�ect on antibody sta bility and the resulting viscosity
from molecular information, which would be vital for an advanced
formulation strategy where unpromising candidates could be
discarded at an early stage. Another interesting feature of such a
successive coarse-graining procedure with appropriate patchy
models is that it allows to determine the interaction strength
and the cluster size distribution as a function of concentration
for a given mAb system, which can subsequently be tested with
DLS and (micro)rheology measurements without additional
free parameters other than a rescaling of the volume fraction.
The development of theoretical models to describe mAb self-
association into clusters, and its consequences on other easily
measurable structural and dynamic properties, has been in the
focus of the community. With this approach, such models can
be submitted to a critical assessment. Obviously this type
of approach could easily be extended to other proteins that
also display patchy interactions, and would allow for example
to investigate various arrest scenarios for such systems as a
function of key solution parameters.

5 Conclusions

This perspective article was initially largely motivated by the
notion described in ref. 33, questioning altogether the usefulness
of applying colloid-like theory to protein solutions. Having spent
many years in trying to gain understanding of the structural and
dynamic properties of protein solutions with such an approach,
this asked for a re-evaluation of the situation. With the discussion
presented above, we hope that it becomes clear that the state-
ments made in ref. 33 rather reflect a too narrow view of what
colloids are than a serious game stopper. Colloids are more than
simple hard spheres, and in particular the recent trends in
synthesizing, characterizing and simulating patchy, responsive
and anisotropic particles have provided a wealth of information
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and new models that can be harnessed to learn much more about
protein solutions. However, we have also seen that while the
currently existing models indeed allow us to make fairly precise
predictions about the phase behavior and the static properties of
proteins under well-defined solution compositions (keeping in
mind that quantities such as the interaction potential, the size
and the shape of synthetic colloids also do not necessarily remain
invariant as a function of pH, temperature or concentration), the
situation already changes unfavourably when aiming at processes
such as crystallization where angularly resolved interaction
potentials and local dynamics matter. We clearly lack well-
defined procedures to extract the relevant details from a 3D
structure of a particular protein and then create a maximally
coarse-grained patchy model that retains just the necessary
anisotropic interaction features for understanding or predicting
a specific property.

This becomes even worse when interested in dynamic properties
such as length-scale dependent collective and self di�usion and
viscosity. Here we su�er primarily from two deficiencies: first of
all, the existing work on patchy colloids has primarily focused
on self-assembly and phase behavior. Very little attention has
however been given to dynamic properties, and we thus find a
lack of suitable theoretical models that could help us to under-
stand the dynamics of proteins at higher concentrations. While
there have been isolated attempts to harvest the significant
progress made in the understanding of di�usion in con-
centrated colloidal suspensions and apply the same concepts
and theoretical models to protein solutions, we are still unable
to predict local and global dynamic properties of dense protein
solutions based on the known molecular structure of the
individual components, or to assess the e�ect of single point
mutations on them. The existing theoretical models for (spherical
and isotropically interacting) colloids cannot be directly transferred
to protein solutions due to their complex structure and internal
flexibility, and there is correspondingly a considerable lack of
quantitative characterization and understanding of protein di�u-
sion in crowded environments on the required molecular level.
While for example our understanding of polymer dynamics has
advanced tremendously since the early 1980•s by the availability
of neutron spin echo and other quasielastic neutron techniques
and the simultaneous progress in polymer theory and multi-
scale modelling techniques,174,176 the corresponding field of
protein dynamics has clearly lacked similar progress. There is
thus an urgent need for improving our ability to characterize,
interpret and predict the dynamic properties of individual
proteins as well as of their concentrated solutions and mixtures.

Moreover, the experimental toolbox of colloid physics has
primarily been developed for investigating larger colloids with
sizes of several hundred nanometers, and the wealth of existing
data on colloid dynamics comes mainly from techniques such
as DLS or confocal laser scanning microscopy (CLSM). Proteins
are much smaller, and there are only a few techniques that can
for example deliver measurements of short and long time
collective and self di�usion on length scales of the protein
size. Neutron and X-ray based scattering methods have the
potential to deliver the required experimental data; however, we

lack a theoretical and simulation toolbox similar to what already
exists for structural properties and the interpretation of SAXS and
SANS data. While detailed near-atomistic simulations and a
comparison with neutron and X-ray based spectroscopic data is
feasible for reproducing the internal dynamics of individual
proteins, a similar approach is not viable for crowded solutions
and mixtures. We need significant methodological development,
including developing both advanced coarse-graining approaches
in simulation and a combination of several experimental meth-
ods such as NSE and X-ray photon correlation spectroscopy
(XPCS).177 This needs to go hand in hand with the development
of new sample environments to account for the very limited
quantities of proteins typically available for such investigations,
and the design of new measurement and data analysis procedures
to overcome the notorious beam damage problem when working
with intense synchrotron radiation.

However, having discussed all what is still missing, we
should nevertheless not end without pointing out the enormous
progress already made. We believe that a colloid approach to
protein solutions has indeed an enormous potential in many
areas as diverse as cell and systems biology, pharmaceutical
formulation and materials sciences. The essential point in appli-
cations of concepts from colloid physics to proteins, however, has
to be a case by case reflection on the required level of coarse
graining needed for a given problem, and a critical choice of the
experimental techniques and data chosen for a meaningful test
of model predictions.
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2 W. Pauli, Pflüger’s Archiv für die Gesammte Physiologie des

Menschen und der Tiere, 1910, 136, 483…501.
3 W. Pauli, Kolloid-Z., 1922, 31, 252…256.
4 J. Loeb,Science, 1920, 52, 449…456.
5 J. Loeb,J. Gen. Physiol., 1918, 1, 237…254.
6 H. S. Wells, J. B. Youmans and D. G. Miller,J. Clin. Invest.,

1933, 12, 1103…1117.
7 P. N. Pusey and W. Van Megen,Nature, 1986,320, 340…342.
8 V. J. Anderson and H. N. Lekkerkerker,Nature, 2002, 416,

811…815.
9 D. Frenkel, Science, 2006, 314, 768…769.

10 Y. Xia, B. Gates, Y. Yin and Y. Lu,Adv. Mater., 2000,12, 693…713.

Perspective Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 3
:3

5:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sm01953g


11 A. George and W. W. Wilson,Acta Crystallogr., Sect. D: Biol.
Crystallogr., 1994, 50, 361…365.

12 M. Muschol and F. Rosenberger,J. Chem. Phys., 1995,103,
10424…10432.

13 M. H. Hagen and D. Frenkel, J. Chem. Phys., 1994, 101,
4093…4097.

14 H. N. W. Lekkerkerker, W. C.-K. Poon, P. N. Pusey,
A. Stroobants and P. B. Warren,Europhys. Lett., 1992, 20,
559…564.

15 N. Asherie, A. Lomakin and G. B. Benedek,Phys. Rev. Lett.,
1996, 77, 4832…4835.

16 M. Muschol and F. Rosenberger,J. Chem. Phys., 1997,107,
1953…1962.

17 D. Rosenbaum, P. C. Zamora and C. F. Zukoski,Phys. Rev.
Lett., 1996, 76, 150…153.

18 P. R. Ten Wolde and D. Frenkel,Science, 1997,277, 1975…1978.
19 M. G. Noro and D. Frenkel, J. Chem. Phys., 2000, 113,

2941…2944.
20 N. Asherie,Methods, 2004, 34, 266…272.
21 R. Piazza,Curr. Opin. Colloid Interface Sci., 2000, 5, 38…43.
22 R. Piazza,Curr. Opin. Colloid Interface Sci., 2004,8, 515…522.
23 R. P. Sear,J. Phys.: Condens. Matter, 2005,17, S3587…S3595.
24 R. Sear,Curr. Opin. Colloid Interface Sci., 2006, 11, 35…39.
25 A. Stradner, H. Sedgwick, F. Cardinaux, W. C. K. Poon,

S. U. Egelhaaf and P. Schurtenberger,Nature, 2004, 432,
492…495.

26 T. Ando and J. Skolnick,Proc. Natl. Acad. Sci. U. S. A., 2010,
107, 18457…18462.

27 F. Roosen-Runge, M. Hennig, F. Zhang, R. M. J. Jacobs,
M. Sztucki, H. Schober, T. Seydel and F. Schreiber,Proc.
Natl. Acad. Sci. U. S. A., 2011, 108, 11815…11820.

28 G. Fo�, G. Savin, S. Bucciarelli, N. Dorsaz, G. M. Thurston,
A. Stradner and P. Schurtenberger,Proc. Natl. Acad. Sci.
U. S. A., 2014, 111, 16748…16753.

29 D. Fusco and P. Charbonneau,Colloids Surf., B, 2016,137,
22…31.

30 J. J. McManus, P. Charbonneau, E. Zaccarelli and N. Asherie,
Curr. Opin. Colloid Interface Sci., 2016,22, 73…79.

31 S. Bucciarelli, J. S. Myung, B. Farago, S. Das, G. A.
Vliegenthart, O. Holderer, R. G. Winkler, P. Schurtenberger,
G. Gompper and A. Stradner,Sci. Adv., 2016,2, e1601432.

32 P. S. Sarangapani, S. D. Hudson, R. L. Jones, J. F. Douglas
and J. A. Pathak,Biophys. J., 2015, 108, 724…737.

33 J. Prausnitz,Biophys. J., 2015, 108, 453…454.
34 H. J. Dyson and P. E. Wright,Nat. Rev. Mol. Cell Biol., 2005,

6, 197…208.
35 P. N. Pusey and W. van Megen,Phys. Rev. Lett., 1987, 59,

2083…2086.
36 W. van Megen,J. Phys.: Condens. Matter, 2002, 14, 310.
37 G. L. Hunter and E. R. Weeks,Rep. Prog. Phys., 2012,75, 066501.
38 A. J. Liu and S. R. Nagel,Annu. Rev. Condens. Matter Phys.,

2010, 1, 347…369.
39 K. A. Dawson, Curr. Opin. Colloid Interface Sci., 2002, 7,

218…227.
40 A. I. Campbell, V. J. Anderson, J. S. Van Duijneveldt and

P. Bartlett, Phys. Rev. Lett., 2005, 94, 1…4.

41 J. C. F. Toledano, F. Sciortino and E. Zaccarelli,Soft Matter,
2009, 5, 2390.

42 B. Ruzicka and E. Zaccarelli,Soft Matter, 2011, 7, 1268.
43 S. C. Glotzer and M. J. Solomon,Nat. Mater., 2007, 6,

557…562.
44 J. J. Crassous, H. Dietsch, P. Pfleiderer, V. Malik, A. Diaz,

L. A. Hirshi, M. Drechsler and P. Schurtenberger, Soft
Matter, 2012, 8, 3538.

45 Y. Wang, Y. Wang, D. R. Breed, V. N. Manoharan, L. Feng,
A. D. Hollingsworth, M. Weck and D. J. Pine, Nature, 2012,
491, 51…55.

46 J. J. Crassous, A. M. Mihut, L. K. Månsson and
P. Schurtenberger,Nanoscale, 2015, 7, 15971…15982.

47 P. Schurtenberger, in Soft Matter Self-Assembly, ed.
C. Likos, F. Sciortino, P. Ziherl and E. Zaccarelli, Ios Press,
Nieuwe Hemweg 6B, 1013 BG Amsterdam, The Nether-
lands, 2016, pp. 81…136.

48 A. M. Mihut, B. Stenqvist, M. Lund, P. Schurtenberger and
J. J. Crassous,Sci. Adv., 2017, 3, e1700321.

49 E. Bianchi, J. Largo, P. Tartaglia, E. Zaccarelli and
F. Sciortino, Phys. Rev. Lett., 2006, 97, 168301.

50 E. Bianchi, P. Tartaglia, E. Zaccarelli and F. Sciortino,
J. Chem. Phys., 2008, 128, 144504.

51 F. Romano and F. Sciortino, Nat. Commun., 2012, 3, 975.
52 K. van Gruijthuijsen, M. Obiols-Rabasa, P. Schurtenberger,

W. G. Bouwman and A. Stradner, Soft Matter, 2018, 14,
3704…3715.

53 T. Gibaud, N. Mahmoudi, J. Oberdisse, P. Lindner, J. S.
Pedersen, C. L. P. Oliveira, A. Stradner and P. Schurtenberger,
Faraday Discuss., 2012,158, 267.

54 K. N. Pham, A. Puertas, J. Bergenholtz, S. Egelhaaf,
A. Moussaid, P. Pusey, A. Schofield, M. Cates, M. Fuchs
and W. Poon, Science, 2002, 296, 104…106.

55 E. Zaccarelli, J. Phys.: Condens. Matter, 2007, 19, 323101.
56 V. Trappe and P. Sandku¨ hler, Curr. Opin. Colloid Interface

Sci., 2004, 8, 494…500.
57 S. Romer, F. Sche�old and P. Schurtenberger,Phys. Rev.

Lett., 2000, 85, 4980…4983.
58 S. Romer, H. Bissig, P. Schurtenberger and F. Sche�old,

EPL, 2014, 108, 48006.
59 F. Cardinaux, T. Gibaud, A. Stradner and P. Schurtenberger,

Phys. Rev. Lett., 2007, 99, 1…4.
60 F. Cardinaux, E. Zaccarelli, A. Stradner, S. Bucciarelli, B. Farago,

S. U. Egelhaaf, F. Sciortino and P. Schurtenberger,J. Phys.
Chem. B, 2011,115, 7227…7237.

61 M. J. Bergman, T. Garting, P. Schurtenberger and A. Stradner,
J. Phys. Chem. B, 2019,123, 2432…2438.

62 H. Dietsch, V. Malik, M. Reufer, C. Dagallier, A. Shalkevich,
M. Saric, T. Gibaud, F. Cardinaux, F. Sche�old, A. Stradner
and P. Schurtenberger,CHIMIA Int. J. Chem., 2008,62, 805…814.

63 A. Pal, T. Zinn, M. A. Kamal, T. Narayanan and
P. Schurtenberger,Small, 2018, 14, 1802233.

64 F. Peng, PhD thesis, Lund University, 2019.
65 M. J. Solomon and P. T. Spicer,Soft Matter, 2010, 6, 1391.
66 S. Sacanna, W. T. M. Irvine, P. M. Chaikin and D. J. Pine,

Nature, 2010, 464, 575…578.

Soft Matter Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 3
:3

5:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sm01953g


O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 3
:3

5:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sm01953g


O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 3
:3

5:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sm01953g



