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Effect of divalent versus monovalent cations
on the MS2 retention capacity of amino-
functionalized ceramic filters

J. Bartels,i® N. Hildebrand, (2 1°¢ M. Nawrocki,® S. Kroll,2® M. Maas, (2) *2¢
L. Colombi Ciacchi®® and K. Rezwan®®

Ceramic capillary membranes conditioned for virus filtration via functionalization with n-(3-trimethoxy-
silylpropyl)diethylenetriamine (TPDA) are analyzed with respect to their virus retention capacity when
using feed solutions based on monovalent and divalent salts (NaCl, MgCl,). The log reduction value
(LRV) by operating in dead-end mode using the model bacteriophage MS2 with a diameter of 25 nm
and an IEP of 3.9 is as high as 9.6 when using feeds containing MgCl,. In contrast, a lesser LRV of 6.4 is
observed for feed solutions based on NaCl. The TPDA functionalized surface is simulated at the
atomistic scale using explicit-solvent molecular dynamics in the presence of either Na* or Mg?* ions.
Computational prediction of the binding free energy reveals that the Mg?* ions remain preferentially
adsorbed at the surface, whereas Na* ions form a weakly bound dissolved ionic layer. The charge
shielding between surface and amino groups by the adsorbed Mg?* ions leads to an upright orientation
of the TPDA molecules as opposed to a more tilted orientation in the presence of Na' ions. The
resulting better accessibility of the TPDA molecules is very likely responsible for the enhanced virus

retention capacity using a feed solution with Mg?* ions.

Introduction

Viruses are among the most challenging biological contamina-
tions in water,* food products® and biopharmaceuticals.? The
contamination amount can be greatly reduced by selective virus
filtration methods. These are also of interest for detecting
and quantifying small virus concentrations® or for preparing
inactivated viral vaccines.® Filtration and elimination of virus
contaminations can be performed by ceramic capillary membranes
specifically designed for virus adsorption via specific pore design’
and surface functionalization.® As viruses generally present
isoelectric points (IEPs) between 3.5 and 7.0,° materials which
provide a positive surface potential at neutral pH are suitable
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for virus retention via adsorption.’® From a ceramics processing
standpoint, a positive surface charge can be obtained via
various methods, including coating,">'* doping"® or chemical
functionalization."*™"” Chemical functionalization with silanes
is an especially versatile tool as it allows the covalent immobi-
lization of specific functional groups to any oxide ceramic
surface, thereby tailoring the surface chemistry for specific
applications. Silanization proceeds via a hydrolysis-condensation
reaction which can be performed in aqueous media,'®"® organic
solvents (e.g. ethanol, toluene, chloroform, acetone or xylene)**>*
or in the vapor phase.>*** Consequently, surface functionalization
of ceramic materials is a broad and well-established research
area’® with innumerable materials and commercial products
available, including a multitude of silanes with different func-
tional groups (e.g. alkyl-,>”*® amino-,>>*® carboxyl-*'?* or
sulphonate-groups'®) and with a variety of spacer lengths.*®
Recent studies have demonstrated that tailoring the surface
chemistry of materials shows great potential for interactions with
specific viruses, proteins and other biomacromolecules.'***>°
Especially amino groups, which are positively charged at neutral
and acidic pH, can be used for the adsorption of negatively charged
viruses."™” Despite the ubiquity of such functionalization
approaches, in many cases very little is known about the precise
chemical environment of the functional groups on the silanized
material surface, especially considering interactions with biological
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entities in complex buffer systems. In early studies, researchers
concluded that the addition of salts to buffer systems enhance the
virus adsorption to membranes. It was shown that the presence of
trivalent cations (AI**) promotes larger virus adsorption compared
to divalent (Mg®") and monovalent cations (Na*).**** Generaliza-
tion of this finding was disputed by Lukasik et al.,** who demon-
strated that the effects of salt ions depend on the filter type. They
found that for different types of membranes and under different
conditions, MgCl, promoted, inhibited or had no effect on
virus adsorption. Typically, these effects may be explained by
DLVO-theory in terms of the influence of the ionic strength on
the double-layer interaction.’®** Already at this level, monovalent
and divalent ions behave quite differently; for instance the Debye
length, calculated as 1/« = 0.3/,/[NaCl] and 1/x = 0.18/,/[MgCL), is
reduced by about a factor of two for divalent ions with respect to
monovalent ions.*> Moreover, especially for divalent or trivalent
ions, non-DLVO effects may dominate their behaviour in the very
proximity of a solid surface.”> Here, the adsorption of the ions at
charged surface sites is strongly mediated by the mutual overlap
of their hydration shells and is therefore both entropically and
electrostatically driven.

In our previous work, we presented a straightforward chemical
functionalization strategy for high-flux yttria-stabilized zirconia
(YSZ) capillary membranes using n-(3-trimethoxysilylpropyl)-
diethylenetriamine (TPDA), which converted the membrane
surface potential from negative to positive.® The non-
functionalized capillary membranes showed IEPs <3 which is
similar to a silica surface due to the 3-aminopropyltriethoxysilane
(APTES) which was used as dispersant during capillary produc-
tion. In this procedure, APTES coats the YSZ particles in the slurry
and is still present at the surface of the ceramic material after
sintering. After functionalization, IEPs >9 were achieved.® The
virus retention capacity using the model virus MS2 in saline buffer
solution (0.02 M MgCl,, 0.15 M NaCl) increased from a log
reduction value (LRV) of <0.3 for the non-functionalized
membrane to a value of 9.6 & 0.3 for the amino-functionalized
membrane.®

The aim of the present work is to investigate the effects
on the virus filtration efficiency of TPDA functionalized YSZ
capillary membranes in the presence of mono- and divalent
salts (NaCl, MgCl,). Based on our previous work, we have used
the model bacteriophage MS2, which is a single-stranded RNA
virus with a diameter of about 26 nm*® and an IEP of 3.9,” and
TPDA functionalized YSZ capillary membranes with an average
pore size (dso) of 149 nm and an open porosity of ~48%.% MS2
is considered a relevant non-pathogenic surrogate for patho-
genic viruses in aqueous media.””*° The capillary membrane
processing®>° allows for a wet chemical functionalization with-
out a meaningful effect on the accessible pore size. The virus
retention capacities, and with that the filtration efficiencies,
have been determined by virus filtration experiments in dead-
end mode.

We assume that the filtration efficiency of the investigated
membranes might directly depend on the accessibility of the
terminal TPDA molecules, which in turn might be influenced
by ion adsorption at the surface. To elucidate this effect, we

have performed advanced-sampling molecular dynamics simu-
lations (MD) to analyze the effects on the atomistic scale and
investigated the adsorption strengths and distributions of the
ions at the surface. In our simulations, both the enthalpic and
the entropic effects of ions and the water distributions formed
at the surface and around the ions are accurately accounted for.
In particular, our approach is designed to examine the orienta-
tion and accessibility of the TPDA functionalization dependent
on the used ion type and correlate the results with the experi-
mental findings.

Experimental section
Materials

All reagents were purchased from commercial sources and used
without further purification.

The YSZ powder TZ-3YS-E (YSZ-90 nm, Lot. S305635P) was
purchased from Krahn Chemie GmbH, Germany. 3-Amino-
propyltriethoxysilane (APTES, 99%, product number 440140,
Lot. SHBD4935V), hydrogen peroxide solution (purum p.a.
>35%, product number 95299, Lot. BCBH5638V), magnesium
chloride hexahydrate (MgCl,, product number M2670, Lot.
BCBP4439V), polyvinyl alcohol (PVA, fully hydrolyzed, product
number P1763, Lot. SLBC9027V), sodium chloride (NaCl, product
number S7653, Lot. SZBF0350V), sulfuric acid (95-97%,
product number 30743, Lot. SZBF0330V), tryptic soy agar
(TSA, product number 22091, Lot. BCBR8554V), culture media
tryptic soy broth (TSB, product number T8907, Lot. SLBL1497V)
and N-(3-trimethoxysilylpropyl)diethylenetriamine (TPDA, product
number 413348, Lot. MKBW1074V) were obtained from Sigma-
Aldrich Chemie GmbH, Germany. The virus retention tests were
performed with the bacteriophage MS2 (DSM Cat. No. 13767) and
its host bacteria E. coli (DSM Cat. No. 5210) were used for virus
propagation, both purchased from German Collection of Micro-
organisms and Cell Cultures (DSMZ), Germany.

Double-deionized water with an electrical resistance of 18 MQ,
which was obtained from a Synergy® apparatus (Millipore), was
used for all experiments.

Fabrication of functionalized YSZ ceramic capillary membranes

The fabrication of functionalized YSZ capillary membranes by
extrusion and wet chemical post-functionalization was per-
formed as described in our previous studies.”®>°

In short, a ceramic slurry was prepared by milling 132 g YSZ
powder (YSZ-90 nm) as ceramic material, 4 g APTES as dis-
persant, 20 g polyvinyl alcohol (PVA)-water solution (25 wt%)
as binder and 13.5 g double-deionized water as solvent with
50 alumina grinding balls (diameter = 10 mm) in a planetary
ball mill (PM400, Retsch, Haan, Germany) for 3 h at 350 rpm
changing the rotation direction every 5 min. A self-made
laboratory extruder equipped with a nozzle (d = 2.0 mm) and
an integrated pin (d = 1.0 mm) was used to fabricate the
1. Afterwards, the
extruded capillaries were dried for two days at RT and a
humidity of about 50% and finally sintered in an oven

capillaries with a speed of 50 cm min~
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Fig. 1 Photography of TPDA functionalized zirconia tubular membrane filters (A), microstructure of the outer capillary surface (B), simulated atomistic
view on a 9 x 9 nm? part of a TPDA-functionalized surface (C) and two TPDA molecules bound to the ceramic surface (D).

(HT40/17, Nabertherm, Lilienthal, Germany) for 2 h at 1050 °C
with dwell times at 280 °C (0.5 h) and 500 °C (1 h).

The sintered capillaries were activated by acidic hydroxyla-
tion with Piranha solution (97% H,SO,:35% H,0,, 3:1 (v/v))
for 30 min at RT, followed by washing with water until the
effluents reached a neutral pH, and final drying at 70 °C for
16 h (UT6120, Heraeus, Hanau, Germany). Five capillaries
with an individual length of 6 cm were incubated with 10 mL
TPDA-water solution (0.2 mol L") at 65 °C under slight
shaking at 150 rpm (Inkubator 1000/Unimax 1010, Heidolph,
Schwabach, Germany) for 24 h. Finally, the capillaries were
washed until the effluents reached a neutral pH and dried at
70 °C for 16 h (UT6120, Heraeus, Hanau, Germany). A photo-
graphy of the tubular membrane filter (A), a SEM micrograph
(B), and the simulated atomistic view of the TPDA functiona-
lized capillary membranes (C and D) are shown in Fig. 1.

Virus tests

Sterile saline solutions with different concentrations of either
MgCl,, NaCl, or both, containing around 10°-10'° Plaque
Forming Units (PFU) per mL of MS2 bacteriophages were
incubated for 2 h at RT under slight shaking at 100 rpm
(Inkubator 1000/Unimax 1010, Heidolph, Schwabach, Germany).
The bacteriophages were enumerated by the PFU method at the
start of the incubation and after 2 h incubation time. The pH of
the salt solutions was measured with a pH meter (FE20 FiveEasy,
Mettler Toledo, Giefien, Germany).

The PFU method (plaque assay) which is the most quanti-
tative and useful biological assay for viruses is based on the
ability of a single virus to give rise to a macroscopic area of
cythopathology on a monolayer of bacteria cells.>® Therefore,
the MS2 samples were diluted in logarithmic concentration
series in a salt solution (0.02 M MgCl, and 0.15 M Nacl). For
each virus sample, three dilution series of Plaque Assays were
carried out. A virus sample volume of 1.8 mL was mixed with
0.2 mL of the host bacteria and 3 mL agar and poured in a Petri
dish. After an incubation time of 16 h at 37 °C (UN30,
Memmert, Schwabach, Germany) the plaques were visible and
were counted. The goal of the assay is to find the dilution of
viruses that leads to the formation of countable (20-100)
plaques on a Petri dish. This number is on one hand statisti-
cally significant and on the other hand individual plaques can
be distinguished. Low virus dilutions (high virus concentra-
tions) show only dead bacteria cells or too many plaques which
cannot be distinguished from each other (>100) and high virus

dilutions (low virus concentrations) have very few (<20) or no
plaques. The log reduction value (LRV) was then calculated
from the counted plaques.>>

The virus retention test was performed as described in our
previous studies,””® with slight modifications. In short, a saline
solution with different concentrations of either MgCl,, NaCl, or
both salts, containing MS2 bacteriophages in a concentration
of around 10°-10'° PFU mL ™, served as viral feed solution. The
virus retention test was performed in dead-end mode, which
implies that one end of the capillary was sealed with silicone
(Wirosil Dublier-Silikon, Bego Medical GmbH, Bremen, Germany)
and the other end was connected to a peristaltic pump (BVP
Standard, Ismatec, Wertheim, Germany). The feed was filtrated at
an applied pressure of 500 mbar until a permeate volume of
15 mL was obtained. The pressure was determined with a
manometer (C9500, Comark, Morfelden-Walldorf, Germany).
Three individual capillary membranes with an accessible length
of 5 cm were tested for each salt concentration in the feed
solution. The bacteriophages MS2 were enumerated using the
PFU method. When no viruses (plaques) could be detected on
both the diluted and the undiluted permeate sample, the LRV is
calculated from the viral feed concentration. Therefore, the high-
est detectable LRVs are between 9 and 10 based on the feed
concentration which varies between 10° and 10'° PFU mL .

A sketch of the principle of the virus filtration test using
TPDA functionalized capillaries is shown in Fig. 2.

The hydrodynamic diameter of the bacteriophage MS2 was
measured via dynamic light scattering (Malvern Instruments,
Zetasizer Nano ZSP). The results were number weighted.

Molecular dynamics simulations

The atomic structure of the amorphous silica surface (9 x 9 nm?)
is derived from Cole et al.>* and described by the force-field MD
parameters from Butenuth et al>* The primary and the two
secondary amino groups of TPDA are protonated in the simula-
tions performed at pH 6 in line with the experiment. The TPDA
molecules were tethered to the surface via Si-O-Si bridges to
deprotonated surface silanol groups, after removing the methyl
groups from the Si central atom of each molecule and terminat-
ing the dangling Si-O-bonds with H atoms (see Fig. 1D).

The MD potential parameters for the TPDA molecules were
taken from the AMBER GAFF force field’® using the semi-
empirical (AM1) bond charge correction (bcc) method®® to
address the molecule charges, as included in antechamber
module®” of the AMBER 14 MD simulation package.>® We used
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Fig. 2 Sketch illustration of the principle of dead-end filtration with
ceramic capillary membranes and the bacteriophage MS2.

the default pre-set parameters to reproduce the HF/6-31G*
electrostatic potential (ESP) of the molecule. Test simulations
(not reported here) were performed to ensure that the resulting
TPDA parameterization was fully compatible with the AMBER99SB
force field. Water was described by the TIP3P model.”® The
parameters of the Na" and Cl~ ions were taken from the
AMBER99SB force field.”® The parameters of the Mg** ions
were taken from Li et al.®® The terminal silanol groups at the
silica surface were protonated in accordance to pH 6 based on
experimental findings as described in Hildebrand et al.®* All used
force fields parameterizations (Butenuth, GAFF, AMBER99SB,
TIP3P) are based on identical force field equations and combi-
nation rules, and thus combinable with each other.>**>*8

The MD simulations were performed with the GROMACS
simulation package v4.6.7, using a timestep of 2 fs.®> The TIP3P
explicit solvent systems were carefully relaxed and equilibrated
first in an NVT and then in a NPT ensemble using periodic
boundary conditions. Hydrogen atoms were constrained with
the LINCS algorithm.®® All surface atoms except the TPDA
molecules and silanol hydrogen atoms were kept fixed. The
solvent density was adjusted to the TIP3P density at 1 bar and
300 K according to our previous work.®" After equilibration,
the production simulations were performed in a NVT ensemble
with a modified Berendsen thermostat with a coupling con-
stant of 0.1 ps.®* Long-range electrostatics was treated within
periodic boundary conditions with the Smooth Particle-Mesh
Ewald (SPME) method® using a Fourier spacing of 0.16 nm and
an interpolation order of 4. A cut-off of 1.2 nm was applied for
the calculation of non-bonded interaction, the neighbour-list
update and the real part of the Ewald sum. Visualizations and
analysis of the simulations were performed with VMD.%®

Metadynamics molecular dynamics simulations

Metadynamics simulations were performed in explicit solvent
for systems including solvated ions in proximity of the silica

surface (3 x 3 nm?), without the TPDA molecules. The distances
between the ions and the deprotonated silanol groups of the
surface were chosen as collective variables for well-tempered
metadynamics simulations.®” The surface contained 8 depro-
tonated silanol groups (—8e), which were partnered with either
8 Na' or 8 Mg>" ions and 8 Cl~ ions to keep the system in each
case neutral. Therefore, each system included 8 parallel meta-
dynamics simulations. This approach is comparable to a multi-
ple walker simulation,®® whereas each walker has its own bias
potential. A repulsive wall at distances larger than 2.5 nm built with
an harmonic restraint with a force constant of 150 kJ (mol nm?*) ™"
was used to avoid interaction of the ions with the periodically
repeated image of the surface slab. In addition, the ions were
restrained with a weak force constant of 10 k] (mol nm?)~" in x and
y directions, whereas the surface normal is oriented in z direction.
This restrain guides the adsorption of each single ion on only one
silanol group. The simulations were performed with the PLUMED
v2 patch on GROMACS.®*® For the well-tempered metadynamics
we have used a hills width of 0.05 nm, a bias factor of 10, a tau

parameter of 3 and a deposition frequency of 1 ps .

Results and discussion

YSZ capillary membranes with a defect-free and homogeneous
membrane surface were activated and silanized with TPDA, as
shown in our previous study.® The functionalized membranes
show an average membrane pore size (dso) of 149 nm combined
with a relatively high open porosity of 48%, which leads to
a membrane flux of 150 L (m> hbar) " in dead-end mode.® The
functionalization density on the surface of the TPDA-coated capillary
membranes is roughly one accessible NH;*-group per nm?, as
determined by photometrical acid-orange-II assay.® The charac-
teristic properties of TPDA functionalized ceramic capillary
membranes are listed in Table 1.

Fig. 3 shows the virus retention capacity of TPDA functiona-
lized capillaries using salt solutions with NaCl, MgCl, or a
mixture of both salts in different concentrations. The virus
retention capacity of TPDA functionalized membranes in feed
solution containing 0.15 M NaCl (pH 6.3) shows a LRV of
6.5 + 0.6 and in feed solution with 0.3 M NaCl (pH 6.3) shows
a LRV of 6.2 £ 0.4, respectively. In the presence of only divalent

Table 1 Characteristic properties of TPDA functionalized ceramic capillary
membranes

Hg-porosimetry

Pore size range 6-200 nm
dso 149 + 5 nm
Open porosity 48.3 £ 2.7%

BET method
Specific surface area 5.6+ 0.1m>g "
Streaming potential method
Isoelectric point >9 mV
Acid orange II test

Accessible TPDA loading 1.01 + 0.09 NH,-groups per nm*


http://dx.doi.org/10.1039/c8cp01607k
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Fig. 3 Retention of the model virus MS2 mediated by TPDA functiona-
lized capillaries using feeds based on different salt solutions (NaCl, MgCl,
and NaCl + MgCly) with varying molarities and viral concentrations
of ~10°-10 PFU mL™

cations (Mg”") in the feed solution the virus retention is
increased to about 9 for both used concentrations and a nearly
complete virus removal is achieved. In our previous study,® a
complete virus removal was obtained by filtrating the feed based
on 0.15 M NaCl + 0.02 M MgCl, solution with 10°~10"° PFU mL ™"
of MS2 phages. By comparison, the retention capacity did not
significantly change when a stock solution with the same salt
mixture at a different ion concentration (0.3 M NaCl + 0.04 M
MgCl,) was used. The adsorption of the virus at the filter surface
occurs due to the positive membrane surface potential of TPDA
functionalized capillary membranes and the overall negative
surface potential of MS2 phages at the pH of 5.9. Apparently,
the presence of MgCl, instead of (or concomitantly with) NaCl
enhances the virus adsorption capability to the TPDA groups,
which likely serve as the anchoring points at the ceramic
surface. We can thus assume that Mg>* and Na* ions affect

the accessibility of the tethered TPDA molecules in different
ways, leading to different virus retention properties.

To exclude any influence of the salt on the virus itself, the
quantity of infectious phages in sterile saline solutions contain-
ing around 10° PFU mL™" of MS2 was analyzed by means of
PFU tests after an incubation time of 2 h. The incubation time
was chosen in accordance with the filtration time of around
1.5 h in the virus retention tests. Additionally, the colloidal
stability of the virus particles was investigated via dynamic light
scattering during this time frame. All six different salt solutions
were considered. The number of MS2 phages remained stable
over a time period of 2 h in all used feed solutions and no loss
in activity could be observed. The number weighted hydrody-
namic radius of the virus particles was constant at around 30 +
5 nm over this time period, which indicates that the different
buffers do not promote aggregation of the MS2 particles.
Additionally, filtration experiments with non-functionalized
capillaries (pore diameter 149 + 5 nm) showed nearly no virus
retention (LRV ~ 0.3), even in the presence of Mg>". The
agglomeration behaviour was also studied by Pham et al.”®
who measured the hydrodynamic diameter of MS2 by dynamic
light scattering for Mg”" concentrations between 0.1 and 1 mM.
They found hydrodynamic diameters in the range between 30
and 36 nm which is slightly larger than the dimensions of each
individual MS2 particle in dry state as observed with transmis-
sion electron microscopy (25-29 nm), but showed that the
viruses were still monodisperse and not agglomerated. These
results demonstrate that the observed virus reduction during
the filtration experiment with YSZ capillaries functionalized
with TPDA can be attributed to virus-membrane-feed inter-
actions and is not significantly altered by virus inactivity or
aggregation resulting from the elevated salt concentrations.

In the MD simulations we directly compare the influence of
Na* and Mg>" ions on the orientation of the TPDA functiona-
lization to understand the interactions of the membrane with
the feed. Two systems are prepared including the positively
charged TPDA molecules and negatively charged silanol groups

10

[e2]

Z-coordinate / (nm)

Time / (ns)

W }‘1& T
% 4 3% Mg? ions

Time / (ns)

Fig. 4 Distance of the ions to the membrane surface in the surface normal direction during 50 ns all-atom explicit solvent MD simulations. The yellow
bars represent the dimension of the silica surface. After initial adsorption in the start configuration, most of the Na™ ions (left) diffuse almost freely above
the surface, whereas most of the Mg?* ions (right) remain tightly adsorbed at the surface/water interface. Both systems are simulated with a
concentration of the corresponding ions of 35 mM. The positions of the ions are drawn each 100 ps in a different color per ion.
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Fig. 5 Relative adsorption free energy (AG) profile of Na* (left) and Mg?* ions (right) over the silanol groups of the silica surface calculated by a well-
tempered metadynamics simulation using the distance to the deprotonated silanol groups as a collective variable. Eight individual metadynamics
simulations are performed in one system to increase the sampling efficiency. Mg?* ions show a highly increased adsorption free energy.

at pH 6, in agreement with the experiments. The surface density
of TPDA molecules is adjusted to the experimental measured
surface charge of about 1 e nm ™2, as measured in our recent
report.® Both types of ions are placed at a distance of 1.8 A over
a deprotonated silanol group. Already within 200 ps simulation
time do the Na" ions diffuse away from the surface towards the
solvent bulk, whereas the Mg>" ions remain at the deprotonated
silanol surface groups for the whole simulation time of 50 ns
(Fig. 4). To exclude the effect of a faster diffusion of the lighter
Na' ions we have performed an unphysical simulation giving
the Mg>" ions the mass of sodium, and have found no differ-
ences in the observed dynamics.

Further, the free energy adsorption profiles of the two ions
on the silanol groups of silica are computed by means of
metadynamics (Fig. 5). As collective variables we have chosen
the distances of each ion to the deprotonated silanol surface
sites (see Methods). The obtained free energy profiles after a
simulation time of 300 ns are shown in Fig. 5. A relative energy
of zero is arbitrarily set to the free energy at a distance of 2.0 nm
away from the oxygen atom of the silanol group. The minimum

energy basin (—11 £ 4 vs. —54 £ 26 kgT) as well as the energy
barrier before adsorption (1 + 3 vs. 12 £ 14 kgT) are much
stronger in the case of the Mg”" with respect to the Na* ions,
which explains why the former could not and the latter could
readily desorb from the surface during the standard MD
simulations (Fig. 4). We note that the strong Mg>* adsorption
at the surface hinders a homogeneous sampling across the
collective variable, so that the presented profiles are most
probably not fully converged. Nevertheless, the large difference
in adsorption affinity between the two ion types is evident. The
single, smaller energy basin for Mg>" at a distance of 1.4 nm
(shown in blue in Fig. 5) corresponds to an ion adsorbed next to
a respective silanol group assigned with the distance collective
variable and can be ignored. For both ion types oscillation of
the free energy profiles close to the surfaces are visible, which
originate from the overlap of the hydration shells of the ions
and the surface’s silanol groups.

The orientation of the TPDA molecules is quantitatively
analyzed through calculation of both the solvent accessible
surface area (SASA) and the geometric orientation of the TPDA
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Fig. 6 Normalized histograms of the solvent accessible surface area (SASA) around the TPDA molecules using a probe radius of 1.4 A of the two

simulated systems (left). Normalized histograms of the angle alpha between a

reference molecule parallel to the surface, the central silicon atom and the

center of mass of the three amino groups of the TPDA molecule. The histograms are fitted with a normal probability density function (right).
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Fig. 7 Snapshots of the Molecular Dynamics (MD) simulation of two
systems containing the TPDA functionalized silica surface. Deprotonated
silanol groups at the surface representing a realistic pH 6 condition (left).
Additional Na* ions are added to the system. Mg®* ions replace the Na*
ions for a direct comparison of both ion types (right).

molecule on the surface (Fig. 6) during the standard MD
simulations (Fig. 4). The SASA of the functionalized surface is
calculated by using a probe with a radius of 1.4 A in VMD.*® A
clear difference of both systems can be observed, which points
towards an increased accessibility of the TPDA molecules in the
case of Mg”*. Furthermore, the distribution of the angle
between the amino groups of TPDA and the surface along the
MD trajectory (Fig. 6, right) is shifted more towards flat angles
for Na* with respect to Mg>". This suggests that the presence of
strongly adsorbed Mg>* ions hinder, to a certain extent, the
ionic interaction between the positive TPDA molecules and the
negative, deprotonated silanol terminal groups. However, since
there are many more TPDA molecules (36) than deprotonated
silanols (8) on our 9 x 9 nm” surface slab, the shift of the angle
distribution is only minor, despite the larger differences of the
SASA values (at pH 6). In typical trajectory snapshots, we have
observed that about 5 TPDA molecules, on average, lie flat on
the surface in the presence of Na' ions; whereas all molecules
remain upright in the presence of Mg>* ions.

Conclusions

In summary, our simulations suggest that different types of
cations present remarkably different adsorption strengths and
thus residence times on silica surfaces at neutral pH. Divalent
Mg>" ions effectively invert the sign of the surface potential,
while Na* ions merely build a diffuse layer. Therefore, in the
presence of only monovalent salt at low concentrations, the
protonated TPDA molecules are strongly attracted by the silica
surface and can assume a less accessible, rather flat orienta-
tion. When divalent cations are present (alone or in mixtures),
not only is the overall surface potential more positive, but the
TPDA molecules are also more upright and thus more acces-
sible to potential binding partners, such as viruses with an
overall negative surface potential (see scheme in Fig. 7). This,
finally, explains why the virus retention capacity (Fig. 3) is

higher for the feed solutions which contain MgCl, than for
the feed solution containing just NaCl.
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