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ABSTRACT: We employed a combination of single chain in mean field
methodology and constant pH Monte Carlo framework to compare the
influence of charge regulation and charge heterogeneity on the adsorption and
bridging characteristics of polyelectrolytes in solution on proteins. By adopting
a coarse-grained representation of the proteins as spherical particles and
embedding a simple framework for probing charge heterogeneities, we probe
the influence of charge patches, net charge of the particle, the ratio of positive
to negative charges on the proteins on the net adsorption, and bridging
probabilities of polyelectrolytes. Our results demonstrate that charge regulation
increases the probability of bridging between two particles when compared to proteins with the same fixed charge. The influence of
charge regulation first increases and then decreases with an increase in the number of charge patches of proteins. An increase in the
ratio of positive to negative charges and the net charge of the protein are also seen to increase the propensity for polyelectrolyte
adsorption and bridging.

1. INTRODUCTION

Mixtures of proteins and polyelectrolytes (PE) are widely used
in food systems to modulate the structure, texture, and stability
of food through the resulting thickening and gelling character-
istics.1−5 Furthermore, PEs are often used to stabilize enzymes
in biosensors6,7 and in applications such as drug delivery by
microencapsulating proteins,8 design and production of
biomaterials for cell micropatterning,9 and selective extraction
of proteins.10−13 Mixtures of globular proteins and PEs also
share a number of similarities to charged nanoparticle (NP)-
PE systems. The complexes and assemblies resulting in the
latter systems are important in applications such as
optoelectronics,14−16 microimaging, sensing, and so on.17,18

Many of the above-mentioned applications rely on the
formation of a phase denoted as coacervate or complex which
typically arises when there is an attractive interaction between
the protein and the PE. In such phases, the electrostatic
repulsion arising between the proteins is countered by the
adsorption and bridging by the PEs. There have been a
number of experimental studies aimed at understanding the
physics underlying the structural characteristics, phase
behavior, and complexation in protein−PE mixtures.1,3,19

Such studies have demonstrated that the resulting phase
behavior can be influenced by a variety of factors, which
includes the physical characteristics of proteins and PEs, such
as the charge distribution, geometry, and architecture, in
addition to other parameters such as solution conditions and
temperature. Due to the vast parameter space, there have also
been a significant number of simulation studies which have

probed the influence of different parameters on the complex
formation of proteins in PE solutions.20−26

In a series of experiments, Dubin and co-workers have
shown that the pH and the ionic strength of the solution exerts
a strong influence on the complex formation between proteins
and PEs.19,27,28 A particularly intriguing result from their work
(and other experiments from different groups)5,27,29 is the
demonstration that such complexes can even form in solution
pH conditions at which the charge of the protein is of the same
sign as that of the PE. This latter phenomenon is termed
“wrong side complexation”,12,19,27,28,30 and has been com-
monly rationalized through two distinct explanations: (i)
charge heterogeneities on proteins and (ii) charge regulation.
The first explanation invokes the existence of heterogeneous
pockets of opposite charges on the protein, termed charge
patches. It has been hypothesized that such patches allow the
PEs to adsorb to the oppositely charged regions of the protein
despite the protein being overall of the same charge as the
PE.31−33 The second explanation, viz., charge regulation,34,35

relies on the dissociation characteristics of the charges on
proteins in the presence of PEs. Indeed, similar to conventional
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acids and bases, dissociation of the charges on the proteins can
be influenced by solution pH and the relative difference of the
pKa (or pKb) of the protein from pH. Such dissociation can
further be influenced by the presence of PEs. The explanation
of charge regulation relies on PE-induced charges in
dissociation characteristics in promoting the adsorption,
bridging, and complexation between PEs and proteins.
Despite the vast number of theoretical studies examining the

influence of charge heterogeneity and charge regulation on the
interactions between PEs and proteins,24,32,33,35−37 much of
the earlier work addresses the physics underlying such
phenomena individually,24,37 and typically for specific protein
characteristics.32,35 In this study, we take the first step toward
understanding more generally the relative roles of charge
regulation and charge patches on the complexation of PEs and
proteins. To render such a generalization, we use a simple
representation of spherical particles to represent globular
proteins. To acknowledge the simplicity of our model,
hereafter, we refer to the proteins interchangeably as charged
particles. Within such a representation, we embed a “toy”
model for probing the effect of charge heterogeneities. Using
such a framework, we compare and contrast the effect of
charge regulation and charge patches on adsorption and
bridging of PEs on proteins. We report the results for
adsorption and bridging characteristics for one and two
particles in a multiple PE solution. While complexation
typically involves multiple proteins, we believe that the insights
resulting from the systematic study of one- and two-particle
characteristics, especially the PE bridging in the two-particle
case, could prove useful to understand the complexation
behavior for systems involving multiple proteins in PE
solution. Within such a context, we focus on design variables
such as concentration of the PEs, net charge of the proteins,
charge distribution on the proteins, and elucidate their
influence on the adsorption and bridging characteristics of
the PEs.
The rest of the article is organized as follows: In section 2,

we discuss the details of the model underlying the simulation
methodology used in this study. In section 3, we discuss the
parameters and numerical methodologies used for the
simulation framework. In section 4, we present the results of
the study. Therein, we compare the influences of charge
regulation and charge heterogenieties on the adsorption and
bridging of PEs. We conclude the article with a summary of
results and findings in section 5.

2. MODEL DESCRIPTION
In this work, we focus on globular proteins and adopt a simple
model of (charged) spherical particles to model such entities.
Real proteins are likely to embody physics in which the
positive, negative, and neutral charge patches are distributed in
a manner which correlates with the underlying sequence and
the solution conditions. Toward studying the effect of such
patches, in our previous publication,38 we proposed a simple
“toy” model in which the charge heterogeneities were
represented as clusters of oppositely charge patches distributed
on the surface of the particle. The “number of patches” denote
the number of regions on which there are positive charges
(shown in Figure 1). The sum of the charges of all such
positive patches is denoted as Qp, and that of negative patches
is denoted as Qn. The net charge of the protein is Qnet = Qp −
Qn. In our terminology, “PIN” denotes a patchy particle with N
negatively charged patches, with PI0 representing the case of

an homogeneous positively charged particle. In this article, we
focus our discussion only on the results for “PI0”, “PI1”, “PI2”,
and “PI3” particles which contains zero, one, two, and three
negative patches, respectively. For this study, the positive
patches were assumed to be a weak base and consist of
dissociable groups which can dissociate to a unity positive
charge depending on the solution pH. For simplicity, we
assume the negative patches of the particle to be a strong acid,
such that the charge on the patch is fixed and independent of
the solution pH.
We consider a system of heterogeneously charged spherical

particles of radius Rp and n negatively charged polymer chains
of m monomers each in a periodic cubic box of volume V. We
chose m = 120 for this study. To maintain the overall
electroneutrality of the system, np and nm point counterions for
the particles and polymers, respectively, are also included. To
maintain simplicity, in this work, we did not consider the
influence of additional salt. Hereafter, the concentration of the
polymer is described in units of the overlap concentration C*
of an ideal linear polymer chain solution. The charge on each
of the monomers of the polymer is zm = −1. We assume the
dielectric constant of the particle to be same as that of the
solvent. For the amphoteric particles, dissociation of the
positive patch depends on pOH − pKb.
We assume a flexible chain model for the PEs, in which the

intramolecular interactions in the polymer chains are modeled
through a bead spring model, with bonded Hookean
interactions between the beads:

∑ ∑= [ − + ]
= =

−H
k T b

s sr r
3

2
( ) ( 1)

i

n
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i i
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B
2

1 1

1
2
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where ri(s) represents the coordinate of the sth bead on the ith
polymer. b is the bond length between two monomers.
Excluded volume interactions between the polymer segments
are incorporated through a simple implicit solvent interaction
potential of the form:

δ̅ =u
k T

u
r

r
( )

( )
B

0
(2)

where u0 is commonly known as the excluded volume
parameter.39 In the above framework, the nonbonded
interactions between the polymer segments can be formally
recast as

Figure 1. Model for patchy particles. The red color shows patches of
positive charge, and the blue color depicts negative patches. The net
charge of the positive patch is denoted as Qp and the net charge of the
negative patch is denoted as Qn.
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where ρ̂poly is the microscopic polymer segment density40
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The instantaneous density of particles is similarly quantified
through a particle volume fraction field as
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where ρ̂part(r) = δ(r − ri) and h(r) = 1 when |r| < Rp. The
counterions are considered to be point charges and their
microscopic densities are given by
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For modeling particle−counterion and particle−monomer
interactions, the particles are envisioned as spherical objects
with a thin layer of penetrable soft core surrounding an
impenetrable hard core. The repulsive interaction between the
particle and the polymer monomers, counterions are modeled
through an interaction potential of the form:
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The coefficients α and β control the steepness and range over
which the repulsive potential decays from 100kBT to 0kBT. We
have used α = 0.9 and β = 0.5 nm for the simulation, which
ensures that the particle cores are almost impenetrable to
counterions and polymers. The direct interparticle interactions
are modeled through a hard-sphere interaction:
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For the simulations of the structure of polyelectrolyte−
protein mixtures, we have used the single chain in mean field
(SCMF) approach introduced by Mueller and co-work-
ers.22,23,41−43 The SCMF simulation is an approximate method
that retains the advantage of self-consistent field theory
(SCFT) in addition to the fluctuation effects. In this
particle-based simulation, independent chains are evolved in
an external field; these external fields are the instantaneous
interaction of molecules surrounding and their densities. These
instantaneous fields and densities are discretized in space. The
positions of particles are updated using Monte Carlo (MC)
analysis based on these quasi-instantaneous fields. The
accuracy of SCMF is dependent on the frequency at which
the fields are updated (enough to mimic the instantaneous
fields) and discretization of space and chain length.41,44 The

statistical segments of the Gaussian chain in our system
interact through the excluded volume parameter (to capture
the effect of solvent), u0, while the charge segments interact via
a Coulombic interaction which depends on the Bjerrum length
and the charge space on the polymer backbone, which is
determined by b. In our system, the presence of each species is
used to calculate the density and potential fields with a spatial
collocation mesh of resolution of Δx = 0.7b. We performed the
simulations in a periodic cubic box of length L ≈ 37b, which
was sufficient to minimize finite size effects. We note that our
model framework assumes that the monomers and counterions
are point particles. Thereby, in this paper we are not
considering several factors including short-range potentials
like hard-core interactions and ion size effects.45,46 For
instance, Li et al. studied the effect of ion size on charge
distribution of counter- and co-ions near a charged surface by
minimizing a free energy functional using the Poisson’s
equation as the constraint. With a decrease in size of the
counterion, the saturation value of counterion concentration
far away from the charged surface increased, and the width of
the saturation region was found to decrease.45 Such effects are
not captured within the SCMF approach.
In the SCMF framework, the nonbonded pairwise

interactions are replaced with fluctuating potential fields
which are conjugate to the corresponding density fields.41

The electrostatic energy arising from the charges is represented
in terms of its conjugate electrostatic potential field φ(r) and
the associated energy:
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where ρe(r) is the total charge density arising from particles,
polymers, and counterions (in units of e), and is given as

∑ρ ρ ρ ρ= ± − ̂z z zr r r r r( ) ( ) ( ) ( ) ( )e part part
ion

ion ion m poly

(11)

where zion is the valency of each ion (co- or counterions), zm is
the valency of each monomer, zpart(r) is the local charge of the
particle which in turn depends on the sign and magnitude of
the particle patch at r. Field ρion(r) denotes the local density of
co- and counterions. The electrostatic potential φ(r), in units
of kBT/e, is obtained as the solution of Poisson’s equation:

φ π ρ▽ = − lr r( ) 4 ( )2
b e (12)

In the above equation, lb is the Bjerrum length, defined as e2/
4πε0εrkBT, where εr is the relative dielectric constant of the
medium and ε0 is the vacuum permittivity. For water, at 300 K,
lb ≈ 0.7 nm.
To accommodate the dissociation of particles within the

above simulation method we have embedded the constant pH
simulation method within the existing SCMF framework
(depicted schematically in Figure 2a,b).47,48 The “constant
pH” algorithm relies on the global pH/pOH value as an input
to modulate the probability of association and dissociation of
the dissociable species. An association/dissociation reaction of
a titratable group on the surface (on the positive patch) of an
annealed protein can be written as

↔ ++ −BOH B OH 1

where BOH denotes the associated form of the titratable
group, B+ is the dissociated form and OH−1 is the hydroxyl ion.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c02007
J. Phys. Chem. B 2020, 124, 4421−4435

4423

pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c02007?ref=pdf


The probability of dissociation or association is determined
after two steps. First, a random titratable group is chosen in the
simulation box, either a BOH or a B+. It can be changed from a
dissociated state to an undissociated state and vice versa based
on a Metropolis criterion. The trial move for reaction is
accepted with a probability given as

= − −Δ
+

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É
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ÑÑÑÑÑÑÑÑÑÑ
N
N

acc(association) min 1, 10 expK EBOH
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where ΔEpot is the potential energy change due to the change
in characteristics of each species. Here ΔEpot|dissociation = zmφ
and ΔEpot|association = −zmφ, where φ is the local electrostatic
field. pOHin is the input pOH which determines the implicit
pOH value of the solution. Another input to the simulation is
pKB, where KB is the basicity constant. Second, if an
undissociated unit is converted from it is uncharged state to
a charged state, then a counterion is added. In contrast, if a
dissociated unit is converted from its charged state to an
uncharged state, then a counterion is deleted from the system.
It is to be noted that the dissociation of each dissociable unit
on the surface of the protein depends on the electrostatic
potential based on their position, which in turn depends on the
surrounding charge distribution. In our simulation we have
ignored the possibility of autoprotolysis reaction of water
(H2O ↔ H+ + OH−1). In this work we have assumed
electrostatic interaction to be dominant with respect to other
interactions such as dipole−dipole or hydrogen bonding.

3. NUMERICAL METHODS AND PARAMETERS

The model described in the previous section is used in a MC
simulation approach in which the configuration space is
sampled using the Metropolis algorithm.49 For the case of
single-particle simulations, we began by placing the particle at
the center of the box and the PEs and the counterions in
random positions in the rest of the box. In the initial portion of
the simulation, 104 MC moves are performed such that only
the PEs are moved while keeping the particles fixed in space.
This pre-equilibrium is done to ensure removal of any
particle−polymer overlaps. Subsequently, each MC step
(MCS) involved a slithering snake move for all polymer
chains and 100 MC moves for all monomers and counterions.
To calculate the charge of the particle, a protonation/
deprotonation move (as seen in Figure 2a) is performed for
all the dissociable components (of particles) once every 100
MC moves for the polymers. Using the position of the
monomers and ions, the density fields, charge density fields,
and electrostatic fields are updated after every move of the
polymer and particles. Using such a sequence of moves, the
system is equilibrated for 5 × 104 MCS. Subsequently, the
properties are averaged over 5 × 104 MCS, constituting the
production cycle.
As a complement to the results for polymer density profiles

and adsorption on a single particle, we also studied the
polymer bridging characteristics for two particles. Since our
study focuses only on one- and two-particle systems, we view
the polymer bridging characteristics as a means to understand
the propensity for complexation in protein−PE mixtures. For
quantifying the bridging characteristics of PEs, the probability
of bridging (will be discussed in detail in the subsequent
paragraphs) is calculated by placing a second particle at a
distance “r” from the center of the first particle. For such
analyses, every MCS move also included a rotational move for
the second particle to accommodate the relative orientation of
the charge heterogenieties of the particles. After every such
rotation, each monomer of the polymer present in the box is
moved for 100 MC cycles (104 MC steps).
We use a Fast Fourier Transform (FFT) based numerical

method to solve the Poisson’s equation (eq 12).22,23,50−52 For
our study, we have used the Bjerrum length (lb) as 0.7 nm,
corresponding to that of water at 300 K. Furthermore, we have
kept the value of u0 = 10, representing a good solvent. We note
that previous studies from our group have suggested that
excluded volume interactions exert only a small influence on
the results for good solvent conditions.22,23 The particles used
in the simulation are of radii Rp = 10 nm, and the
homopolymers are of Rg = 24 nm. For the simulation, we
have used a periodic cubic box of size (200 nm)3 ≈ 20Rp ×
20Rp × 20Rp divided into a 64 × 64 × 64 grid. In this study, we
did not probe the effect of varying Rp or Rg. Unless otherwise
noted, the concentration of polymer in the system is set at C/
C* = 0.10.
We characterize the PE adsorption on the particles by the

measure net adsorption (eq 15):

∫ ρ ρ= −
∞

d r rNet adsorption ( ( ) )
R

3
pol avg

p (15)

where ρpol(r) and ρavg denote the local and bulk polymer
concentrations, respectively. To characterize the PE bridging
characteristics, we set out to quantify the probability that a

Figure 2. Schematic depiction of the computational method which is
a hybrid of a constant pH method and SCMF, pertaining to an
annealed PI0 particle. (a) A dissociable unit is chosen at random. It
can be changed from a dissociated state to an undissociated and vice
versa based on a metropolis condition. On the basis of the
dissociation state, a counterion is deleted from or added to the
system. (b) On the basis of the charge of the protein and the number
of counterions in the system after step (a), SCMF is performed on the
counterions, PEs, and the particles in a canonical system. The above
steps are then repeated multiple times (details in section 3) to attain
equilibrium properties.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c02007
J. Phys. Chem. B 2020, 124, 4421−4435

4424

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02007?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02007?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02007?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02007?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c02007?ref=pdf


particle is connected to the other by at least one polymer
bridge:

=

P r( )
No. config. at which at least 1 polymer bridges between 2 particles

Total no. config.

f

(16)

As discussed previously, the calculation of bridging character-
istics involve rotational moves for a fixed center to center
distance “r” between two particles. Such calculations are
comparatively expensive and as a consequence are statistically
less reliable due to the number of configurations that could be
sampled. To obtain qualitative insights into the influence of
different parameters on bridging characteristics, Pf(r) is fit to a
function of the following form shown in eq 17:53,54

= × − −i
k
jjjj

i
k
jjj

y
{
zzz
y
{
zzzzP r c

r a
b

( ) 1 tanhf
(17)

where a, b, and c are the fitting parameters. We use the
resulting fits to discuss the influence of different physical
parameters with bridging characteristics. The raw data and the
corresponding fits are shown in Figure S1a−d.

4. RESULTS AND DISCUSSION
To elucidate the influence of charge regulation on PE
adsorption and bridging characteristics, we compare the results
of the dissociable particle model with that of the case in which
the patchiness of the particles are retained, but the charge
themselves are fixed. In accord with the terminology
commonly used in this regard, the dissociable particles are
termed “annealed” particles, whereas the fixed charge model is
termed a “quenched” particle.51,55,56 To ensure a valid
comparison between such systems for each pH probed, we
chose the number of dissociable units for the annealed particles
such that the net charge of the annealed particles in (a PE-free)
solution at the specified pH matches with that of the quenched
particles.
In the following, we discuss the combined influence of

charge patchiness and charge regulation on PE adsorption and
bridging characteristics. Subsequently, we present results
elucidating the influence of other variables such as the charge
of patches, the net charge of the particle and the polymer
concentration on adsorption and bridging characteristics.
4.1. Effect of Number of Patches on the Protein. In

this section, we discuss the effect of the number of patches on

the protein on the adsorption and bridging characteristics. We
compare and contrast the results for quenched and annealed
particles.
Figure 3a presents results comparing the net adsorption (eq

15) of PEs on annealed and quenched particles. The quenched
particles are assumed to possess the same net charge Qnet = 14
while possessing different charge distributions corresponding
to PI0, PI1, PI2, and PI3 (detailed charge distribution data are
shown in Table 1). The patchy particles, which have both

positive and negative patches, are chosen such that all the
models have the same Qp and Qn. As seen from the results in
Figure 3a, the net adsorption of PEs on the quenched particles
is higher than that on the annealed ones, suggesting that charge
regulation leads to a reduction in polymer adsorption. For
quenched cases, we observe that the net adsorption of PEs on
patchy particle to be higher than homogeneous particles.
However, for annealed particles, the net adsorption is seen to
first decrease and then increase with the number of patches.
Prior to rationalization of the above results, we note that the

net adsorption of PEs on patchy particles involves a
competition between the adsorption of PEs on the opposite
charged patches and the electrostatic (and entropically)
induced depletion of PEs from the negatively charged patches.
The former is dependent on the charge density of the positive
patch, while the latter depends on the charge density of the
negative patch. Within such a context, the above differences in
the adsorption characteristics behavior can be explained using
two-dimensional representation of the resulting PE concen-
trations (Figure 4a−h) for the different systems.
To explain the influence of charge heterogeneities on the

adsorption characteristics of quenched patchy particles, we
observe from Figure 4a−d that the concentration of the
polymer near the positive patch for PI1 is higher than that for
PI0. This arises as a consequence of the higher charge of the

Figure 3. (a) Net adsorption of polymers on annealed and quenched particles. (b) Ratio of dissociation of the annealed particles in a PE solution to
that in the PE-free solution.

Table 1. Detailed Charge Distribution of Patchy Proteins

quenched annealed

type
no. of negative

patch Qp Qn Qp Qn

PI0 0 14.0
(Qnet)

0.0 Qnet/αtitration = 40.0 0.0

PI1 1 38.0 24.0 84.0 24.0
PI2 2 38.0 24.0 95.0 24.0
PI3 3 38.0 24.0 110.0 24.0
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positively charged patch in PI1 particles relative to the PI0
particles (note that the Qnet is maintained the same between
PI0, PI1, PI2, and PI3 particles). As a result, there is an
increase in the net adsorption for PI1 particles compared to
PI0 particles. With an increase in the number of patches, the
concentration of polymers near the positive patches decreases,
since the local charge of each positive patch decreases. In
addition, the repulsion from the negative patches and the
accompanying polymer depletion increases due to their
proximity to the positive charge patches. Together, these
effects lead to a reduction in the net adsorption for quenched
particles with larger number of patches.
For annealed particles (Figure 3a), the concentration

distribution of polymers follows a trend similar to that for
quenched particles. However, for annealed patchy particles, the
concentration of PEs near the positive patch is seen to be lower
than that of the quenched particles. To explain these
differences, in Figure 3b we display the resulting dissociation
of annealed particles in the presence of PEs relative to that in
PE-free solution. For all cases, this ratio is seen to be less than
1.0, which indicates that the net positive charge of the annealed
particles in the presence of PEs is lower than that of the
quenched particles. The latter result can be understood by
noting that the dissociation of annealed particles depend on
the local density of the oppositely charged entities. In the
presence of negatively charged PEs in the solution, positively
charged counterions are also introduced to ensure electro-
neutrality in the system. The presence of positive counterions
reduces the dissociation of the positive patch of the particles to
mitigate unfavorable electrostatic interactions. A similar result
was presented in Pryamitsyn et al. in the context of adsorption
of PEs on oppositely charged particles (at higher concentration
of PEs).50

Using the above results, we can rationalize the lower net
adsorption of polymers in annealed particles as arising from the
lower charges of such particles in the presence of PEs. Further
support of the above reasoning is seen in the fact that the
decrease and the increase in the net adsorption (Figure 3a) of
patchy particles relative to the homogeneous particles correlate

well with the relative ratio of the degree of dissociation seen in
Figure 3b.
The influence of the number of patches on the dissociation

and net adsorption for the annealed particles can be explained
by using the two-dimensional PE concentrations in Figure 4e−
h. Similar to the reasoning presented for quenched particles,
for patchy particles (PI1, PI2, and PI3), the concentration of
negatively charged polymers is seen to be higher than that of
the homogeneously charged PI0 particles due to the lower
positive charge density of the latter. However, in the case of
annealed particles, an increase in concentration of the
negatively charged polymers also increases the local concen-
tration of positively charged counterions. Such a higher density
of counterions near the particle causes the dissociation of the
positive patch to decrease for PI1. When the number of
patches increases, the concentration of the polymers near the
positive patch reduces due to both the decreased charge of
each positive patch and the increased proximity of the negative
patches. This reduction in polymer concentration leads to a
lowering of the concentration of positive counterions near the
positive patches. The latter leads to an increase in the
dissociation of PI2 and PI3 particles relative to PI1 particles.
Hence, the adsorption for annealed particles first decreases and
then increases with the increase in the number of patches.
Figure 5 presents results for the probability of bridge

formation, Pf(r), comparing the quenched and annealed
particles. Surprisingly, in contrast to the results for polymer
adsorption, it can be seen that the probability of bridging is
higher for all annealed particles (solid lines) than for the
corresponding quenched ones (dashed lines). The trends for
quenched particles are seen to follow the behavior for PE
adsorption, such that the probability of bridging for patchy
particles is slightly higher than that for the homogeneous
particles. For annealed particles, when compared to PI0
particles, the probability of bridging (at a given distance)
decreases for PI1. However, compared to PI1, and similar to
the trend observed for adsorption, Pf(r) first increases and then
decreases with further increases in patchiness.

Figure 4. (a−d) Local concentration of PEs around annealed patchy particles. (e−h) Local concentration of PEs around quenched patchy particles.
The red dots denote the positively charged dissociable units, and the green dots present the negatively charged units on the proteins. (xc, yc) are the
(x, y) coordinates of the center of the first particle. The key to the color map is shown in the color bars.
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To rationalize the above results, in Figure 6a,b we present
the concentration of positive counterions for annealed PI0
particles in a two-particle system and compare it with that in a

single-particle system. It can be seen that relative to a single-
particle system the local concentration of positive counterions
is lowered and the polymer concentration becomes enhanced
with the introduction of the second particle. To demonstrate
that similar effects manifest for patchy particles, we present the
results corresponding to PI1 particles fixed in three
configurations. The three representative configurations dis-
played are as follows: (a) Positives: corresponding to the case
where the two positive faces are opposite to each other. (b)
Negatives: corresponding to the case where the two negative
faces are opposite to each other. (c) Opposites: corresponding
to the case where the two oppositely charged faces are opposite
to each other (Figure 7b−d). In the displayed results, it is seen
that the counterion concentration for the two-particle system is
again lower near the positive patch (relative to that of the one-
particle system as seen in Figure 7a). Thus, such results
demonstrate that the presence of the second particle and the
electrostatic interactions arising from the latter leads to a
reduction in the counterion concentration near the positive
patches of the annealed particles.

Figure 5. Probability of bridging, Pf, for patchy particles as a function
of surface to surface distance r for different number of patches on the
particle. The dashed lines corresponds to quenched particles, and the
solid lines present the results for the annealed particles.

Figure 6. Local concentration of positive counterions around PI0 annealed particles in a two-particle system, (b) single-particle system. The
polymer density around PI0 annealed particles corresponding to (c) the two-particle system and (d) the one-particle system. The red dots denote
the positively charged dissociable units on the proteins. (xc, yc) are the (x, y) coordinates of the center of the first particle. The key to the color map
is shown in the color bars.
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We suggest that the above-discussed lower concentration of
positive counterions in the two-particle system is the origin of
the enhanced bridging seen for annealed particles. Indeed, the
reduction in counterion concentration is expected to enhance
the dissociation of charged entities on the positive patch of the
annealed particles. Such an expectation is confirmed in the
results presented in Figure 8a−c which displays the local
charge distributions for the annealed particles. Such an
enhanced dissociation is expected to increase the electrostatic
attraction between the PE and the particle and leads to a
concomitant increase in the PE adsorption and bridging for the
annealed particles (Figure 9a) relative to the quenched
particles (Figure 9c).
To summarize the results of this section, for single particles,

the net PE adsorption on quenched particles was seen to be
higher than that on annealed particles. This was argued to arise
as a consequence of the reduction in the net charge of the
positive patch in the presence of oppositely charged
polyelectrolytes. However, in contrast to such results, the
probability of bridge formation was seen to be higher for
annealed particles when compared to quenched particles. The
latter results were shown to arise due to the influence of the

second particle on the charge dissociation of the annealed
particles. Such charge regulation effects are seen to be
enhanced further by the presence of charge patches. On the
basis of such results, we conclude that charge regulation serves
to be an important factor in regulating polymer bridging of
charged particles. Moreover, while the influence of charge
regulations is enhanced through the presence of charge
heterogeneities, such effects are seen to be only at a secondary
level. While our results pertain to only two-particle systems, if
we hypothesize that similar considerations carry over to
multiple particle systems, then the presence of dissociable
charges and the accompanying charge regulation is likely to
enhance complexation above and beyond what may be
expected based on the charge of the particle in PE-free
solution.

4.2. Effect of Charges on the Patches of the Proteins.
To probe further the influence of charge heterogeneities on the
adsorption and bridging characteristics, we adopted a frame-
work in which we changed the ratio of positive to negative
patch charge (Qp/Qn) while keeping the net charge of the
particle (Qnet = Qp − Qn) constant. Such a framework was
inspired by protein supercharging experiments,57,58 where the

Figure 7. (a) Local concentration of positive counterions around an annealed PI1 particle. Local concentrations of positive counterion around two
annealed PI1 particles fixed with their (b) negative patches facing each other, (c) positive patches facing each other, and (d) opposite patches
facing each other. The red dots denote the positively charged dissociable units and the green dots denote the negatively charged units on the
proteins. (xc, yc) are the (x, y) coordinates of the center of the first particle. The key to the color map is shown in the color bars.
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net charge of the protein can be either increased or decreased
by manipulating the surface charges of specific regimes.
Figure 10a,b presents the result for adsorption for PI1

particles with fixed Qnet = 14 with different ratio between the
positive and negative patches. From the results in Figure 10a,
we observe that the adsorption for quenched particles initially
increases with an increase in the charge of the positive patch
and then beyond a critical charge decreases with further
increase in the positive charge. The initial increase in net
adsorption can be rationalized as arising from the increased
electrostatic interaction between the positive patch and PEs.
However, since our framework for this keeps the net charge
fixed, this increase in positive charge is also accompanied by an
increase in the charge on the negative patches, which
concomitantly leads to an increase in the repulsive interactions
between the PEs and the negatively patches. Due to such
competing factors, the net adsorption of polymers first
increases and then decreases with increase in the charge of
the positive patch of the particle.

In Figure 10a, the net adsorption of the annealed particles is
seen to decrease with an increase in the charge of the positive
patch of the particle. In line with the results presented in the
previous section, this decrease in net adsorption is seen to be
consistent with the decrease in the degree of dissociation of the
positive patch with an increase in Qp (in Figure 10b). The
latter can in turn be explained as arising from the higher
concentration of positive ions near the positive patches as seen
in the Figure S2a−c. The increase in the concentration of
counterions near the positive patch is due to the higher local
concentration of negatively charged PEs with increase in the
charge of the positive patch of the particle.
Figure 11 presents a comparison of the results for Pf(r)

between PI1 quenched and annealed particles with constant
Qnet = 14 but different charges on patches. Similar to the
results seen in the previous section, annealed particles are seen
to exhibit a higher probability of bridge formation than that for
quenched particles. To maintain brevity, we do not repeat the
earlier discussed physics underlying such results which relates

Figure 8. Average charge of annealed PI1 particles with their (a) positive patches facing each other, (b) oppositely charged patches facing each
other, (c) negatively charged patches facing each other, (d) quenched PI1 particles. The red dots denote the positively charged dissociable units.
The green dots denote the negatively charged units. (xc, yc) are the (x, y) coordinates of the center of the first particle.
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to the local dissociation of the charge patches and the density
of counterions arising in the presence of the second particle.
With regards to the influence of the charge on the positive

patch, the Pf(r) for the quenched particles is seen to initially

increase with an increase in charge of the positive patch. This
increase can be rationalized by the increase in electrostatic
attraction (between the oppositely charged PE and the positive
patch) with an increase in charge of the positive patch and

Figure 9. Local concentrations of polymers (a) around two annealed PI1 particles at a fixed position with their negative patches facing each other,
(b) for a single PI1 annealed particle, (c) for two quenched PI1 particles at a fixed position with their negative patches facing each other, and (d)
for a single PI1 quenched particle. The red dots denote the positively charged dissociable units. The green dots denote the negatively charged units.
(xc, yc) are the (x, y) coordinates of the center of the first particle. The key to the color map is shown in the color bar.

Figure 10. (a) Net adsorption of polymers on annealed and quenched particles. (b) The ratio of dissociation constant of the annealed particles in
the presence of PEs compared to that in a PE-free solution.
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correlates with the results for the polymer adsorption as seen in
Figure 10a. Relative to Qp = 39, the probability of bridging
increases only by a small amount for Qp = 45 due to the
increased electrostatic repulsion arising from the negative
patch of the particle which reduces polymer adsorption.
For the annealed particles, the probability of bridging is also

seen to increase with an increase in the charge of the positive
patch (Figure 11). Similar to the results discussed in section
4.1, for all values of Qp, the counterion concentrations near the
positive patches are lower for the annealed two-particle system
when compared to those for the one-particle system (as seen in
Figure S3). Furthermore, the differences in the concentration
of counterions near the positive patch between the one- and
two-particle systems increases with an increase in Qp (seen in
Figure S3a−f). This increased depletion of the positive
counterions can be rationalized as arising from the increase
in the electrostatic repulsion from the positive patches of the
second particle. This decrease in concentration of counterions
leads to an increase in dissociation of the positive patch and a
corresponding increase in polymer adsorption and bridging.
4.3. Effect of the Net Charge of the Proteins. To probe

the influence of net charge of the proteins on the adsorption
and bridging, here we consider only the case of homogeneously
charged particles, PI0. Similar to the previous sections, we
adopted a framework where the net charge of the quenched
particle is kept the same as that of the average charge of the

annealed particle after dissociation in PE-free solution. Such a
framework ensures that the difference in adsorption or
bridging behavior arises only due to charge regulation.
Figure 12a,b presents the results of adsorption of PEs on

annealed and quenched particles for different net charges.
From the results presented in Figure 12a, we observe that the
adsorption for both quenched and annealed particles increases
with increase in the net charge of the particle. Such an
observation is intuitive and can be rationalized by the increase
in the electrostatic attraction between the PEs and the particles
with increase in particle charges.
The net adsorption for annealed particles is observed to be

lower than that of the quenched particles for all charges.
Moreover, the difference between the net adsorption of
quenched and annealed particles is seen to increase with an
increase in their net charge. Such observations can be again
rationalized by invoking the extent of dissociation (as seen in
Figure 12b) of the annealed particles in the presence of PEs.
Explicitly, in Figure 12b the dissociation of particles in the
presence of PEs is seen to be lower than that in PE-free
solution, and decreases with an increase in the net charge of
the particles. This reduction in dissociation can be rationalized
due to increase in the concentration of positive counterions
near the particles, an effect similar to that observed by
Pryamitsyn et al.50

Figure 13 presents the results for Pf(r) for quenched and
annealed particles for different net charges. Pf(r) is seen to

Figure 11. Probability of bridging, Pf, as a function of surface to
surface distance between the particles r for different charges of the
positive patch, Qp. The dashed lines present results for quenched
patchy particles. The solid lines present results for the annealed
patchy particles.

Figure 12. (a) Net adsorption of polymers on annealed and quenched particles. (b) The ratio of dissociation constant of the particles in the
presence of PEs compared to that in the PE-free solution.

Figure 13. Probability of bridging, Pf, as a function of particle surface
to surface distance r for different Qnet. The dashed lines corresponds
to quenched particles. The solid lines correspond to annealed
particles.
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increase with increase in the net charge of the particles for both
annealed and quenched particles. This trend can be
rationalized by invoking the enhancement in electrostatic
attraction between the particle and polymer resulting at higher
particle charges. Pf(r) for annealed particles is again seen to be
higher than that for the quenched particles. Similar to the
results discussed in previous sections, the counterion
concentrations for the two-particle system is reduced relative
to that for the one-particle system (seen in Figure S5a−f)
leading to an increase in polymer adsorption (as seen in Figure
S6a−f) and bridging due to increase in dissociation (as seen in
Figure S7a).
With regards to the influence of Qnet on the bridging of

annealed particles, in Figure S5a−f, it can be seen that the
differences in counterion concentration between the two- and
one-particle systems increases with an increase in Qnet,
particularly in the area between two particles. This can be
rationalized as arising from the increased electrostatic
repulsions experienced by the positive counterions due to
the second particle. Such a depletion of counterions causes an
enhanced dissociation of the particles and an increase in the
concentration of polymers (Figure S6a−f). This results in the
differences between Pf(r) of quenched and annealed particles
to increase with an increase in Qnet.
4.4. Effect of Polymer Concentration. To probe the

effect of polymer concentration on the adsorption on
quenched and annealed particles, in this section we maintain
the net charge of PI0 at Qnet = 14 and vary the polymer
concentration.
The results presented in Figure 14a demonstrate that with

an increase in concentration of the polymers the net
adsorption for both annealed and quenched particles decreases.
To rationalize such an observation, we present the local
concentration of polymers normalized by the bulk concen-
tration as seen in Figure 14b in which the polymer
concentration profile is seen to have a peak followed by a
long-range decay. It is further observed that the peak of the
polymer concentration decreases with an increase in the bulk
concentration of the polymer. This reduction in the peak of the
concentration and the range of concentration is responsible for
the reduction in the net adsorption.
The above results are similar to those presented in

Pryamitsyn et al.,51 where the peak in the polymer
concentration was rationalized by suggesting that at dilute
polymer concentrations, the local polymer concentrations were
enhanced (relative to bulk) to neutralize the charge on the
particle. In contrast to higher bulk polymer concentrations, the
local polymer concentrations were suggested to reflect

neutralization of counterions segregated to the particle surface
and are hence comparable to the bulk concentration of the
polymers. Furthermore, the reduction in the range of the
concentration variation was argued to arise as a consequence of
increased electrostatic screening.
The net adsorption for annealed particles are seen to be

slightly lower than quenched particles and follow the same
trends with respect to the polymer concentration. Similar to
the results discussed in the previous sections, the differences
between annealed and quenched particles can be rationalized
by invoking the dissociation for the particle and its value
relative to a PE-free solution (shown in Figure 14c), which is
seen to increase very slightly with the concentration of
polymers. This latter observation is in line with the results
shown by Pryamitsyn et al. at low bulk PE concentration51 and
can be understood by noting that an increase in the bulk
concentration of the polymer leads to an increase in the
dissociation of the particles to accommodate favorable
electrostatic interaction between the particles and the
oppositely charged polymers.
Figure 15 presents results comparing Pf(r) in quenched and

annealed particles for different concentration of polymers. As

may be expected intuitively, Pf(r) is seen to increase with an
increase in the bulk concentration of the polymers. Similar to
the results in the previous sections, the Pf(r) for quenched
particles is again seen to be lower than the annealed particles,
and the difference between them decreases with an increase in
concentration of the polymer.

Figure 14. (a) Net adsorption of polymers on annealed and quenched particles. (b) Local polymer concentrations (normalized) around a particle.
(c) Ratio of dissociation constant of annealed particles in the presence of PEs compared to that in PE-free solution.

Figure 15. Probability of bridging, Pf, as a function of particle surface
to surface distance r for different C/C*. The dashed lines correspond
to quenched particles. The solid lines correspond to annealed
particles.
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To rationalize the influence of polymer concentration on the
differences between Pf(r) for annealed and quenched particles,
Figure S8a−f presents results comparing the average counter-
ion concentration around annealed particles. In line with the
results discussed in the previous section, the average
counterion concentration around the annealed particles are
seen to be lower relative to that in an one-particle system (as
seen in Figure S8) resulting in a higher dissociation of particles,
enhanced polymer adsorption, and bridging. With an increase
in the concentration of polymers, there is expected to be an
increase in the electrostatic screening and therefore diminished
role for the differences in counterion concentrations to
influence the dissociation of annealed particles. This leads to
reduction in the difference between Pf(r) for annealed and
quenched particles with increase in the concentration of the
polymer.

5. CONCLUSIONS

In the previous section, we have presented results for the
influence of different charge distribution on the particles, net
charge of the particles, and concentration of the PEs on the
adsorption and bridging of PEs on the particles. For all cases,
quenched particles, i.e., for situations in which the net charge
of the particle was fixed, the net adsorption of polymer was
seen to be higher than that of the annealed particles. Such
results were rationalized as arising from the reduction in
dissociation of annealed particles in the presence of PEs
relative to a PE-free solution. The differences between the net
adsorption in quenched vs annealed particles were seen to
increase with increase in the net charge of the particle, decrease
in the number of patches and increase in the magnitude of the
positive patches.
In contrast to results for net adsorption, the probability of

bridging Pf(r) was seen to be higher for the annealed particles
when compared to that for the quenched particles. Such results
were shown to occur due to increased dissociation of
individual particles in the presence of the second particle.
The charge regulation effect on bridging is enhanced by the
presence of charge heterogeneity, increases in the charge of
positive patch of the particles, and decreases with the
concentration of the PEs.
The results presented in this study comprise a first step

toward understanding the influence of charge regulation and
charge heterogeneity on adsorption and bridging of PEs on
proteins. Our results suggest that charge regulation can serve as
a significant influence of polymer bridging and possibly PE
complexation. In a future study, we plan to extend the
framework of the present study to account for the influences of
multiple particles and characterize the resulting structure and
phase behavior in such cases.
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