Bulgarian Chemical Communications, Volume 47, Number 4 (pp. 000 — 000) 2015

Numerical simulation of the transport process of biomolecules and ions at molecular
level in parallel carbon-wall nanofluidic channels
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The manipulation of biomolecules in nano-scale channels is quite interesting but full of challenge. One of the
preconditions is to understand the transport process of biomolecules and ions in nanofluidic channels. In this issue,
numerical simulations were carried out at a molecular level. The model of polypeptide GNNQQNY was introduced as a
protein molecule under different conditions varying the driving factors like channel height, solution concentration and
electric field intensity. The simulated results were discussed and analysed by comparing the molecular distribution,
protein molecules’ movement amplitude and potential energy. The decreasing channel height greatly influences the
movement of proteins due to the more obvious electric double layer (EDL) effect. The increasing ionic concentration
helps the passage of protein molecules while the layered concentration phenomenon of molecules and ions nearby the
channel wall aggravates with the average ionic density. The electric field strength was also found to be an effective tool
to control the passage of protein molecules. The results were helpful to understand the transport of biomolecules in

nanofluidic channels.
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INTRODUCTION

Nanofluidic chips are widely used in the
detection [1], separation [2] and manipulation [3] of
biomolecules in solutions with the rapid progress of
nanoscale fabrication [4]. Due to the complex
structure and high surface activity, it is quite
difficult to control the movement of biomolecules
in nanofluidic research [5]. Researchers focus their
interest on electrophoresis and electroosmotic flow
in the research of the electrokinetic phenomenon in
parallel plates. Qiao and Aluru [6, 7] simulated the
electric double layer (EDL) structure and
electroosmotic flow in nanoscale channels. R.
Karnik [8, 9] manipulated the concentration and
transport of ions and biomolecules on changing the
wall surface charge of 35 nm high nanofluidic
diodes. Kun Liu and Dechun Ba [10] built a 1-D
model of ion transport in rectangular nanofluidic
channels using the Poisson-Boltzmann equation,
which proves that potential control is an effective
way to manipulate the movement of protein
molecules.

MODEL AND SIMULATION DETAILS

The simulation system is built in the channel
between two parallel plates, supposed with
nanoscale distance and unlimited length. Assume
that the solution between the parallel plates is
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sufficient and free without any initial external
pressure gradient. The geometrical model is built as
shown in Fig.1.
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Fig.1. The geometrical model of biomolecules and
ions transport in nanoscale channels.

The direction along the height is marked as y
axis and the direction along the biomolecules’ flow
is marked as x axis. The channel is full of
electrolyte solution mixed with protein molecules,
the polypeptide GNNQQNY. For the sake of a clear
display, the water molecules are hidden in Fig.1.
The channel along the x and y axes is divided into
tiny units with the scale of 7.60 nmx2.34 nm. The
channel wall per unit is composed of 72 monolayer
carbon atoms in every unit. One protein molecule is
initially located in the left side of the channel.
Larger (blue) and smaller (red) spheres represent
Na* and CI" ions, respectively.

The flow in the channel is limited along the y
axis. Periodic boundary conditions are brought to
the flow along the x and z axis. The wall is charged
with an average density of 0.05C/m? The water
molecular model is simplified as a SPC model [13-
15]. In the simulation system, two kinds of
potential energy are mainly considered, Lenard-
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Jones (LJ) interaction and electrostatic interaction.
LJ atomic model is adapted to the charged ions in
the channel. All LJ parameters are derived from
Gromos96 force field.

GROMACS program packages are used to
simulate the protein molecules in an aqueous
solution of sodium chloride. First, one GNNQQNY
molecule was put into the left entrance of the
channel, followed by water molecules and ions. The
initial speeds were generated under Maxwell-
Boltzmann  distribution at  300K. Energy
minimization was done after 400 steps by the
steepest descent method. Then molecular hot bath
was carried out based on Berendsen methods after
200 steps without external voltage until the system
reached balance. 400 ps molecular simulation was
performed with external electric field along the x
axis.

As time step was set to be 2.0 fs, the simulation
steps were up to 300,000. The Newton motion
equation was solved with leap-frog algorithm
[16,17]. The results were tracked every 100 steps.
A series of such simulations was carried out
varying the channel height, number of positive and
negative ions and external electric field strength.
Table 1 lists the simulation parameters.

RESULTS AND DISCUSSION

Fig.2 shows the key frames of the transport
movement of protein biomolecules. The protein
molecule moved to the right according to the
direction of the external electric field. Since the
room was enlarged, the protein molecule turned
over to a large extent. In the whole process, the
positive Na* ions were mainly concentrated in the
central channel while the negative CI ions were
mainly located near the wall.

Root-mean-square deviations (RMSD) [14] were
here used to measure the oscillating amplitude of
the molecules. Larger RMSD value means more
dramatic changes of molecular position and better
transport of protein molecules in the simulation
process. Fig.3 shows the RMSD analysis results in
No.1 ~ No.3 simulation systems listed in Table 1.

With the decrease in channel height, the RMSD

value changed drastically till 100 ps ~ 150 ps

reaching a dynamic balance. This is because the
EDL’s effect was stronger with the decreasing and
resulted in greater influence on the ions’
movements. Under the drive of electric field
generated by EDL, the chloride ions moved
directionally. The protein molecules, which were
negatively charged after absorbing electrons in the
solution, were excluded at a certain distance from
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the chloride ions and then moved to the same
direction as the chloride ions.
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Fig.2. Simulation movement snaps of a biomolecular
transport process (a) 1% step; (b) 4000%" step; (c) 25000t
step; (d) 100000™ step; (e) 150000:" step; (f) 200000™
step.
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Table 1. List of the simulation parameters

Simulation system No.l1 No.2 No.3 No.4 No.5 No.6 No.7
Channel height (nm) 3.1 34 2.7 3.1 3.1 3.1 3.1
Number of Na* ions (per unit) 50 50 50 20 70 50 50
Number of CI- ions (per unit) 50 50 50 20 70 50 50
External electric field strength (V/nm) 1 1 1 1 1 0.5 2
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Fig.3. Oscillating amplitude of protein molecules at
different channel heights

On the contrary, the stretch room of the protein
became larger with the increase in channel height.
RMSD value changed drastically at the very
beginning. However, the movements tended to be
weaker and the passage time turned shorter because
of the conjunct action of surrounded ions, water
molecules and the channel wall.

The density distribution of ions and water
molecules along the height direction is given in
Fig.4. The curve of water molecule distribution has
two peaks nearby the wall. The chloride ions were
attracted by the wall charge and gathered near the
wall. There were few chloride ions but a large
number of sodium ions around the protein
molecules. However, the sodium ions were neither
concentrated on the protein molecules nor absorbed
by them. They just moved regularly and induced
the movements of protein molecules. The width of
EDL decreased with the increase in channel height
because the motive force exerted on the protein
molecules from the ions was weakened.

Fig.5 shows the comparisons of the oscillating
status under different ion concentrations in No.1,
No.4 and No.5 simulation systems. The ion
concentration greatly influenced the RMSD value
of protein molecules. When the number of ions
increased to 70 per unit, the RSMD value strongly
changed and hardly got up to a balance in a quite
long time of 400 ps. When the ion’s number
decreased to 50 per unit, the balance time could be
about 200 ps. When the ion’s number further
decreased to 20 per unit, the balance time
correspondingly decreased to 100 ps. With the help

of the viewer toolbox, it could be observed that the
protein molecules obviously interacted with ions
and moved rapidly through the channel at a high
concentration, and vice versa.
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Fig.4. Density distribution of molecules and ions
along the y axis at a channel height of 3.4 nm
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Fig.5. Oscillating amplitude of protein molecules at
different concentrations

Fig.6 shows the density distribution of water
molecules and ions in simulation system No.5. The
water molecules and the negative ions mainly
gathered on the two sides near the channel wall and
displayed two peaks.

But the positive ions looked quite different.
Many sodium ions concentrated in the center of the
channel. With the increase of ionic concentrations,
the central ionic concentration also increased,
which favored the movement of protein molecules.
Meanwhile, the layered concentration phenomenon
of molecules and ions nearby the channel wall
aggravated with the average ionic density. The
RMSD comparison of different electric field
strength in simulation systems No.1, No.6 and No.7
is shown in Fig.7.
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Fig.6. Density distribution of molecules and ions at
70 Na* ions and 70 CI" ions per unit
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Fig.7. RMSD values of protein molecules at different
electric field strength

When electric field of 2 V/nm strength was
exerted along the x direction, the RMSD value
strongly oscillated and then quickly relaxed, which
showed that the conformations of the protein
molecules were easy to get to balance. However,
with the decrease of exerted voltage, the RMSD
value still oscillated but the amplitude weakened.
Meanwhile, the balance time was extended with
reduced electric field strength. The proteins moved
so rapidly that those of them with no charge on the
side chain could not force the whole peptide chain
to interact with ions. Although the far side chain
had the trend to move to the wall, it could not
approach the wall surface due to steric hindrance.
The stronger the electric field force, the faster
moved the ions, hence the more quickly the protein
molecules passed thought the channel. Large initial
RSMD value and reduced balance time helped the
transport of protein molecules.

Fig.8 shows the density distribution of water
molecules and ions under electric field in system
No.7. The water molecules distribution was almost
unchanged at different electric field strengths. With
the increase in electric field strength, the negative
ions concentrated in the two sides while the
positive ions moved to the centre of the channel.
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The chloride ions moved quickly and came close
to the wall surface while the sodium ions moved
along the electric field direction in the central
channel with a high flow rate. That is because the
electroosmotic flow formed in the channel was
strengthened by the strong electric field. The
accelerated flow carried over more ions around the
protein molecules and weakened the interaction
between the ions and protein molecules. So the
electric field force was prior to the LJ impact and
the Coulomb force at strong electric field.

CONCLUSIONS

The transport process of biomolecules and ions
in nanoscale channels was investigated using seven
groups of parameters. Based on the simulated
results, several conclusions could be drawn, as
follows:

(1) The channel height greatly influenced the
transport of proteins. With the decrease in channel
height, the EDL effect became more obvious, so the
moving proteins received more repulsive force
from the counter chloride ions. As the transport
direction of protein molecules was the same as that
of the counter ions, the transport became more
difficult, and vice versa.

(2) The ionic concentration also influenced the
transport of protein molecules. At higher ionic
concentration, the interaction between ions and
protein molecules became stronger, which forced
the protein molecules to move more rapidly and
pass through the channel more quickly, and vice
versa. Meanwhile, the layered concentration
phenomenon of molecules and ions nearby the
channel wall aggravated with the average ionic
density.

(3) The electric field strength played an
important role on the transport of protein
molecules. The protein molecules passed more
easily and more quickly with the increase in electric
field strength because the flow velocity turned
higher and the electric field force prevailed over
other forces such as LJ impact and Coulomb force.
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YUCJIEHO CUMYJIMPAHE HA TPAHCIIOPTHU ITPOLIECH HA BUOMOJIEKYJIN U MOHU
HA MOJIEKVYJISIPHO PABHULIE B YCIIOPEJAHU KAHAJIM C HAHOPA3MEPU CBC
CTEHU OT BBIJIEPO/L
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IToctenuna Ha 4 anpwi, 2015 r.
(Pesrome)

ManumnynupaneTo Ha GHO-MOJIEKYIIM B KaHAIM C HAHO-Pa3MepH € TBBPJIE HHTEPECHO U MPEAN3BUKATENHO. EqHO OT
Npen-yciaoBusATa € aa ce pa3bepaT TPaHCIOPTHHUTE MPOIECH HAa OMOMONIEKYIH W HOHHM B HaHO-pa3MepHH KaHamu. B
HacTosimata pabora € M3BBPIICHO YHCICHO MOJICIMpaHe Ha MOJICKYIHO HHBO. BBBeleH ¢ MOJEN Ha MOJHIICITHIA
GNNQQNY kato MoJyiekysia Ha TPOTEHH 3a H3CJICABAHE HA IMOBEICHHETO MY CIPSAMO JIBWKENIH (PAKTOpHU KaTo
BHCOYMHA Ha KAaHAJWTE, KOHIEHTPAIMATA My U HHTEH3UTETA HA EJNIEKTPHUUYHO MoJie. Pe3ynraTuTe OT CUMYJIMPAHETO ca
00ChJIEHU W aHAM3MPaHW 4Ype3 CPaBHEHHE Ha Pas3NpeseseHHETO Ha MOJIEKYJIHMTE, aMIUIMTYIAWTE HA JBHKCHUETO Ha
MPOTEMHOBHUTE MOJIEKYJIM M MOTEHI[MATHATa eHeprus. HaMalsiBaHETO HA BHCOYMHATA HAa KaHAJIWTE BIIHMsE 3HAYMTEIHO
Ha JIBHKEHHUETO HA MOJIEKYJIMTE TJIABHO upe3 edekra Ha qBoinus enekrpudeH cioil (EDL).ITosummasaneTo Ha HOHHATA
KOHIIEHTpAIMs ClioMara 3a MPEMHUHABAHETO Ha TMPOTEHMHOBUTE MOJEKYJIH, JOKATO CIOMCTOTO KOHIEHTPHpaHe Ha
MOJIEKYJINTE ¥ HOHWTE B OJIM30CT JO CTEHWTE Ha KaHAJIMTE CE BIOIIABa ChC CpeiHara WOHHaA IbTHOCT. Cuiara Ha
ENIEKTPUYHOTO MOJI€ ChIINO € ePEeKTUBHO CPEACTBO 32 KOHTPOJIUPAHE HA MPEMUHABAHETO HA MPOTEHHOBHUTE MOJIEKYIIH.
Pesynratute ca mojie3nu 3a pa3OoMpaHETO HA MPEHOCa HAa OUO-MOJIEKYJIM B HAHO-(DIIYH/IHU KaHAIIH.
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