Bulgarian Chemical Communications, Volume 47, Number 4 (pp. 1221 — 1228) 2015

Molecular simulation of protein transport controlled by pressure-driven flow in silica
nanofluidic channels
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A series of NEMD (non-equilibrium molecular dynamics) simulations were performed to study the biomolecular
migration process driven by pressure in nanoscale channels. Several parameters, including channel height, driving
pressure, system temperature and wall charge, were used to investigate the density and transport velocity of molecules
and ions. The results show that the channel height has a significant influence on the distribution of density and velocity
depended on the size of biomolecules. The wall charge density also greatly influences the velocity and ion concentration
of proteins nearby the channel wall while the temperature only has a slight influence. The conclusions are useful to the

design and manipulation of nanofluidic devices.
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INTRODUCTION

Among the simulation techniques, EMD
(equilibrium  molecular dynamics) has been
extensively applied to study the equilibrium fluid
flow [11]. Meanwhile, for atomic systems far from
equilibrium, NEMD (non-equilibrium molecular
dynamics) offers an alternative method, especially in
solving the nanofluidic problems [11-15]. In the
nanofluidic field, electroosmosis and electrophoresis
have been widely used to manipulate the fluid and
biomolecules in  simulations [16-24] and
experiments [2, 25-28]. However, the flow can be
driven by pressure in one direction unlike electricity-
driven flow. There are some reports on modeling and
numerical simulation of pressure-driven flow in the
nanochannels [11-13, 15, 29-42]. While a single
fluid is wusually considered, biomolecule flows
generated by pressure received less attention [43].
Some researchers have studied how the physical and
geometric factors affected the biomolecular flux
through the nanopores [43]. However, the interfacial
interactions in the nanochannel have not been deeply
explored. Besides, the factors affecting the transport
of molecules and ions have not been completely
understood yet.

The research purpose is to investigate the
pressure-driven  biomolecular flow in the
nanochannel. This issue tries to analyze how the
flow characteristics are influenced by the channel
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parameters. Before the simulations are started, -
cristobalite SiOz is selected as the channel wall while
hen egg albumen lysozyme is selected as the
biomolecule.

MODEL AND SIMULATION DETAILS

The simulation model is schematically presented
in Fig.1, where the simulation region is regarded as
a 3-D box.

As shown in Fig.1, two silica walls are on the top
and bottom, water molecules are hidden, three
biomolecules are located in the central channel, blue
and red spheres represent Na* and CI ions
respectively. The length Ly is 26.918 nm, the width
L; is 9.420 nm and the height Ly has five different
values, namely, 8.438 nm, 9.438 nm, 10.438 nm,
11.438 nm and 12.438 nm for each system.
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Fig.1. Cross-section of the simulation model for the
pressure-driven flow

Table 1 lists the parameters including channel
height h, driving acceleration «, temperature T and
wall charge density pwai. According to Table 1, a
series of simulations have been performed. Periodic
boundary conditions are imposed along x and z
directions.
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Table 1. Parameters of the simulation model.

No a Pwall

. (mp)  (Ccmpy Mmoo TK)
1 50 0.3 8478 300
2 50 05 8478 300
3 50 0.1 8478 300
4 50 01 8478 300
5 50 03 8478 300
6 50 05 8478 300
7 50 0.3 6.478 300
8 50 0.3 7478 300
9 50 0.3 9478 300
10 50 0.3 10478 300
1 20 0.3 8478 300
12 80 0.3 8478 300
13 50 0.3 8478 320
14 50 0.3 8478 340

Two silica substrates with identical surfaces are
placed with the channel height along y direction. To
simulate the real physical silica wall, the (111)
crystallographic face of s-cristobalite SiO- is used as
the silica wall [44]. To obtain a chemically realistic
surface, all non-bridging oxygen atoms on the top of
the p-cristobalite crystal are hydroxylated [45]. The
Si-O bond is changed to the Si-OH bond in order that
surface hydroxyl group density is 13.5 OH/nm?.

The hydrogen atoms are positioned at 0.1 nm
perpendicular to the surface. The wall atoms are kept
around their original fcc lattice positions due to an
elastic spring potential as following

U (‘r(t)— I, ):%K (‘r(t)—req )2 (1)

Where, r(t) is the position of an atom at time t,
Iy IS its initial lattice position and K is the spring

constant [11, 46]. This initial allows the wall
molecules to vibrate, which could achieve the
momentum transfer between fluid molecules and
wall molecules. Here, K is set at 1000. The wall
charge density pwan is Simulated with six cases: -0.5,
-0.3,-0.1, 0.1, 0.3 and 0.5C/m?.

Three hen egg albumen lysozymes, labeled as
protein 1, protein 2 and protein 3, from left to right,
are added in the center of the nanochannel with
spacing of 9 nm and phase difference of 90 degrees.
The lysozyme is positively charged with 8e. The
water molecules are treated with SPC/E mode. The
concentration of NaCl aqueous solution was as
constant as 0.83 M throughout the whole simulation.

Because of the relatively large pressure drop in
the nanochannels, an external large acceleration o (2,
5 and 8 nm/ps? for each case) is applied along the x
direction to every fluid atom in order to simulate the
real pressure-driven flow in the nanochannels. Flow
energy caused by the pressure is converted into
thermal energy absorbed by the wall atoms, resulting
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in an increase in system temperature [32]. Thus a
velocity rescaling thermostat at the thermal walls is
applied to keep the system temperature constant,
described by:

dt
dK=(K,-K)—+2
(oK) =+

dw
¢ ——=(2)
N, T

Where, K is the kinetic energy, Ns is the number
of freedom degrees and dW is a Wiener process [47].
The system temperature T is kept constant at three
values 300 K, 320 K and 340 K. The force field used
here is the charmm27 inside Gromacs 4.5. The van
der Waals interactions are treated according to the
12-6 Lennard-Jones potential

cd ¢
VLJ (rij ) = IJ12 - ”5 3)
G

The electrostatic forces are described by a
coulombic potential with a cutoff set to 1.0 nm.
Long-range interactions are calculated by the PME
(particle mesh Ewald) method.

The simulation step time for the system is 2.0 fs.
First of all, energy minimization is carried out. Then
the system would reach equilibrium with a relaxation
step at 1x10°. Last, the NEMD simulation is
performed with duration of 2x10° steps with an
additional acceleration applied on each molecule.

RESULTS AND DISCUSSION

In order to solve the density and velocity
distribution, the channel is divided into n bins along
z direction. Then density and mean velocity are
computed at each bin for all time steps and averaged
upon 14 groups of parameters, as listed in Table 1.

Density and velocity distribution of water
molecules

Fig.2 shows the water molecule density
distribution along the height direction. Due to the
strong solid—liquid interactions, the water molecules
are distributed orderly near the solid interface. The
distance between the first peaks and walls is about
0.3 nm, which is about the size of molecule diameter.

As shown in Fig.2(a), two peaks of water density
are observed near the solid interface at the channel
height of 9.478 nm and 10.478 nm. With decreasing
channel height, the number of peak increases to three
and the newly appeared peak becomes more obvious
and closer to the wall. The oscillatory characteristics
of water molecular density near the walls change
drastically with the decreasing of channel height h
under 8.478 nm. On the contrary, the layered water
molecular density near the walls becomes stable
above 8.478 nm.
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Fig. 2. Density distribution of water molecules at h=8.478
nm, a=5 nm/ps?, T=300K and pwai=0.3C/m? (unless
otherwise stated), (a) at h=6.478, 7.478, 8.478, 9.478 nm

and 10.478 nm, (b) at @ =2, 5 and 8 nm/ps?, () at T=300,
320 and 340K, (d) at pwar=-0.5, -0.3, -0.1, 0.1, 0.3 and 0.5
C/m2,
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In Fig.2(b) we examine the pressure influence on
water molecular density by exerting acceleration on
all molecules. The central water molecular density
only decreases marginally with the acceleration

while the density near the wall seldom changes. The
similar situation is observed in Fig.2(c), which is
used to examine the influence of temperature (from
300 to 340K) on water molecular density profile.
The central water molecular density is marginally
increasing with the temperature. Besides, the two
distinct peaks are very close to the wall interface,
which decrease with the temperature.

Fig.2(d) summaries the influences of wall surface
charge on density. When the wall is positively
charged, the water density near the wall reaches the
peaks twice when pwar equals 0.1C/m2, while it
reaches three times when pwan equals 0.5C/m2. In
fact, the additional peak is closer to the wall.
However, the situation is quite different when the
wall is negatively charged. Both the peak number
and the value change little with the charges. The
different mass of the hydrogen and oxygen atoms
could be considered as the cause. The oxygen ions
are adsorbed to the wall when the wall is positively
charged while the hydrogen ions are adsorbed when
the wall is negatively charged. However, the mass of
the oxygen atoms is 16 times that of the hydrogen,
so a new peak will appear near the positively charged
wall.

The water velocity distribution along the height
direction was calculated and shown in Fig.3, which
is similar to Poiseuille distribution. The center is
high due to the small resistance here. Furthermore,
the closer the water molecules are to the wall, the
stronger are the solid-fluid interactions while the
smaller is the water velocity.

The influence of channel height on water
molecular velocity is shown in Fig.3(a): when h
equals 6.478 nm, the velocity in the channel center
is the highest, and the velocity difference between
layers close to walls is also the largest. Although the
velocity and the differences decrease with h, they
become negligible when h increases to 9.478. This
states that the channel height has a great influence on
the velocity of water molecules under 8.478 nm.
Increased velocity was also observed when the
pressure increases, as shown in Fig.3(b). The kinetic
energy of water molecules increases with the exerted
acceleration, so does the velocity.

The influences of temperature on water
molecular velocity are also examined, as shown in
Fig.3(c). It shows that the influences are so
complicated that no rules can explain the changes.
However, these results could be understood when
considering the thermal motion of water molecules
under different temperatures. Due to the disorder of
thermal motion, the profile of the temperature
influencing the water velocity is irregular. The
similar situation happens as shown in Fig.3(d) which
examines the influence of wall charge density on
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water molecular density.
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Fig. 3. Velocity distributions of water at h=8.478 nm,

a=5 nm/ps?, T=300K and pwa=0.3C/m?> (unless
otherwise stated), (a) at h=6.478, 7.478, 8.478, 9.478 nm

and 10.478 nm, (b) at a=2,5and 8 nm/ps?, (c) at T=300,
320 and 340K, (d) at pwai=-0.5, -0.3, -0.1, 0.1, 0.3and
0.5C/m2.
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Ion concentration distribution

Fig.4 shows the ion concentration distribution
along the channel height direction. Due to the strong
electrostatic interactions, the co-ions are mainly
located in the central channel while the counter-ions
are mainly adsorbed to the channel wall.

In Fig.4(a)~(b), we examine the influence of
channel height on ion concentration. The ions
distribution is uneven with a distinct peak when h
equals 6.478 nm. On the contrary, the distribution
becomes uniform when h increases to 7.478 nm.
However, two unobvious peaks appear in both sides
of the center with the increasing of h. This is mainly
because three positively charged lysozyme
molecules in the center will stay away from the Na*
ions. As shown in Fig.4(b), two distinct peaks appear
near the wall when h equals 6.478 nm. However, the
peak number decreases to one with h. The peaks of
CI" ion concentration decrease with h, but they
hardly change above 8.478 nm.

As shown in Fig.4(c)~(d), the influence of
pressure on ion concentration is negligible. The
similar situation happens in Fig.4(e)~(f) showing
the temperature’s influence on ion concentration.
Moreover, increasing of CI" ion concentration with
temperature is shown in Fig.4(f).

The wall charge density’s influence on ion
concentration is shown in Fig.4 (g)~(j). With the
increase in absolute wall charge density, more co-
ions are repelled to the center. When the ion
concentration in the center increases, ion
concentration distribution becomes more uneven. As
shown in Fig.4(h), there is only one peak of ClI" ion
concentration close to the wall due to the wall
electrostatic interactions. Meanwhile, the distance
between the peak and wall decreases with the
positive wall charge density. However, the peak
increases. On the other hand, when the wall is
negatively charged, the situation becomes
complicated. The Na* ion concentration reaches the
peak when puai equals -0.1C/m?. It has three peaks
at -0.3C/m? and two peaks at -0.5C/m2. Moreover,
the similar phenomena happen in Fig.4(j), the
distance between the peak of Na* ion concentration
and the wall decreases with the negative wall charge
density. However, the peak increases.

Biomolecular density and velocity distribution

Due to the complexity and high surface activity
of the biomolecules, the effect of the parameters (h,

a T, pwan) On the biomolecular movements becomes
very complicated. Fig.5 shows the biomolecular
density distribution along the height direction. As
shown in Fig.5, the lysozyme biomolecules are
mainly located in the center.
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C/m2.

As shown in Fig.5(a), the channel height’s
influence on biomolecular density is unpredictable.
The similar situation happens in Fig.5(c), which
shows the temperature’s influence on biomolecular
density. The pressure effect on biomolecular density
is summarized in Fig.5(b), which shows that it
increases with the acceleration peaking at 8 nm/ps2.
Because greater pressure exerted on the
biomolecules brings greater speeds and resistance,
the biomolecules have to shrink their shape, which
leads to high biomolecular density in the middle.

Fig. 5(d) shows the influence of wall charge
density on biomolecular density. The distance
between the wall and biomolecules increases with
the wall charge density from -0.5 to 0.5 C/m2. As a
result, the positively charged biomolecules are
attracted by the negatively charged wall or excluded
by the positively charged wall. However, either the
attractive force or repulsive force increases with the
wall charge density.

Fig. 6 shows the average velocity of three
lysozyme biomolecules in the channel numbered
with p1, p2 and p3. Among them, p1 has the lowest
velocity and p2 has the highest velocity.

Fig. 6(a) shows the channel height’s influence on
biomolecular velocity. It shows that the
biomolecular velocity decreases with h and reaches
the peak point at 6.478 nm. As the water molecular
velocity decreases with channel height, the
biomolecular velocity also decreases with channel
height. Moreover, the velocity increments of
biomolecules become smaller with the increase in
channel height above 8.478 nm, so the height’s
influence on biomolecular velocity becomes less
important with the increase. Fig. 6(b) shows the
pressure’s influence on biomolecular velocity. As
the water molecular velocity increases with
acceleration, the biomolecular velocity increases
linearly.

Fig. 6(c) shows the temperature’s influence on
biomolecular velocity. As the disorder of thermal
motion increases with temperature, biomolecular
velocity slightly decreases except for p2 at 340K.

Fig. 6(d) shows the influence of wall charge
density on biomolecular velocity. It shows that the
biomolecular velocity increases marginally with the
absolute wall charge density. As a fact, the central
water molecules face the smallest resistance, so this
velocity is greater than that nearby the wall. Due to
the attractive or compulsive force induced by the
charged wall, more biomolecules are limited in the
central channel with the increase in the wall charge
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density. Thus the greater the absolute wall charge
density, the higher is the biomolecular velocity.
However, this influence is much smaller than the
pressure’s, which results in a slight increase of the
biomolecular velocity.
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Fig. 6. Velocity distribution of biomolecules at
h=8.478 nm, a =5 nm/ps?, T=300K and pwai=0.3 C/m?
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at T=300, 320 and 340K, (d) at pwai=-0.5, -0.3, -0.1, 0.1,
0.3 and 0.5 C/m2,

CONCLUSIONS

The NEMD simulation of biomolecular flows in
a SiO2 nanochannel driven by pressure is presented.
The results show that the interfacial interactions play
an important role in determining the transport
characteristics of ions, water molecules and
biomolecules in the nanochannel. The following
conclusions can be drawn from the present
simulation. First, the change in water molecular
density and ion concentration close to the wall
becomes sharper with the decrease in channel height
under 8.478 nm while the molecular velocity
decreases with the channel height. Second, the
velocity of water molecules and biomolecules
linearly increases with the exerted acceleration.
Third, the characteristics near the walls are slightly
influenced by the temperature. Last, the wall charge
density greatly affects the ion concentration
distribution, but not the water molecular velocity.

As the channel height and wall charge density are
decisive to the density distribution, they should be
carefully chosen in designing nanofluidic devices.
Besides, the system temperature should also be
considered.
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MOJIEKYJIHO CUMVYJIMPAHE HA TPAHCIIOPTA HA ITPOTEMHH, KOHTPOJIMPAH YPE3
[NIOTOK, 3A/IBU’)KBAH YPE3 HAJIAA'AHE B HAHO-KAHAJIN OT CUJIMLIMEB IMOKCU

K. JIrol", II1. JI. Yen?, I1I. V. Kcuao?, C. JI. XKanr®, JI. U. Bal ", JI. 4. Banr?, I. 1O. [y, 4. 111. Ba?,

1 .
Yémﬂuu;e N0 MAWUHHO UHdCeHepcmeo u asmomamuka, Cegepousmouer ynusepcumem, Lllenesane, Kumaii
Unemumym no ¢usuxa na sucoxume enepeuu, Kumaiicka akademus na naykume, betioocun, Kumati
Cmonuuna KoMnauus 3a Kocmudecko mawunocmpoene, Betioscun, Kumail

[ocrenuna va 4 anpu, 2015 .
(Pesrome)

B cepust ot cumynannu ¢ HepaBHOBecHaA MoJiekyrHa fuHamuka (NEMD) ca n3cinenBanu nponecure Ha Ou-MOJIeKyJTHA
MUrparus, NpeJu3BIKaHa OT HAJSITaHe B KaHalK ¢ HaHO-pa3Mepu. V3Noi3BaHu ca pa3inyHy NapamMeTpy, BKIIOYUTEITHO
BHCOYMHA Ha KaHAJIWTE, HAJATaHe, TEMIIepaTypa U 3apsi] Ha CTCHHUTE 3a U3CJIEABAHETO Ha ILTBTHOCTTA M CKOPOCTTA Ha
TPAHCIIOPT HA MOJICKYJIH U HOHU. Pe3yJ'ITaTI/ITe ImoKa3BaT, Y€ BHCOYHMHATA HAa KAaHAJIUTC MMa 3HAYUTCIIHO B%3}16ﬁCTBHe
BBPXY ILTBTHOCTTa U CKOPOCTTa B 3aBUCHMOCT OT pa3Mmepa Ha Omo-mosiekynure. [IrbTHOCTTa Ha 3apsia ChIO BiHsE
CHJTHO Ha CKOPOCTTa M HOHHATa KOHLEHTpAIMs B OJIM30CT O CTEHHTE Ha KaHasa, JOKAaTO TeMIleparypara numa ciabo
BiMsiHKE. HanpaBeHuTe 3BO/IM ca MOJIE3HU IIPU KOHCTPYHPAHETO HA Ypean ¢ HaHO-(ayuau.
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