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We analyze bulk diffusion and transport through hydrophilic nanochannels of nanoparticles (NPs)
with different hydrophobic-hydrophilic patterns achieved by coating a fraction of the NP sites with
positive or negative charges via explicit solvent molecular dynamics simulations. Six different charge
pattern types including Janus charged-hydrophobic NPs are studied. The cationic NPs are more
affected by the patterns and have higher diffusion constants and fluxes than their anionic NPs
counterparts. The NP-water interaction dependence on surface pattern and field strength explains
these observations. The NP-water Coulomb interaction of anionic NPs in the bulk, which are much
stronger than the hydrophobic NP-water interactions, are stronger for NPs with higher localized
charge, and stronger than in the cationic NPs counterparts. The diffusion and transport of anionic
NPs such as proteins and protein charge ladders with the same total charge but different surface
charge patterns are slowest for the highest localized charge pattern, which also adsorb strongest
onto surfaces. Our model demonstrates the separation (by reverse osmosis, capillary electrophoresis
or chromatography) of cationic NPs, including proteins with equal net charge but different surface
charge distributions.

PACS numbers: 61.20.Qg,64.70.pv,64.75.Xc,82.45.Gj

Nanoparticles (NPs) diffusion and transport properties
have attracted much attention for their numerous poten-
tial applications[1-4]. For desalination [1], drug deliv-
ery [2, 3], biomedicine or biomaterials [4] applications, it
is essential to consider how charged particles transport
across nano-channels. For example, the size and com-
position of NPs [2] dictate their efficiency for delivering
biomolecules and drugs into cells [4, 5], as well as their
toxicity [5]. Moreover, their transport properties also re-
veal important information on the flux of organic matter
including proteins and viruses through nanopores during
reverse osmosis in water purification processes[6], and
provides the basic knowledge to develop new NP char-
acterization and separation techniques. Thus, from the
environmental, health and technological perspectives, it
has become increasingly important to explore the factors
that dominate the solubility, diffusion and transport of
NPs with various surface properties through nanochan-
nels in aqueous media.

Though the transport of water molecules through
nanopores has been extensively studied [7, 8], the trans-
port of NPs as a function of their surface properties has
not been analyzed. In order to explore new NP appli-
cations, for example, in nanofluidics [9] and biotechnol-
ogy [5], and to understand their separation by reverse
osmosis [1], we analyze here the diffusion and trans-
port of NPs through nanopores as a function of their
surface properties and solubility in aqueous media by
molecular dynamics (MD) simulations including explic-
itly the water molecules. In this way, as in previous stud-
ies [10, 11], we do not have to use renormalized interac-

tion potentials (as adopted in implicit solvent NPs solu-
bility studies [12]) and/or to use image charge methods
for continuum media [13] to account for dielectric hetero-
geneities. In fact, the dynamics of charged molecules or
ions through regions where the dielectric constant vari-
ations are unknown (such as from bulk to a nanopore)
can only be modeled using explicit solvent atomistic sim-
ulations. Motivated by the highly heterogeneous surfaces
of many systems including the large folded proteins cap-
tured by reverse osmosis[1], of metallic NPs functional-
ized with grafted thiols with end-charged groups NPs [2],
of polystyrene NPs with associated proteins observed in
biological fluids [3], of protein charge ladders [14], as well
as of functionalized fullerene NPs with charges[15], we
consider various NP types with specific charge patterns
achieved by coating a fraction of the sites on the sur-
face of individual NPs with charges (see Fig. 1la). To
achieve NPs water solubility, we use NPs charge densi-
ties of about 1.06e/nm?, which is close to experimen-
tal values in large colloids[16]. In this way we can also
drive them through a channel by an external electric
field E, as shown in Fig. 1b. For computational fea-
sibility, we select MD simulation parameters (including
tube length) following RNA translocation [17] and water
transport [10, 18] studies. The carbon atoms in the mem-
branes, the channel and the NPs hydrophobic surfaces
are modeled as Lennard-Jones particles. Known carbon-
carbon and carbon-water interaction parameters [7, 19],
the Nose-Hoover method [20] for temperature coupling
and the particle-mesh Ewald method for the electro-
static interactions [21] are used. The simulations are per-



formed with the Gromacs package and the TIP3P water
model [8], and include about 6000 atoms. The MD time
step is 2 fs, data is collected every 0.5 ps and the MD
runs last 210 ns.

We first analyze the bulk diffusion of NP types 1 in
the absence of a nanopore. Fig. 2a indicates that the
diffusion constant of the cationic NPs is at least twice
the one of anionic NPs. When we turn the electric field
on we find converse differences in mobility (for exam-
ple, at |E| = 0.05 the mobility ratio is less than 0.9),
due to the competition of electric field and self-diffusion.
The differences in diffusion constant can be attributed
to the difference in nanoparticle-water interaction, Py,
for cationic and anionic NPs shown in Fig. 2b. Pyw is
computed by summing of the interaction energies acting
on a free NP in the water. The Coulomb interaction of
type 1+ and type 1— is 5 and 10 times stronger than the
hydrophobic interactions, respectively, implying that the
Coulomb interaction plays a dominant role in determin-
ing the self-diffusion differences. Since the Coulomb in-
teraction of anionic NPs is roughly twice that of cationic
ones, anionic NPs favor water much more. Moreover, the
water dipole orientations and density profiles near the NP
surface indicate that anionic NPs have a larger capability
of adsorbing water molecules than cationic ones, in good
agreement with the results of NP-water potentials, which
explains their lower diffusion constant. When E = 0 we
observed the same water depletion region around water-
carbon interfaces reported earlier [10], which is charac-
teristic of water-hydrophobic interfaces [11].

In order to understand the effect of cationic and an-
ionic patterns on the dynamics, we designed various NPs,
shown in Fig. la, to symmetrically decrease the number
of charged atoms to 50, 30, 15 for types 34, 44, 5+,
respectively, while keeping the total charge constant. In
Fig. 2b we show that the Pyyw of type 1+ are consider-
ably different than those of types 5+. Therefore, we ex-
pect also different degrees of adsorption, as demonstrated
in proteins with different charge patterns [22]. The sol-
ubility and diffusion differences are enhanced when the
NPs are transferred through a nanopore. In Fig. 3a we
show the average flux of types 1+and 1- NPs and in Fig.
3b the fluxes for types £3, £4, +5 trough a hydropho-
bic channel (Janus NPs types 24, fail to transport since
they adhere onto the membranes). The flux is defined
as the number of NPs per nanosecond exiting one end of
the channel after entering the other end. The hydration
shell of the NP is distorted when it travels from bulk wa-
ter into the channel since the Van-der-Waals diameter of
carbon-oxygen is 0.328 nm (see Fig. 1). At E=0, it is
difficult to fill the channel with NPs. As E increases, the
flux increases, though the values are highly dependent on
the NP types, even when they are subjected to the same
driving force (all NP types have £ 6.0e total charge).
In general, the fluxes of the positively charged NPs are
larger than those of the negatively charged ones. The

considerably different transport of the various cationic
NPs and the asymmetrical transport of cationic and an-
ionic NPs is due to the difference in nanoparticle-water
interaction (see Fig. 2b). Overall, anionic NPs with same
pattern than anionic NPs favor water and therefore over-
come a higher energy barrier to enter the channel, leading
to lower fluxes. The difference between the fluxes of types
14+ and 1- decreases as the field strength increases (for
example, flux (1+)/flux(1-) decreases from about 4.5 to
2.7 from E=0.07 to 0.2 V/nm). The competition of the
nanoparticle-water interaction (PNW) with the external
driving forces is responsible for this result. At low fields,
PNW dominates and this may prevent transport, which
generates the maximum difference in fluxes. As the field
strength increases, it becomes easier to break the hydra-
tion shell and enhance the NP flux since the force Eq
dominates. Thus the difference in fluxes reduces. In-
terestingly, some recent experiments revealed certain dif-
ferences between cationic and anionic NPs; for example,
cationic NPs are more cytotoxic and more likely to in-
duce haemolysis and platelet aggregation than anionic
NPs [5].

The flux trends of types 3+, 4+, 5+ are very simi-
lar to types 1+£. That is, cationic types flow faster than
the corresponding anionic types. In fact, as the number
of charged atoms decreases, the NPs become more hy-
drophobic, and since the solubility of cationic NPs is infe-
rior to their anionic counterparts, their adsorption to the
membranes will also increase. Thus, the flux of cationic
NPs decreases relative significantly with the decrease of
charged atoms compared with the anionic counterpart
as E increases. Overall, cationic NP-water interactions
are weaker than anionic, and, therefore, experience less
friction. These results demonstrate that the transport dy-
namics of cationic NPs are more sensitive to their pat-
terns than anionic ones.

The different results of fluxes for NPs with different
charge patterns indicate that separation and character-
ization of NPs should be possible via capillary and/or
gel electrophoresis [23], similar to DNA analysis [24].
Though the simulation parameters were chosen in or-
der to have accessible computer times to analyze the dy-
namics of various NP type patterns, the observed trends
should persist in experimentally accessible parameters by
considering longer and wider nanopores, and the local
lattice distortions due to the addition of polar groups to
fullerenes [15], which are ignored here. The water-NP
interaction potentials around the NPs show that anionic
NPs favor water more than cationic NPs, which should
persist in experimental settings. This favoring partially
explains our transport results and is relevant to experi-
mental bio-nano interaction observations [5], and should
be useful in protein charge ladders experiments in com-
bination with capillary electrophoresis [25].

Coulomb interactions play a dominant role in the NP
dynamics. In our study the counter ions are neglected



for simplicity because the charge density of individual
NPs is low. One can estimate the degree of ion con-
densations around a NP by computing its total inter-
nal Coulomb energy E.; scaled by the thermal energy
KpT, Eq/(KpT) = [Vud®r/(KgT) ~ U5 (Zes)?/R,
where R is the NPs radius, Zcy = zeyM with zep
the average effective valence of the charged unit, M is
the number of charged units per NP, Vg o I /r with
I = e/ KpT4meoe™, where e is the elementary charge,
€ is the mean permittivity at the NPs surface and ¢ is
the dielectric constant of the vacuum. Though in wa-
ter {g is 0.7 nm, in our settings {F ~ 1.4 nm since
e = (e +€m) /2 ~ 40 given that in water ¢ = 80
and in the NP interior €/* = 1. The energy per num-
ber of neutralizing counterions N (N = z.sM = 6),
E./N ~ KpgT, cannot overcome the counterions en-
tropic energy, which scales as KT InV, where V is the
available volume fraction for free counterions, and the
bulk hydration energy of the ions. Therefore, counterions
do not bind to NPs at highly dilute NPs bulk concentra-
tions in salt-free conditions.

Moreover, in the presence of salt at a concentration
of ¢, assuming a screened Coulomb interaction given by
Vet () /(KpT) ~ 12 (Zes)? exp(—rk)/r, where k is the
inverse screening length, k = (4wl Bcs)l/ 2. for any sys-
tem where the number of charges N per aggregate of
size R scales as N ~ (R/a)”, one obtains two regimes:
Eel/(KBTN) ~ ZBRfil(Zef/af) for (kR) <1 [26] and
Eu/(KpTN) ~ (I/k)! ™" for (kR) > 1 [27). Since excess
charge can only be at the NP surface (i.e., f = 2), this
electrostatic potential is small if the NPs surface charge
density is low (interesting effects, such as charge ampli-
fication in cationic NPs and charge reversal in anionic
NPs, arise when the surface charge density increases at
high NaCl salt concentrations[28]). Therefore, one ex-
pects that the ions, if attached to the NPs, will be un-
bounded in the presence of an external field E.

When we include Na™ counterions to the anionic (type
1-) NPs and Cl~ counterions to the cationic (type 1+)
NPs in the simulations, the MD trajectory show that in-
deed the ions are not strongly bounded to the NPs since
ions prefer to associate with water molecules due to their
strong coulomb interactions (hydration forces). However,
we find that the ions bound with water molecules to
form cluster-like aggregates of NPs with ions and wa-
ter molecules at the inlet of the nano-channel. This
problem due to ion-induce NPs interactions, which are
enhanced in confined environments even when the NPs
are weakly charged [29] is encountered in water pu-
rification via osmotic flux, where organic contaminants
(such as proteins) and salt concentration gradients build
at the membrane surface [6], and in protein capillary
electrophoresis[25]; the problem that can be alleviated
by controlling the surface charge [18, 25, 31], or by using
monovalent salts with specific cation-to-anion size ratio
to reduce the ion-induce NPs interactions [30] (for exam-

ple, these attractions are enhanced for anionic nanopar-
ticles immersed in standard electrolytes where cations
are smaller than anions [30]). We note that the NPs
fluxes driven by E in the carbon nanotube diameters
used here, decrease when counterions are added due also
to the conduction of ions in the opposite direction since
hydrated ions cannot slip trough the pore in the oppo-
site direction of the NP fluxes. This results in larger
field strengths needed to drive the nanoparticle translo-
cation in the presence of counterions, which is not sym-
metric (for example, at £ = 0.1 V/nm there is no flux
for type 1- NPs while the flux of type 14+ NPs is 0.7/ns).
Overall, we observe comparable differences and asymme-
tries in fluxes between cationic and anionic NPs to those
reported in Fig. 3 when salt ions are included in the
simulations. Our results then show that the separation
and characterization technique via NP transport through
nanopores is very sensitivity to the NPs surface patterns
and, therefore, to their degree of solubility.

In a previous Na™ and C1~ diffusion study[32], the dif-
fusion of the anion (C1~) was found to be larger than that
of cation (Na™), which is converse to our NPs case. We
analyze here the transport of Na™ and CI~ through the
nanotube of L = 2.56 nm for two diameters. For a diame-
ter D = 1.21 nm we find an almost symmetric flux and for
D = 1.35 nm the maximum flux ratio of CI~ over Na*
isonly 1.22 at £ = 0.5 V/nm. Instead, we find the oppo-
site trend in NPs where the flux ratio of cationic to an-
ionic NPs types 1+ is always above 2.0 with a maximum
about 4.5. Therefore, not only the bulk diffusion behav-
ior but also the transportation of charged NPs through
hydrophobic nanochannels are different from ions, and
the water molecules are more bound to small ions than
to NPs.

In summary, we show here that charge distribution
and its sign have significant impact on NP solubility and
transport properties in bulk and through nano-channels.
Our analysis goes beyond static solubility differences of
homogeneously charged NPs [12, 33, 34]. It suggests dif-
ferences in adsorption to interfaces [33] and in solubility
(Hofmeister series [34]) between anionic and cationic pat-
terned NPs even if they have equal size and charge. The
diffusion and average fluxes of positively and negatively
charged NPs are remarkably different even if their sur-
face charge distribution is the same. Negatively charge-
patterned NPs favor bulk water environments, resulting
in lower diffusion constants and in fluxes that are lower
and less sensitive to the surface pattern than their pos-
itively charged counterparts. Interestingly, distinguish-
able biological properties between cationic and anionic
NPs have been recognized experimentally [5]. This work
enhances our understanding of the solubility, diffusion
and transport through nanopores of NPs with patterned
surfaces that exhibit charged groups in aqueous media.
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Figures

(b)

FIG. 1: (Color) (a) All NP types have +6e total charge, and
60 atoms (right to left, top to bottom), with charge per coated
atom in parenthesis: 14+ (q= +0.1le), 1- (q= -0.1e), 2+ (q=
+0.2¢), 3+ (q=+0.12¢), 4+ (q=+0.2¢) and 5+ (q=+0.4¢).
The anionic types 2- (q= -0.2¢), 3- (q= -0.12¢), 4- (q= -0.2¢)
and 5- (q= -0.4e); the corresponding negative NP types (not
shown) have the same charge arrangement with - sign. Green
and red represent positive and negative charges respectively,
while blue denote neutral. (b) A snapshot of the MD simula-
tion system showing the hydrophobic nanometer water chan-
nel, of length L = 2.564nm and diameter D = 1.616nm and
the two membrane sheets (turquoise green) in a periodic box
with water molecules, wherein five NPs of radius R = 0.333nm
(bright green) are driven through it by an external electric
field E.

(a)
(b)

FIG. 2: (Color online) (a) The mean squared displacement
of NPs for type 1+ and type 1- as a function of time under
E=0. The resulting diffusion constants arel.527 x 10™%cm? /s
for type 14 and 0.732 x 10~°cm? /s for typel-, respectively.
(b) Nanoparticle-water interactions for type 1+ and 5+ (left
axis) and type 1- (right axis) as a function of the electric
field. There is one nanoparticle and 1728 water molecules in
each simulation, and an additional 25 ns MD run for each
nanoparticle type as a function of the electric field.

(a)
(b)

FIG. 3: (Color online) Average flux of NPs (a) for types 1+
and (b) for types 3+, 44, and 5+ as a function of the electric
field E. Note that Error bars in (a) are shown for two data
points and most of them are smaller than the symbols; the
right axis (indicated in the plot by x symbols) is the ratio flux
(1+)/flux(1-).
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