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Zwitterionic modification of colloids with weak acids and bases represents a promising strategy in
creating functional materials with tunable properties and modeling the self-organization of charged
proteins. However, accurate incorporation of the dynamic dissociation or association of ionization groups
known as charge regulation (CR) is often intractable in theoretical and computational investigations since
charge redistribution and configuration need to be evolved self-consistently. Using hybrid Monte Carlo and
molecular dynamics simulations, we demonstrate that a dilute suspension of overall charge-neutral
zwitterionic Janus nanoparticles shows a conformational transition from an open assembly of string or
bundle to compact cluster along with the variation in pH. The behavior under CR is qualitatively different
from the commonly employed constant charge condition where the transition is absent. The CR-induced
clustering is due to the inhomogeneous and fluctuating charges localized near the equatorial boundary of
the Janus particle. These features are enhanced particularly at low salt concentration and high electrostatic
coupling strength. Our results indicate the critical role of charge regulation in the spatial self-organization

of zwitterionic nanoparticles.
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Janus particles, whose surfaces have two or more distinct
physical or chemical properties, are attractive building
blocks in the development of functional materials [1,2].
Their anisotropic nature has permitted diverse applications
ranging from stimuli-responsive drug delivery carriers [3,4]
to active swimmers with controlled movement [5,6].
Among the various types of Janus particles [7,8], zwitteri-
onic particles with oppositely charged surface regions, also
termed inverse patchy colloids, represent an important class
[4,9-17]. For example, by coating the hemispheres with
weak polymeric acid and base groups, pH-driven aggre-
gation and disaggregation can be efficiently achieved
[11,12]. The idea of reversible self-assembly has been
utilized to construct a drug capsule with a controllable
release of dual drug molecules [4]. The self-organization of
zwitterionic particles is relevant not only to these advanced
materials applications but also to understanding more
complex biological phenomena, such as protein aggrega-
tion [18-20].

Given the prevalence of zwitterionic particles, exten-
sive experimental [9-11,16,17], theoretical [21-24], and
computational [10,16,25-27] investigations have been con-
ducted on their self-assembly. The pioneering experimental
investigation demonstrated that overall-neutral, zwitterionic
Janus particles can form linear strings in solution [9],
behaving as dipolar spheres [25,26]. Granick and co-
workers also observed colloidal clusters in the condition
that the particle diameter exceeds the Debye screening
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length, providing valuable insights regarding the role of
electrostatic screening [10]. Theoretical and computational
approaches employing dipolar approximations or mean-
field electrostatics have enabled the predictions of phase
behavior upon system parameters, such as temperature
[25,27], surface patch coverage [16,22,23,27], and volume
fraction [25]. However, another important effect concerns
the dynamic dissociation and association of surface ioni-
zation groups, which is commonly known as the charge
regulation (CR) process [28-30]. Indeed, CR effects can
mediate far richer complex electrostatic interactions
between charged objects in various soft matter systems
compared to the conventional constant charge (CC) con-
dition [19,31-34]. It is also found that CR is responsible for
the electrostatic phenomenon of like-charge attraction under
a certain condition [18-20,35]. Moreover, recent particle-
based simulations have revealed that CR effects can
qualitatively change self-assembled structures in a binary
suspension of colloidal particles with size asymmetry,
stabilizing open aggregates, whereas the CC approximation
results in the opposite trend [36]. From these prior inves-
tigations, it is expected that CR effects can influence the
self-organization of zwitterionic particles, particularly
when their size is a few times the Bjerrum length, such as
nanoparticles.

Nevertheless, hitherto all theoretical and computational
investigations of zwitterionic particles have widely adopted
CC approximation [10,16,25-27]. Furthermore, a primary
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focus has been put on micron-sized colloids, and the phase
behavior of zwitterionic nanoparticles has been explored
far less frequently. The understanding of CR effects in
the self-assembly of zwitterionic particles is of signifi-
cant importance not only from applications viewpoint
[3,4,13,14] but also from fundamental physics on the
many-body self-organization under a complex interplay
among particle configuration, ion distribution, and ion
association-dissociation.

In this Letter, we use an optimized simulation method
that allows accurate and efficient modeling of thousands of
individual ionizable groups [37]. With this method, we
demonstrate that CR effects can qualitatively change the
self-organization behavior in a prototypical suspension of
charged Janus, overall-neutral zwitterionic nanoparticles,
compared to the CC condition that ignores the inhomo-
geneity and fluctuation of individual surface charges. Our
model system consists of N, zwitterionic nanoparticles
[see Fig. 1(a) for an illustration of N. = 2 particles] whose
two hemispheres are coated with n, weak acid (n groups
at neutral state A° and n;; groups at dissociated state A~)
and ny base groups (n% groups at neutral state B® and nj;
groups at dissociated state B™). It also includes dissociated
ions (protons H" and hydroxyl ions OH™) and salt ions
(monovalent cations St and monovalent anions S7)
immersed in an implicit solvent characterized by a dielec-
tric permittivity &,,. The acid and base groups undergo
the following dissociation reactions: A=A~ + H" and
B’=B" + OH~ with equilibrium reaction constants pK,
and pK,, respectively. We also implement water autopro-
tolysis reactions =H" + OH~ with (J the empty set due to
implicit solvent and the grand-canonical ion exchange
(=S* + S~ with a reservoir at a given pH and chemical
potential pl. These reactions are modeled using a newly
developed simulation method [37].

Following the restricted primitive model [38,39],
we represent ions as uniform spheres of diameter ¢ =
2r = 0.72 nm, a typical value of hydrated ions [40], and
mass m. We study nanoparticles of diameter D = 2R =
80~ 6 nm with ny =np =186 acid and base groups
uniformly distributed on each hemisphere, following the
electron distribution in the Thomson problem [41]. The
excluded-volume effects are modeled through purely
repulsive  Weeks-Chandler-Andersen potential with an
energy coupling € = kzgT. We consider overall-neutral
zitterionic Janus nanoparticles with pK, = pK, = pK.
This setting enables us to isolate CR effects from the
possible influences of net charge and hydrophobic (or van
der Waals) attraction on the self-organization behavior.
We consider the case of a long Bjerrum length [z =
Bq*/ (dney) =20, where f=1/(kgT), kg is Boltzmann’s
constant, 7 is the absolute temperature, and ¢ is the
elementary charge. This choice enhances the electrostatic
CR effects, but we will demonstrate that our observations
hold at lower coupling (I3 = ) as well. We adopt a choice of
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FIG. 1. Charge regulation effects on the effective interparticle

interaction and the self-assembly for two and three zwitterionic
nanoparticles. (a) Typical charge distribution of two zwitterionic
nanoparticles in parallel alignment, showing negatively charged
dissociated (blue) and neutral (white) acid groups, positively
charged dissociated (red) and neutral (white) base groups, free
cations (light red), and anions (light blue) at ApH = pH — pK =
6 and pl = 4. (b) The free-energy profiles as a function of the
relative dipole-dipole orientation @ [see the inset of (c) for the
definition] at various ApH for CR nanoparticles (top) and CC
nanoparticles (bottom) which can translate and rotate freely.
Although the free-energy profiles qualitatively remain the same,
CR allows a more substantial fluctuation in @, indicating two
nearby CR nanoparticles can more easily adjust their relative
orientation. (c) The free-energy profiles as a function of the relative
dipole-displacement orientation ¢ [see the inset of (c) for defi-
nition] at ApH = 1 for CR nanoparticles (red dotted thick curve)
and CC nanoparticles (blue dotted thin curve). We find that CR
effects significantly reduce the free-energy barrier for the second
nanoparticle rolling to the other side of the first nanoparticle.
(d) The equilibrium probability of triangular configuration (see the
inset) formed by three zwitterionic nanoparticles at various ApH.
Here we adopt a criterion where two nanoparticles are considered
bonded if their distance is smaller than 10c. While linear string
always remains dominant under the CC condition, CR boosts the
probability of triangular configuration when pH ~ pK.

pl =4, which ensures a dilute reservoir salt concentra-
tion ¢, = 107 M. This leads to a screening length A, =
(8zlgc,)™"/? ~21 nm for all pH values within 4 <
pH < 10, where only the difference ApH = pH — pK
matters. We utilize a cubic simulation cell size L = 100c
with a 3D periodic boundary condition. The long-range
electrostatic interactions are calculated via the particle-
particle particle-mesh algorithm [42] with a relative force
accuracy of 1073, Additional details and model limitations
are presented in Supplemental Material [43].

To understand the role of CR effects, we first investigate
how the CR regulates basic electrostatic interactions in
systems consisting of N. =2 [Figs. 1(b) and 1(c)] and
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N. = 3 [Fig. 1(d)] nanoparticles. To this end, we perform
free-energy calculations using the well-tempered metady-
namics method [48,49]. Figure 1(b) shows the free-energy
profiles pF for N. = 2 as a function of the dipole-dipole
orientation @ [see the inset of Fig. 1(c) for the definition of
d] for both CR [Fig. 1(b), top] and CC [Fig. 1(b), bottom]
conditions. While the overall shape of fF is qualitatively
the same, we can see that CR leads to a stronger 6
fluctuation for small ApH. At ApH = 1, fluctuation effects
are the strongest. Nevertheless, the local minima of SF are
not located at @ = 0 due to the anisotropic charge distri-
bution where surface charges are primarily induced near the
equatorial Janus boundary region [cf. Fig. 1(a)]. Such
anisotropic charge distribution is energetically favored
because of the strong electrostatic attraction between sur-
face disassociated acid and base groups. This phenomenon
is more prominent at a smaller ApH. While the two
nanoparticles could rotate to change the relative dipolar
orientation under thermal fluctuation, a nanoparticle can
also roll along the surface of the other particle toward its
opposite side. Indeed, the free energy fSF as a function of
dipole-displacement orientation ¢ at ApH =1 [see the
inset of Fig. 1(c) for the definition of ¢ and Fig. S1 in the
Supplemental Material [43] for SF(¢) at ApH = 6] exhib-
its two local minima for both CR and CC conditions, as
shown in Fig. 1(c). However, CR effects reduce the free-
energy barrier height from SF* ~ 8kpT under the CC
approximation to F* ~2kgT. The reduction in SF* can
also be explained by the anisotropic charge distribution that
promotes the emergence of side-by-side arrangement
(Fig. S2 in the Supplemental Material [43]), as often
observed in CR simulations. The reduction in fF* increases
the probability of a nanoparticle rolling toward the opposite
side. In addition, previous mean-field-level theories using a
perturbation approach [19,50] have demonstrated that CR
can introduce an attractive component into the intermacro-
molecular free energy; in particular, it becomes the dom-
inant contribution when the mean charge is close to zero,
which is exactly the case studied here. This theoretical
prediction coincides with our simulations of N. = 3 nano-
particles [Fig. 1(d)], where we indeed find that CR
significantly boosts the equilibrium probability of compact
triangular configuration [see the inset of Fig. 1(d)] at
smaller ApH. On the other hand, a linear string instead
of a compact triangle is always nearly 100% under the CC
condition.

The above results suggest that CR effects may drastically
influence the self-organization of many-particle systems.
We examine this in two systems of N, = 10 [corresponding
to the volume fraction 2 x 1073, Figs. 2(a), 2(b), 2(e), and
2(f)] and N, = 30 [corresponding to the volume fraction
6 x 1073, Figs. 2(c), 2(d), 2(g), and 2(h)] nanoparticles for
both CR (Fig. 2, top) and CC (Fig. 2, bottom) conditions.
We can see that CR effects indeed have drastic conse-
quences on the self-organization behavior: open assembly
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FIG. 2. Examples of the importance of charge regulation in
electrostatically driven self-organization of zwitterionic nano-
particles. Typical equilibrium configuration of nanoparticle
aggregates for systems containing N, = 10 [ApH = pH-
pK =5 1in (a) and ApH =1 in (b)] and N. =30 [ApH =5
in (c) and ApH=1 in (d)] zwitterionic nanoparticles. To
demonstrate the effects of CR, we also perform simulations
(e)—(h) with CC nanoparticles, where each of the surface groups
carries a constant charge that is determined from the average
ionization of the CR particles. While the CC condition always
gives rise to open assemblies (string at low N, and bundle at large
N,), CR leads to a conformational transition to compact clusters
at pH ~ pK. The color scheme used is the same as in Fig. 1.

of string or bundle (depending on particle number N,) at
large ApH and compact cluster at small ApH. This
behavior is qualitatively different from the results in the
CC approximation, where the conformational transition is
absent along with the variation in pH (more precisely, the
average surface charge). Arguably, compact clusters similar
to Figs. 2(b) and 2(d) have been observed in zwitterionic
colloids [10,16]. However, we emphasize that the cluster-
ing previously reported is typically induced either by
attractive short-range interactions [16,51] or for a relatively
large particle size compared to the electrostatic screening
length [10]. This essentially differs from our system, where
the clustering is achieved by electrostatic interactions
alone without other interactions favoring clustering [51]
and the size of zwitterionic nanoparticles is far smaller
than electrostatic screening length. We also performed CC
simulations where nanoparticles carry static equatorial
charges and do not observe compact clusters. This implies
that the anisotropic charge alone is insufficient to induce
clustering in our systems, while the fluctuating nature of
CR effects plays a critical role. Thus, we may say that our
model system has the advantage of isolating CR effects,
permitting an accurate assessment of their relevance in
nanoparticle self-organization. To our knowledge, the CR
effects on the self-assembly of zwitterionic particles dis-
cussed here have been overlooked.

One advantage of MD simulations is that their particle-
level resolution allows a direct structural analysis of the
cluster, given the experimental challenge of observing
nanoscale building blocks in an aqueous medium. Here
we characterize the structure by the radial density distri-
bution p(r), as shown in Fig. 3. The first main peak of p(r)
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FIG. 3. Radial density distribution p(r) of cluster aggre-

gates formed by various nanoparticle numbers N. = 10-50 at
ApH = pH — pK = 1. The peaks of p(r) are labeled by the
corresponding local particle arrangements within the cluster,
where the distance r refers to that between nanoparticles with
dashed lines.

appears at r &~ D as expected, with a density value that is
almost independent of N. > 30. Notably, the emergence of

the second peak at r & /3D ~ 140 reflects the existence of
a typical triangular arrangement, as depicted in Fig. 3,
followed by the third peak at r= 2D representing an
alignment structure. For N, = 50, the fourth peak also
appears at r &~ 2.6D, which indicates a pentagonal arrange-
ment, as shown in Fig. 3. The local coordination number z
defined as the average number of particles within the first
minimum of p(r) from a chosen particle is estimated to be
z~ 8.5 for N, = 50, which is much less than z = 12, an
optimal packing for hard-sphere systems. Thus, the formed
colloidal cluster can be seen as a loosely packed liquid
droplet. This loose packing must be due to complex
electrostatic interactions, consistent with the presence of
pentagonal arrangements.

Finally, we present the full phase diagrams as a function
of ApH = pH — pK and particle number N for both CR
[Fig. 4(a)] and CC conditions [Fig. 4(b)]. While CR effects
still permit the clustering for up to N. = 60 nanoparticles,
the transition point of ApH* between open and compact
structures shifts to a smaller value with increasing N,
[Fig. 4(a)]. We note that the conformational change along
with ApH is accompanied by a monotonic variation in the
ionization degree a, with a kink location of ApH* that is
consistent with the equilibrium conformation transition
(see Fig. S3 in the Supplemental Material [43]). The
variation in a, however, becomes smoother for large N,
where the transition is absent. In contrast, a compact cluster
is never observed under the CC approximations [Fig. 4(b)].
This difference highlights the essential roles of CR effects.
Although there seems to be no limit to the size of clusters
that can form from CR effects, the trend in Fig. 4(a)
suggests that for larger N, such a conformational transition
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FIG. 4. General phase diagrams of overall-neutral charged
Janus zwitterionic nanoparticles for both CR (a) and CC
(b) conditions, covering a wide range of particle number N,
and ApH = pH — pK. Consistent with Fig. 2, CR effects allow a
conformational transition from string (blue circles) or bundle
(light green triangles) to compact cluster (orange rhombus) along
with the variation in A pH, whereas under the CC approximations
the transition is absent. The clustering persists up to N, ~ 60
nanoparticles, corresponding to a volume fraction of ~1%, but a
transition point ApH* decreases with increasing N..

might not be observed. However, the finite-size effects have
to be considered carefully. Analyzing the variance of the
charge per particle 63, = (Q) — (Q)?, we observe an eight-
fold reduction in 02Q when increasing from N, = 5to N, =
50 owing to less free space for each of the nanoparticles to
move, indicating that CR effects are effectively suppressed
in systems of larger N.. Furthermore, we need to consider
kinetic factors and metastability for larger N., where
systems are likely trapped away from thermodynamic
equilibrium; bundlelike aggregates are often observed
experimentally when the volume fraction is high [52].
The observed colloidal clusters may also provide a (partial)
explanation of protein aggregation near the isoelectric
point [53] where anisotropic and fluctuating spatial charges
should play crucial roles [18,54].

The observations presented here depend on the reservoir
salt concentration ¢, as well as the electrostatic coupling
strength /. In Figs. 1-4, we adopt a dilute reservoir
concentration ¢; = 107* M and an enhanced electrostatic
coupling condition [z = 206. We present the effect of the
reservoir salt concentration on the clustering in Fig. S4 of
the Supplemental Material [43] for N, = 10 nanoparticles
at [z = 20 and ApH = 1. It shows that increasing ¢, up to
the physiological saline concentration leads to a gradual
disassembly of the aggregated cluster due to the screened
electrostatic interactions. We note that this predicted trend
of nanoparticles differs from the behavior of micron-sized
colloids, where screened electrostatic interactions result in
the formation of clusters [10] but agrees with earlier
simulations of nanoparticles [36]. The difference might
arise from the absence of van der Waals attractive inter-
action [10]. For a shorter Bjerrum length [z, the relative
area of the cluster in the phase diagram becomes smaller
(Fig. S5 in the Supplemental Material [43]), and the
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transition eventually disappears under the CR condition for
N, = 60, suggesting that the CR effects become relatively
weaker. These observations indicate that a lower reservoir
salt concentration ¢, and a longer Bjerrum length /5 (e.g.,
by mixing water with organic solvent) strengthens CR
effects, increasing the stability of compact clusters.
Comparing the electrostatic attraction between two par-
ticles (6-7kgT at ApH =1 in Fig. 1) with the typical
van der Waals attraction between silica nanoparticles
[Eyaw = —(AR/12d) ~ =5kgT for R =4c and d = o,
where d is the interface separation and A is the
Hamaker constant], the electrostatic CR effects can be
comparable to the contribution from the van der Waals
attraction for nanoparticle systems.

In conclusion, using an efficient and accurate method
that permits coarse-grained molecular dynamics simula-
tions of a wide range of solvated systems [37], we have
elucidated the effects of charge regulation on the self-
organization behavior in a prototypical suspension of
overall-neutral zwitterionic Janus nanoparticles. We have
revealed that along with the variation in pH, charge
regulation effects result in a conformational transition from
an open assembly of string or bundle to a compact cluster at
pH ~ pK for a dilute suspension, which is fundamentally
different from the commonly employed constant charge
approximation where the transition is absent. The cluster-
ing of nanoparticles arises due to inhomogeneous and
fluctuating equatorial surface charged groups, with the
effect particularly prominent under low reservoir salt
concentration and high electrostatic coupling. Our work
provides fundamental insights into the role of charge
regulation, demonstrating a new avenue to control the
self-organization of zwitterionic nanoparticles and facili-
tating the understanding of a broad range of biological self-
assembly problems.
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