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ABSTRACT: Nanoparticle surface charge density plays an important role in many
applications, such as drug delivery and cellular uptake. In this study, surface charge
properties of silica nanoparticles with different sizes are studied using a multi-ion surface
charge-regulation model. In contrast to most previous studies utilizing constant surface
charge, protonation and deprotonation surface reactions are used to obtain the local
surface charge, which depends on the particle size and electrolyte solution properties,
including the salt concentration and pH. For a fixed particle size, the magnitude of the
surface charge typically increases with an increase in pH or background salt
concentration. For fixed background salt concentration and pH, the magnitude of
surface charge decreases with an increase in the particle size and reaches a constant
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when the particle size exceeds a critical value. Size dependent surface charge is further
characterized by the ratio of electrical double layer thickness to the particle diameter, and the surface charge varies significantly

when this dimensionless ratio is above 0.2.

1. INTRODUCTION

Recent advances in micro-/nanotechnology attract significant
attention to the use of nanoparticles in diverse ranges of
applications including DNA analysis/sequencing systems,'
DNA and protein transport,'®** drug delivery,'**® biological /
chemical agent detection,'”*° and micro-/nanochip sen-
sors.”' 7> The performance of these devices relies on precise
control and manipulation of various-sized nanoparticles in
various ionic solutions. For example, manipulating the cellular
uptake of nanoparticles has promised multiple biomedical
applications, such as designing nanoparticles according to the
dimensional limits for targeting and killing diseased cells.”*
Recent experiments demonstrated that reduced particle size
does not necessarily increase the cellular uptake rate.
Interestingly, certain-sized nanoparticles are internalized faster
than the smaller ones by several cell types,** > and such
unexpected size dependent nanoparticle transport is not yet
well understood.

When a particle is immersed in an aqueous medium, it
becomes charged due to protonation/deprotonation on the
particle surface.”” The resulting surface charge interacting with
dissolved ions forms the electrical double layer (EDL)
surrounding the charged particle.*® More counterions are
accumulated, while co-ions are depleted within the EDL.
Transport of nanoparticles highly depends on the particle’s
surface charge properties. For example, the process of
nanoparticle translocation through a nanopore depends on
the surface charge densities of the pore and the particle.* ~>
Due to the curvature effects, particle’s surface charge also
depends on its size.>*™*° However, most existing studies
assume that the surface charge density of a particle is a material
property independent of the particle size.**™* For example,
Kreuter™ studied nanoparticle-mediated delivery of drugs to
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the brain and characterized the transport of 20, 40, 60, and 80
nm diameter nanoparticles as a sole function of surfactant
coating without considering the nanoparticle size effects.
Similarly, nanoparticle—cell interactions were characterized
based on the particle’s surface-chemical properties while the
size effects on 14, 30, 50, 74, and 100 nm nanoparticles’ surface
charges were not considered.*! In addition, Lu et al.** studied
nanoparticles in the range of 2—100 nm with different surface
modifications and assumed constant particle charge in their
characterization of particle—water interactions. Many previous
studies assumed constant surface charge on particles, regardless
of the particle size and solution properties (i.e., solution pH and
salt concentration).*>***>** For example, electrokinetic trans-
port of charged molecules in nanofluidic channels were studied
by assuming a constant surface charge density, even though the
background salt concentration and pH levels were varied during
the experiments.*> Similarly, DNA translocation that speeds
through silica nanopores at different solution environments
were directly related to surface charges; however, it is studied
without considering the background salt concentration effects
on charge densities.** The effects of electroosmotic flow on
ionic rectification in asymmetric nanopores were also explored
by varying the background salt concentration and without
taking into account the effect of solution properties on the
nanopore’s surface charge.>> Under certain conditions, such
assumptions failed to explain the observed experimental
results.*****> These assumptions are inaccurate and unrealistic
since the nanoparticle surface charge density strongly depends
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on the particle size as well as the pH and the background ionic
concentration.

The present study theoretically investigates the size depend-
ent surface charge properties of silica nanoparticles immersed in
an aqueous solution. The reason to choose silica nanoparticle as
an example is because it has been widely used for ceramics,
chromatography, catalysis, adsorption,%_49 and carriers in
biomolecular transport and drug delivery.>>>' In contrast to
the previous studies neglecting the surface chemistry, we
considered the effects of the pH and salt concentration of the
aqueous solution, the site density of the functional groups, and
protonation/deprotonation surface reactions on the nano-
particle’s surface charge. A multi-ion charge-regulation model*>
is employed for the first time to investigate the size dependent
surface charges of silica nanoparticles as functions of salt
concentrations and pH. The model is first validated by existing
experimental data available from the literature.**

2. MATHEMATICAL MODEL

We considered a spherical nanoparticle of diameter D,
immersed in an infinite electrolyte medium, as shown in
Figure 1. The background electrolyte contains N types of ionic

Figure 1. Schematic illustration of the functional groups on a silica
nanoparticle.

species. We assume the electrolyte is made of KCl with bulk
concentration Cgcj, and its pH is adjusted by KOH and HCI
solutions. Consequently, there are four ionic species (i.e, N =
4), H*, OH™, K, and CI~ dissolved in the solution. We assume
that the silica nanoparticle’s suface bears silanol functional
groups. The particle becomes charged by the protonation/
deprotonation processes. Figure 1 schematically shows a
negatively charged silica nanoparticle,and ionic distributions
in its EDL.

The ionic mass transport within the electrolyte is governed
by the Poisson—Boltzmann (PB) equation,
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where ¢ is the electric potential within the fluid; F is the
Faraday constant; Cj and z; are the bulk molar concentration
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and valence of the ith ionic species (i = 1 for H*, i = 2 for K*, i
=3 for Cl7, and i = 4 for OH"), respectively; R is the university
gas constant; T is the fluid temperature; & is the permittivity of
vacuum; and & is the relative permittivity of the electrolyte
solution.

C,y of each species satisfies the electroneutrality condition:

Cpo= 101 and ¢, = 107(H4PH*3 @)
Cyp=Cxa and Ci= Cygq + Cjp — Gy

when pH < 7 3)
Cyo=Cxer*+ Cip— G and  Cyp= Cycy,

when pH > 7 (4)

Electric potential ¢ = 0, when r—00. On the rigid nanoparticle
surface, surface charge density boundary condition, —g,em-V¢
= 0, is imposed.

Due to the protonation/deprotonation reactions of the
dissociable functional groups at the solid/liquid interface, the
nanoparticle surface reveals a charge-regulated nature. The
surface charge density of the nanoparticle is modeled by the full
multi-ion charge-regulation model.”* To account for the charge
regulation, we assume the following two protonation reactions
of singly Si-coordinated sites with equilibrium constants K, and
Ky:

SiOH < SiO” + H* (8
SiOH + H" « SiOH,”" (6)
The equilibrium constants are calculated as
N..[HT Ngop.+
K, = NoolHl g, o Tvonm
Nsion NgionH' (7)

where Ngon, Ngio, and Ngom, ', are the surface site densities of
SiOH, SiO7, and SiOH,", respectively. [H']; is the
concentration of H' ions at the solid/liquid interface and is
governed by the Boltzmann distribution. Note that effects of
the Stern layer in the vicinity of the charged silica nanoparticle
are neglected in the current analysis. The total number site
density of silanol functional groups on the solid/liquid interface

1S
Niotat = Nsion + Nsio- + Ngion,* (8)

Based on eqs 7 and 8, surface charge density of the nanoparticle
can be expressed as

K, — Ky[H'],”
K, + [H'], + Kg[H'],

o = —FN,

otal

©)

3. NUMERICAL IMPLEMENTATION AND CODE
VALIDATION

The one-dimensional (1D) model in the spherical coordinate
system is numerically solved using a commercial finite-element
package, COMSOL Multiphysics (www.comsol.com), installed
in a high-performance cluster. Since the field variables
exponentially decay within the EDL of thickness Ap,

4
Ip = \/ £&RT/ Y F27Cy

i=1

(10)
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Figure 2. Surface charge densities of a planar silica surface (a) and 80 nm silica nanoparticle (b) as a function of pH. The theoretical result in panel a

is from ref 52, while experimental data in panel b are from ref 34.
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Figure 4. Normalized surface charge density as a function of pH in 1 (a) and 100 mM (b) KClI solutions.

all simulations used d = D, + 604y, as the far field boundary.
Nonuniform mesh with finer mesh within the EDL is adopted.
Physical parameters used in the simulations are g, = 7.08 X
107 F/m, R = 8.31 J/(mol-K), F = 96490 C/mol, T = 300 K,
Niowt = 8 sites/nm%> pK, = —log K, = 7.6, and pKj = —log Ky
=19.

To validate our numerical procedure, we first modeled a flat
silica surface in contact with a semi-infinite electrolyte solution.
Analytical solution for the surface charge density of a planar
surface has been recently derived by Yeh et al.>* Figure 2a
depicts the surface charge density of a planar surface as a
function of pH for bulk Cy¢ = 100 mM. Our numerical results
(red squares) are in good agreement with the theoretical results
(solid line). Clearly, the surface charge density increases with
an increase in pH of the solution.

To further ensure that the model captures the underlying
physics of the origin of interfacial charge, we also compare the
model’s prediction with the experimental data obtained from
the literature.>* Figure 2b depicts the surface charge density of a
silica nanoparticle of 80 nm in diameter as a function of pH
immersed in 100 mM KCI solution. The model’s prediction
(solid line) agrees well with the experimental data (red circles),
confirming that the present model successfully captures the
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essential physics of the origin of the charge of silica
nanoparticles. In the following we use the verified model to
investigate the size dependent surface charge of silica
nanoparticles as functions of pH and background salt
concentration, Cigc.

4. RESULTS AND DISCUSSION

4.1. Size Dependent Surface Charge Properties: pH
Effect. Figure 3 depicts the surface charge densities of silica
nanoparticles of different sizes as a function of pH for Cgc = 1
mM (Figure 3a) and 100 mM (Figure 3b). For comparison, the
surface charge density for a flat silica surface is also plotted.
Under the same conditions, the surface charge density
magnitude increases as pH increases. This behavior quantita-
tively agrees with the experimental observations as shown in
Figure 2b, and also qualitatively agrees with the results from
Yeh et al,,>* Abbas et al,,>® Behrens et al.,36 Kobayashi et al,>*
and Sonnefeld et al.** Variation of the surface charge with pH is
expected. As the concentration of H' ions decreases with
increased pH, more negatively charged SiO~ are dissociated
from the functional groups SiOH resulting in higher negative
surface charge density. Overall, Figure 3 clearly indicates that

dx.doi.org/10.1021/jp410536n | J. Phys. Chem. C 2014, 118, 1836—1842
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the surface charge of silica nanoparticles also depends on their
sizes. Under a fixed background salt concentration, the
magnitude of the surface charge increases with decreased
particle size, which is in qualitative agreement with the previous
studies such as Yeh et al,,>> Abbas et al.,>> Behrens et al.,36 and
Gunnarsson et al®” However, the surface charge density
becomes independent of the particle size after a critical
diameter. This critical value also depends on the pH and salt
concentration of the solution. For example, the critical particle
diameter at pH = 6 is about 100 nm for Cyg¢; = 1 mM, while it is
about 10 nm for Cgg = 100 mM.

To clearly show the behavior of the size dependent surface
charge density, the particle’s surface charge density is
normalized with that of a flat surface at a given pH value.
Parts a and b of Figure 4 depict the normalized surface charge
density as a function of pH for Cyxcg = 1 and 100 mM,
respectively. The normalized surface charge of particles larger
than 100 nm is close to 1, suggesting that the particle size
effects on the surface charge become insignificant when the
particle size is larger than 100 nm under the considered
conditions. For particles less than 100 nm, the normalized
surface charge first increases with pH, attains a peak value at a
critical pH value, and then decreases with further increases in
pH. The critical pH value also depends on the particle’s size.
The critical pH value increases with decreased particle size. For
example in 1 mM KCI solution, the critical pH for 2 nm
particles is 6.5, while this is pH = 5.5 for 10 nm particles. In
addition, the normalized surface charge density increases
significantly with reduced particle size, implying that the
surface charge density of the nanoparticles is significantly
higher than that of a flat surface made of the same material.

The variation of the normalized surface charge density with
pH can be explained by the concentration of H' ions on the
particle surface. As pH level increases, the bulk concentration of
H" ions decreases, resulting in lower concentration of H" ions
and, accordingly, higher surface charge on the particle surface.
Figure S depicts the surface concentration of H' ions on the
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Figure S. Normalized surface concentration of [H*] ions as a function
of pH at Cgq = 1 mM.

particle surface normalized by that on a flat surface at the same
conditions. The normalized surface concentration of H" ions is
less than 1, implying that the concentration of H* ions on small
particle’s surface is lower than that on a flat surface. At the same
pH level and background salt concentration, the surface
concentration of H* jons decreases as the particle size
decreases, leading to more negatively charged SiO~ dissociated
from the functional groups SiOH and, therefore, higher
negative surface charge density, as shown in Figure 3. For
relatively small particles, the normalized surface concentration
of H" ions decreases with increased pH and obtains a minimum
at a certain pH value, above which it increases as the pH is
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further increased. Since the surface charge of the particle is
inversely proportional to the surface concentration of [H']
ions, the normalized surface charge density increases with pH,
attains a maximum, and then declines, as shown in Figure 4.

4.2. Size Dependent Surface Charge Properties:
Background Salt Concentration Effect. Under the same
pH and particle size, we found that the particle’s surface charge
density increases with an increase in the background salt
concentration, which is in agreement with the experimental
observations®***** and theoretical predictions.*>* Parts a and
b of Figure 6 depict, respectively, the surface concentrations of
H* and K" ions as a function of the background salt
concentration for different particle sizes at pH = 6.5. Overall,
an increase in salt concentration results in an increase in the
concentration of K ions and a decrease in the concentration of
H* ions. For a fixed particle size, more K" ions are attracted to
the negatively charged particle surface with increased back-
ground salt concentration. The increased number of K* ions
exclude H" ions, resulting in lower concentration of H* ions on
the particle surface, and accordingly higher negative surface
charge density. At fixed salt concentration, the surface
concentration of H* ions increases with the particle size and
asymptotically reaches the value of the flat plate around particle
diameter of 100 nm. At relatively low background salt
concentrations, the surface concentration of H' ions signifi-
cantly depends on the particle size.

To characterize the background salt concentration effects on
the size dependent surface charge properties, Figure 7 depicts
the normalized surface concentration of H ions as a function
of the particle diameter for Cy = 1, 10, and 100 mM at pH =
6.5. The normalization was done using the surface concen-
tration of H" ions on a flat plate. For D, > 100 nm, the
normalized surface concentrations of H" ions are close to 1 for
all salt concentrations. For particles smaller than 100 nm, the
concentration of H* ions on smaller particles is lower, yielding
higher negative surface charge. Such size dependence is more
significant at lower salt concentrations.

Figure 8 shows the particle’s surface charge density
normalized by that of a flat surface as a function of the particle
size at pH = 6.5. For all background salt concentrations, the
normalized particle surface charge density decreases as the
particle size increases. As explained before, this is attributed to
the increase in the normalized surface concentration of the H*
ions, as shown in Figure 7. For relatively small particles, the
normalized surface charge density decreases with an increase in
Ckc- This is attributed to the increase in the surface
concentration of H* ions with an increase in Cy), as shown
in Figure 7.

Since both pH and salt concentration affect the bulk
concentration of each ionic species, and accordingly the EDL
thickness, the combined effects of pH and salt concentration on
the size dependent surface charge density can be described by
the ratio of EDL thickness (eq 10) to the particle diameter, A/
D,. Figure 9 shows normalized surface charge density as a
function of /1D/DP. The normalized surface charge density is
close to 1 when 4p/D, < 0.2 and increases with increased Ap/
D,. Therefore, regardless of the salt concentration and pH, the
surface charge density is independent of the particle size when
Ap/D, < 0.2. In the range of 4p/D, > 0.2, the surface charge
density of the nanoparticle becomes size dependent and is
higher than that of the flat surface made of the same material.

dx.doi.org/10.1021/jp410536n | J. Phys. Chem. C 2014, 118, 1836—1842
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Figure 6. Surface concentrations of H' ions (a) and K* ions (b) as a function of Cg; for different particle sizes at pH = 6.5 (where, for example, 1.E-
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Figure 9. Normalized surface charge density as a function of the ratio
of EDL thickness to the particle diameter. Different shapes represent
different pH values, while different colors show different salt
concentrations (blue, 1 mM; yellow, 10 mM; red, 100 mM).

5. CONCLUSION

Surface charge densities of spherical silica nanoparticles of
different sizes are theoretically investigated as functions of pH
and salt concentration. In contrast to most studies in the
literature that assume constant surface charge density, the
present model takes into account the charge regulation as
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functions of the solution properties. The Stern layer effects are
still not considered in the current study and will be investigated
in the future. The results demonstrate increased surface charge
density for all particle sizes with increases of pH and salt
concentration. Surface charge density decreases with increased
particle size and asymptotically reaches that of a flat plate. This
behavior depends on both pH and salt concentration. Variation
of the surface charge with the particle size is attributed to the
change in the surface concentration of H* ions. Particle
diameter normalized with the EDL thickness is used to
combine the effects of pH and salt concentration. In the range
of Ap/D,, < 0.2, one can neglect the effect of the particle size on
its surface charge density, regardless of the pH and salt
concentration. However, the surface charge density of silica
nanoparticles becomes size dependent when Ap/D,, > 0.2, and
typically the magnitude of surface charge density increases with
decreased particle size. These results can be used to explain
why certain-sized nanoparticles are transported in nanopores
faster than the smaller ones made out of the same material.”*~>*
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