
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 2
:3

4:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Molecular dynam
aSchool of Materials Science and Engineer

510275, P. R. China. E-mail: liushle@mail.
bKey Laboratory for Polymeric Composite

Education, Sun Yat-sen University, Guangzh

† Electronic supplementary informa
10.1039/d1ra03982b

‡ Y.-P. Wang and F. Liang contributed eq

Cite this: RSC Adv., 2021, 11, 21666

Received 22nd May 2021
Accepted 14th June 2021

DOI: 10.1039/d1ra03982b

rsc.li/rsc-advances

21666 | RSC Adv., 2021, 11, 21666–216
ics simulations of amino acid
adsorption and transport at the acetonitrile–
water–silica interface: the role of side chains†

Yong-Peng Wang,a Fei Lianga and Shule Liu *ab

The solvation and transport of amino acid residues at liquid–solid interfaces have great importance for

understanding the mechanism of separation of biomolecules in liquid chromatography. This study uses

umbrella sampling molecular dynamics simulations to study the adsorption and transport of three amino

acid molecules with different side chains (phenylalanine (Phe), leucine (Leu) and glutamine (Gln)) at the

silica–water–acetonitrile interface in liquid chromatography. Free energy analysis shows that the Gln

molecule has stronger binding affinity than the other two molecules, indicating the side chain polarity

may play a primary role in adsorption at the liquid–solid interface. The Phe molecule with a phenyl side

chain exhibits stronger adsorption free energy than Leu with a non-polar side chain, which can be

ascribed to the better solvated configuration of Phe. Further analysis of molecular orientations found

that the amino acid molecules with apolar side chains (Phe and Leu) have ‘standing up’ configurations at

their stable adsorption state, where the polar functional groups are close to the interface and the side

chain is far from the interface, whereas the amino acid molecule with a polar side chain (Gln) chooses

the ‘lying’ configuration, and undergoes a sharp orientation transition when the molecule moves away

from the silica surface. Extending our simulation studies to systems with different solute concentrations

reveals that there is a decrease in the adsorption free energy as well as surface diffusion as the solute

concentration increases, which is related to the crowding in the interfacial layers. This simulation study

gives a detailed microscopic description of amino acid molecule solvation and transport at the

acetonitrile–water–silica interface in liquid chromatography and will be helpful for understanding the

retention mechanism for amino acid separation.
1. Introduction

Liquid chromatography (LC) has become a robust technology in
the eld of separation and chemical analysis of biomolecules.1–4

LC utilizes its special separation mechanisms that different
uid components in themobile phase have different adsorption
strength on the stationary phase interface, resulting in differ-
ences in transport rate, and has become the standard bio-
analytical tool of preferred choice in many laboratories.
Compared with other separation methods, LC has many
advantages, such as high resolving power, reproducibility, the
broad selection of types and modes and compatibility with
other analysis technologies, which makes it the technique of
choice for protein and peptide separation in particular, where
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high resolution is particularly important for reducing or even
eliminating the ion-suppression effects.5–7

Proteins are the most abundant biomolecules, existing in all
cells. The efficient separation of mixtures of proteins or peptide
is important for proteomics,5,6 food science,8 the pharmaceu-
tical industry9,10 and etc. Amino acid molecules are the basic
unit of proteins. Therefore, a good understanding of the protein
retention and partition mechanism in LC requires a thorough
investigation of the interactions between amino acid molecules
or residues and the stationary phase. In the past decades,
separation methods for amino acids have developed rapidly
including liquid chromatography11–15 and capillary electropho-
resis,16–18 combined with analysis techniques such as mass
spectrometry,12,13,17,19 nuclear magnetic resonance,20 ultraviolet
and uorescence detection,15,18 and amino acid analyzer.21 In
particular, as the most commonly used separation method in
biochemistry, the hydrophilic interaction liquid chromatog-
raphy (HILIC), which is comprised of polar stationary phase and
aprotic mobile phase, is widely utilized to separate the amino
acids samples.22–27

At the microscopic level, the interactions between the
stationary phase and amino acids as well as the mobile phase
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Illustrations of the three amino acids, phenylalanine (Phe),
leucine (Leu), glutamine (Gln). The specific notations for each atom are
given in Fig. S1 of the ESI.† Moreover, schematic representations of
colored arrows show defined vectors for the corresponding amino
acid molecules to describe their orientation and rotational dynamics.
(b) Overall view of the simulation box of water–acetonitrile binary
mixture containing a single amino acid next to the silica slab.
Hydrogen, oxygen, silicon, nitrogen, and carbon atoms are shown in
white, red, yellow, blue, and cyan coloring, respectively. For the silica
surface, the reference position for z ¼ 0 is the top layer of silicon atom
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determine the actual separation efficiency. Therefore, control-
ling the interaction between amino acids and mineral surfaces
plays a crucial role in improving the separation, purication,
and retention of amino acids in practical application. Under-
standing how amino acids interact with an inorganic surface at
the molecular level could be the signicant challenges, and
urgently needed.

Molecular dynamics (MD) simulations are powerful tools to
study the microscopic interactions between amino acid mole-
cules and solid surfaces. In the past decades, a number of MD
simulations are performed to investigate the binding and
adsorption of amino acid molecules at inorganic surfaces.
Walsh et al. have used MD simulations to quantify the
adsorption strength of the amino acid analogues at water–TiO2

(ref. 28 and 29) and water–SiO2 (ref. 30) interfaces interface and
revealed the following trends in binding with TiO2 and SiO2

surface: “charged > polar aliphatic > nonpolar aliphatic” and
“nonpolar aromatic > negatively charged > nonpolar aliphatic >
polar > positively charged”, respectively. Brandt et al. charac-
terized the adsorption free energies of amino acid side chain
analogs to be used for qualitative estimation of binding affini-
ties and binding modes of proteins at water–TiO2 interface, and
found the strongest binders are the polar and aromatic side
chain analogs.31 Shchelokov et al. reported that thermodynamic
features of the amino acid adsorption on nanocrystalline TiO2

with experiment and molecular dynamics calculations based on
density functional theory (DFT-MD), and showed that the
ammonium group plays an important role in this process.32

Drobny et al. studied the interaction between the amino acids
and water–TiO2 interface with both experiments and MD
simulations, and their data indicated basic amino acids were
adsorbed onto rutile TiO2 surfaces in multiple forms that
depends on the surface hydroxyl group density.33 In spite of
recent progress on simulations of amino acid adsorption at
water–solid interfaces as well as the retention and transport of
small organic molecules on interfaces in LC,34–39 the micro-
scopic simulation studies of amino acid solvation and transport
at the liquid–solid (LS) interfaces in LC are still lacking.

In this study, we used MD simulations with umbrella
sampling technique to study the solvation and transport of
three amino acid molecules (phenylalanine (Phe), leucine (Leu),
glutamine (Gln)) at the acetonitrile (ACN)–water–silica inter-
face. The three amino acid molecules have different types of
side chains: polar (Gln), non-polar (Leu) and phenyl (Phe), while
the ACN–water solution and silica are frequently used as the
mobile phase and stationary phase in HILIC in many separation
practice of amino acid molecules, respectively. The MD simu-
lations performed in this study are trying to illustrate the free
energy landscape of amino acid solvation at ACN–water–silica
surface as well as its dependence on the side chain of amino
acid molecules. The structure of this paper is organized as
follows. The rst part gives the introduction. The second part
gives a brief introduction to the model system and MD simu-
lation details. In the third part, the free energy prole, structure
and dynamics of amino acid molecules are analyzed and dis-
cussed. The conclusion is given in the fourth part.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2. Simulation details

Umbrella sampling (US) simulations40,41 for the three types of
amino acids solvation at the water–ACN–silica interface in the
NVT ensemble at T¼ 298 K were performed. The simulation box
contains a slab of silica in contact with water–ACN binary
mixture composed of 1314 ACN molecules and 438 water
molecules. This composition corresponds to the ACN–water
volume ratio of 9 : 1, which is the composition of mobile phase
frequently used in the separation of amino acids and peptides
with HILIC.23–25,27 The silica slab was set up by taking the top
four layers of the (111) surface in the idealized b-cristobalite
crystal and the force eld parameters of the silica slab were
taken from previous work by Rossky and coworkers.42 The b-
cristobalite silica surface has been used in previous simulations
of LS interface in LC extensively.34,37–39,43,44 The silica surface is
fully terminated with hydroxyl groups, which are in contact with
water and ACN molecules. The size of the simulation box is
50.67 �A � 43.88 �A � 150.00 �A in the x, y and z directions. The
system is periodic in both x and y directions and non-periodic
in the z direction due to the slab geometry. Fig. 1b gives
a snapshot of the simulated system.

The six-site model of Nikitin and Lyubartsev45 for ACN and
the TIP3P46 model for water were used to describe their intra-
and inter-molecular interactions. As shown by Tobias and
coworkers,47 the densities of ACN–water mixture at different
concentrations predicted by this choice of force eld
in the silica slab and the z-axis is normal to the silica surface.

RSC Adv., 2021, 11, 21666–21677 | 21667
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Fig. 2 The atomic number density profiles of water–ACN binary
mixture solvent with different atomic representations: black, red and
blue line represent the methyl carbon atom, the nitrogen atom of ACN
and the oxygen atom of water, respectively.
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parameters are in good agreement with experimental values.
The force eld parameters of the amino acidmolecules are from
the Generalized Amber Force Field (GAFF)48 generated by the
Antechamber49 module. The charges of amino acidmolecule are
obtained with the AM1-BCCmethod.50,51 The non-bonding force
eld parameters of amino acid molecules, water, ACN and the
silica surface are given in Tables S1–S4 of the ESI.† For inter-
molecular van der Waals interactions, parameters were calcu-
lated by applying the Lorentz–Berthelot combination rule, as
they are employed for all pairwise Lennard-Jones (LJ) potentials
in the AMBER force eld: sij ¼ (si + sj)/2 and 3ij ¼ ffiffiffiffiffiffiffi

3i3j
p . The

long-range coulombic interactions were calculated by the
particle–particle–particle–mesh (PPPM) solver.52,53 Since the
system in non-periodic along the z direction, the slab correction
to 3D PPPM by Berkowitz et al.54 was also applied to the calcu-
lation of electrostatic interactions.

The reaction coordinate (RC) in umbrella sampling is dened
as the z-direction distance between silica surface and center-of-
mass (COM) of the amino acid molecule, which is biased at
various points (windows) with a harmonic potential.55 The simu-
lations of 19 umbrella sampling windows that were set every 0.5 Å
along the RC and covered the range of RC from x ¼ 3.0 Å to x ¼
12.0�A were used. The spring constant for the harmonic restraint
in the US simulation is 30 kcal mol�1 Å�2. The initial congura-
tion for each window was built with the amino acid molecule
placed at the equilibrium position of the harmonic potential. Each
window was equilibrated at 298 K for 4.0 ns by the Nosé–Hoover
thermostat56,57 aer minimization of the initial congurations,
18.0 ns simulation was performed aerward to collect the data of
trajectory. The time step for US simulations was 1.0 fs and the
cutoff distance was set at 14.0 �A. All the simulations were per-
formed using the large-scale Atomic/Molecular Massively Parallel
Simulator58 (LAMMPS). The weighted histogram analysis method
(WHAM)40,59 was used to construct the potential of mean force
(PMF) from US simulation data.
3. Results and discussion
3.1 Solvent density proles

The atomic number density proles of water–ACN solvent near the
hydrophilic silica surface are shown in Fig. 2, including themethyl
carbon atom (black line), the nitrogen atom (red line), and the
oxygen atom of water (blue line) density proles. Compared to the
atoms of ACN, density prole of the oxygen atom of water exhibits
a peak near the silica surface that is about 18 times of its bulk
value, indicating strong adsorption of water molecules at the
hydrophilic silica surface due to the hydrogen bonding with sila-
nol groups.60However, the highest peaks of the two atomic density
proles of ACN are only 1.5 times of its bulk value. Moreover, the
major peaks of the atoms in ACN (z ¼ 4.0–5.0 Å) are also farther
away from the interface than that of the water oxygen (z¼ 2.5 Å) in
the atomic density proles. The above all shows that because water
is more polar than ACN, water molecules are more easily adsorbed
at the hydrophilic silica surface than ACN molecules.

All atomic density proles have 2 or 3 peaks. For the density
prole of the ACN nitrogen atom, the rst peak could be spotted
21668 | RSC Adv., 2021, 11, 21666–21677
at z ¼ 2.5 Å, which is close to the interface and its position is
similar to that of the rst peak of the oxygen atom, and its value
is just half of bulk value. This indicates that the attractive
interaction between the polar cyano groups with the hydrophilic
silica interface facilitate the adsorption of ACN molecules and
they can penetrate the adsorbed water layer. Since the polarity
of cyano groups is much weaker than hydroxyl groups of water,
so the rst peak of the nitrogen's density prole is much smaller
than the second peak (z¼ 5.0 Å), and it is also noticeable that at
the position of ACN nitrogen's second peak the density of water
molecules is low. Compared with the oxygen and the nitrogen
density proles, the position of the rst (z ¼ 4.5 Å) and second
peaks (z ¼ 8.5 Å) of the methyl carbon atom density is more
distant from the LS interface obviously. This again shows that
cyano groups, which are more polar thanmethyl groups, tend to
be distributed closer to the hydrophilic silica interface. Water
oxygen density also has a two consecutive shoulder peaks z ¼
3.5 Å and z ¼ 4.5 Å, which can be viewed as two sublayers.

The inhomogeneity of solvent density proles can propagate
for more than 12 Å into the bulk, and our following analysis will
primarily focus on the solvation of amino acid molecules in this
inhomogeneous environment.
3.2 Solvation of solute molecules

3.2.1. Potential of mean force. The PMFs of the three
amino acid molecules are shown in Fig. 3. To compare the free
energy values in the interface region with the bulk region, the
value of the PMF at the bulk region (z ¼ 12 Å) is shied to zero.
All three PMFs have shown a global minimum near the silica
surface, which corresponds to the most stable adsorption state,
and then the free energy values increase almost monotonically
to the plateau value of the bulk phase, as the amino acid
molecules move away from the surface gradually.

As mentioned above, the positions of the minima are at least
4 Å away from the silica surface for the three amino acids. This
indicates that at the most stable adsorption state amino acid
molecules are not in direct contact with the silica surface since
the surface is already densely covered with water molecules
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PMFs of amino acid molecules on silica surface solvated by
water–acetonitrile binary mixture as a function of the COM distance
from the surface.

Fig. 4 (a) The coordination number for ACN at the most stabilized
state around each amino acid as a function of the distance between
the b-carbon atom of each amino acid and methyl carbon atoms from
ACN molecules. (b) The coordination number for hydroxyl groups in
solvent system (water molecules and silanol groups) at the most
stabilized state around each amino acid as a function of the distance
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(blue line in Fig. 2). The global minimum of the Phe molecule's
PMF is at z ¼ 5.5 Å, which is greater than that of Leu and Gln
molecules at z ¼ 4.3–4.5 Å, and this suggests that both Leu and
Glnmolecules are closer to the ACN–water–silica interface when
adsorbed to the surface, due to less steric hindrance from their
smaller side chains than the Phe molecule.

As illustrated in Fig. 3, the PMF of the polar Gln molecule
shows the deepest minimum at z ¼ 4.35 Å with depth of the
minimum of �1.58 kcal mol�1. Meanwhile, it is noticeable that
the Gln molecule has a local minimum about �0.49 kcal mol�1

at z ¼ 3.7�A in the PMF dramatically, and such metastable state
doesn't appear in PMFs of the Phe and Leu molecules. All of the
analysis above shows that the Gln molecule with polar side
chain has a stronger tendency to be adsorbed to the silica
surface at shorter distance from the surface, and its adsorption
is the strongest at the global minimum of its PMF. This also
shares some similarities with previous simulation studies that
found amino acids with polar side chains have stronger binding
affinity at the water–TiO2 interface.28,29

The PMFs also show that the Phe molecule is more stabilized
at the global minimum of its PMF with the free energy value of
�1.25 kcal mol�1 than that of �1.08 kcal mol�1 for Leu. This
indicates that although the Phe molecule experienced more
steric hindrance when adsorbed to the LS interface, it still takes
more work to transfer the Phe molecule from the LS interface to
the bulk than the Leu molecule. In the previous studies, amino
acids with larger non-polar side chains are more stabilized than
those with smaller side chains at high ACN concentration61 in
bulk solutions, and amino acids with non-polar side chains are
more exposed to the ACN solvent compared to the polar ones,62

while the underlying microscopic picture is not quite clear.
Therefore, the free energy of transferring an amino acid mole-
cule from the interface to the bulk may not solely depend on
polarity of amino acid, and it should be interpreted with the
collective effect of the LS interface, the solvent and the solute.
The following sections will focus on revealing the microscopic
origin for the free energy landscape described above with
solvation structure and molecular orientation analysis.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2.2. Solvation structure. To further illustrate the solva-
tion structure of amino acid molecules at their minima of the
PMFs, the coordination numbers (CN) of solvent molecules are
calculated. The coordination number is the total number of
neighbours around a central atom, which can be obtained by
integrating the radial distribution function in isotropic
systems.63 The CNs of ACN and water as a function of the
distance from the central atom are shown in Fig. 4. The CNs of
ACN molecules surrounding the b-carbon atom bonding the
side chain of each amino acid are calculated for the umbrella
window with the lowest free energy of each amino acidmolecule
at the interface (Fig. 4a). The CNs of hydroxyl groups in water
molecules and silanol groups around each amino acid mole-
cule's a-carbon atom connected with polar functional groups
(amino group and carboxyl group) are also analysed (Fig. 4b).
Based on the range of the rst peaks of the solvent radial
distribution function proles (Fig. S2 in the ESI†), we have
determined the ranges for the rst solvation shells are 0–6.0 Å
(for ACN) and 0–4.5 Å (for water and hydroxyl groups), respec-
tively. The CNs of different solvents in the rst solvation shell
between the a-carbon atom of each amino acids and oxygen atoms of
hydroxyl groups.

RSC Adv., 2021, 11, 21666–21677 | 21669
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Table 1 The coordination number for ACN and hydroxyl groups (OH)
in the first solvation shell around three amino acid molecules at the
most stabilized state

Amino acid CN (ACN) CN (OH)

Phe 4.33 4.63
Leu 4.11 3.86
Gln 3.42 3.79
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are given in Table 1. It is obvious that the Phe molecule have
larger CNs in the rst solvation shell than both Leu and Gln,
indicating that the Phe molecule is better solvated by both the
ACN, water and surface hydroxyl groups at the interface.

As the solute–solvent distance increases, the coordination
number increases. Especially, the Phe molecule always has
larger CNs of both water and ACN solvent molecules than Gln
and Leu molecules. There are more solvent molecules (water,
silanol groups and ACN) in the solvation shell near the Phe
molecule than Gln and Leu molecules, as Fig. 4 suggested. Our
analysis of CNs in the rst solvation shell as well as those
further away indicates that the Phe molecule is better solvated
Fig. 5 The probability distributions of cos q, where q is the angle between
N1 vector or (c) C1–C3 vector in the Phe molecule, at the distance ¼ 4.
configurations of the Phe molecule at z ¼ 4.5 Å and 5.5 Å.

21670 | RSC Adv., 2021, 11, 21666–21677
in both water and ACN the interfacial layers. Therefore, the Phe
molecule can still get stabilized at the interface without a polar
side chain, unlike the case of Gln. That can answer the question
le over in the previous section where the PMF of the Phe
molecule has deeper minimum near the silica surface than the
Leu molecule. The solvent molecules play collective roles in the
stable adsorption states of amino acids at the interface.

Our solvation structure analysis above shows that the Phe
molecule is better solvated at the interface than Leu. To get
solvated, the Phe molecule is expected to place its polar groups
in the water phase while its less polar side chains are in the ACN
phase. This suggests that the Phe molecule will choose an
orientation where its polar groups are closer to the silica surface
while its side chain is pointing toward the bulk. We will show
this in the next section in our orientation distribution analysis.

3.2.3. Orientational distribution proles. To characterize
the orientation of amino acid molecules at the LS interface,
different intra-molecular vectors have been dened and the
angle between given vector and surface normal will be used to
characterize specic orientations of the amino acid molecule.
The denitions of intra-molecular vectors are shown in Fig. 1a,
and the notations of the corresponding atoms are illustrated in
Fig. S1 of the ESI.† To be specic, the vectors represent the
the normal direction z of silica surface and (a) C1–C2 vector or (b) C1–
0–6.0 Å from the surface in direction of z axis. (d) The representative

© 2021 The Author(s). Published by the Royal Society of Chemistry
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results for the yellow arrows from the alpha-carbon atom (C1) to
the nitrogen atom (N1) in the amino group (C1–N1 vectors); the
blue arrows pointing from the C1 atom of the amino acid to the
carbon atom (C2) in the carboxyl group (C1–C2 vectors); the red
arrows from C1 to the para-carbon (C3) in benzene ring for Phe's
side chain (C1–C3 vector), to the terminal-carbon (C4) in isobutyl
group for side chain of the Leu molecule (C1–C4 vector), and to
the nitrogen atom (N2) in the side chain amide group for the Gln
molecule (C1–N2 vector), respectively. In addition, the brown
arrow is the normal vector of the plane of benzene ring. The
orientation distributions of umbrella windows near the LS
interface are plotted in Fig. 5–7 for the three amino acid
molecules respectively, while the orientation distributions for
all windows are shown in the contour map plots in Fig. S3–S5 of
the ESI.†

For the Phemolecule, its amino group points toward the silica
surface, and its benzene ring inserts into the ACN phase at the
minimum of the PMF (z ¼ 5.5 Å) as illustrated in Fig. 5d. This
‘standing up’ orientation is also indicated by the peak of C1–C3

vector's proles at cos q ¼ 1.00 in Fig. 5c. The Phe molecule
choose this orientation such that the benzene ring can get
solvated by ACN better. This preferential orientation at the LS
Fig. 6 The probability distributions of cos q, where q is the angle between
N1 vector or (c) C1–C4 vector in the Leu molecule, at the distance ¼ 4.0
a Leu molecule at z ¼ 4.5 Å and 5.5 Å.

© 2021 The Author(s). Published by the Royal Society of Chemistry
interface agrees with our conjecture in the solvation structure
analysis in previous sections, in which its polar groups and side
chain point toward the surface and bulk, respectively. When the
Phe molecule is closer to the silica surface, at z ¼ 4.0 Å, Fig. 5a
and c have shown peaks for cos q < 0, which suggests the C1–C2

and C1–C3 vectors of the Phe molecule are pointing toward the
silica surface. The schematic diagram of the representative
congurations is shown in Fig. S6 of the ESI.† At z ¼ 4.5 Å, the
Phe molecule points its C1–N1 vector toward the silica surface, as
indicated by the peak at cos q ¼ �0.88 in Fig. 5b as well as the
snapshot in Fig. 5d. This is probably due to the hydrogen
bonding between amino group and the silanol groups. As the Phe
molecule moves further away from its most stable state, at z ¼ 6
Å, its conguration keeps ‘standing up’, in which the amino
group and the benzene ring are close to the surface and bulk
respectively. The peak that appears in the region with cos q < 0 in
Fig. 5b corresponds to the C1–N1 vector, while the peak of the C1–

C3 vector's proles appears in the region with cos q > 0 in Fig. 5c.
In addition, the Leu molecule with non-polar isobutyl side

chain shows similar orientation distributions to that of the Phe
molecule, which are illustrated in Fig. S4a–S4c in the ESI.† At its
minimum of the PMF (z¼ 4.5 Å), the polar groups (amino group
the normal direction z of silica surface and (a) C1–C2 vector or (b) C1–
–6.0 Å from the surface in direction of z axis. (d) The configurations of

RSC Adv., 2021, 11, 21666–21677 | 21671
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and carboxyl group) are adjacent to the silica surface due to the
hydrogen bonding between them, and the non-polar side chain
is solvated in the ACN phase, as shown in Fig. 6d. The Leu
molecule has both polar and non-polar functional groups.
According to the “like dissolves like” rule, the polar end is easier
to get solvated in the water phase adsorbed on the surface than
the ACN phase. When the Leumolecule is further away from the
silica surface, due to the decay of the surface adsorption
strength and the repulsion from adsorbed water against the
side chain, its side chain keeps pointing toward the bulk phase
dominantly, whose peaks of orientation distribution (C1–C4

vector) always appear in the region with cos q > 0 in Fig. 6c.
Besides, to be solvated by the interfacial water molecules and
adsorbed on the silica surface in terms of hydrophilic interac-
tions, the carboxyl and amino groups also always have
a tendency to point toward the surface, as conrmed by the
peaks of C1–C2 and C1–N1 vector's orientation distribution
proles in regions with cos q < 0 in Fig. 6a and b. Therefore, the
stable conguration of the Leu molecule at the LS interface
shows the “standing” orientation predominantly, which shares
some similarities with the orientation of the Phemolecule at the
LS interface. However, compared to the non-polar phenyl side
chain in the Phe molecule, the orientation of the non-polar
isobutyl side chain in Leu near surface moves somewhat
Fig. 7 The probability distributions of cos q, where q is the angle between
N1 vector or (c) C1–N2 vector in the Gln molecule, at the distance ¼ 3.
configurations of the Gln molecule at z ¼ 4.5 Å and 5.5 Å.

21672 | RSC Adv., 2021, 11, 21666–21677
further away from the silica surface. This is due to the fact that
the adsorption of the non-polar isobutyl side chain on the silica
surface is weaker, and the benzene ring of the Phe molecule is
relatively constrained at the silica surface due to the Coulomb
interaction with the partial charges of the silica polar surface.64

As illustrated in Fig. S6 in the ESI,† the behavior of the benzene
ring adsorbed in the vicinity (z < 5�A) of the silica surface shows
that it tends to orientate itself non-perpendicularly to the silica
surface, as observed in the previous computational study.65

When moving away from the silica surface, the change of the
orientation of Leu's non-polar side chain is similar to that of the
Phe molecule. As illustrated in Fig. S6 and S7 of the ESI,† away
from the silica surface, the congurations for the corresponding
amino acids have converted from “lying” to “standing up”.

Similar to the Phe and Leu molecules, the polar functional
group (amino group) of the Gln molecule points to the silica
surface, and the polar side chain (amide group) tends to point
toward the opposite direction when the Gln molecule reaches to
the minimum of PMF (z ¼ 4.5 Å). That is because the amino
group has stronger interaction with the silica surface and less
steric hindrance than other functional groups. According the
PMF of the Gln molecule shown above, the Gln molecule also
has a metastable state at z¼ 3.5�A, where both amide group and
the normal direction z of silica surface and (a) C1–C2 vector or (b) C1–
5–6.0 Å from the surface in direction of z axis. (d) The representative

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The rotational relaxation time s for intramolecular vectors of
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carboxyl group is closer to surface in the Gln molecule as
indicated in Fig. S8 of the ESI.†

Compared to the orientation distributions of Phe and Leu
molecules shown above, the Gln molecule reorients itself
several times as it moves away from the silica surface. The
carboxyl group of the Glnmolecule near the silica surface region
(z < 4.5 �A) tends to point toward the silica surface and then
reorients toward the bulk away from the silica surface (z > 4.5�A),
as suggested by Fig. 7a (C1–C2 vector), where the position of the
orientation distribution peak moves from the region with
negative cosine to that with positive values as z increases. The
amino group of Gln points toward the bulk near the surface
region (z < 4.0�A) and then turns toward the silica surface within
a few angstroms as the distance between the Gln molecule and
the surface increases. As shown in Fig. 7b, the peak of the
orientation distribution prole for C1–N1 vector is located where
cos q is close to 1.0 when z ¼ 4.0 �A, but when z ¼ 4.5 �A the
position of the peak suddenly changes to cos q ¼ �1. Moreover,
the Gln molecule rearranges its orientation again remarkably at
z ¼ 5.5 �A, and the amino group begins to keep away from the
interfacial region like the carboxyl group, as suggested by the
snapshot in Fig. 7d. At the same time, in the preferred orien-
tation the polar side chain points toward the polar silica surface
rather than the bulk away from the silica surface, and this
suggests the side chain of the Gln molecule interacts more
strongly with the silica surface. This can be inferred from the
C1–N2 vector orientation distribution peak mainly show up in
the region with cos q < 0 when z > 5.5�A (Fig. 7c). As illustrated in
Fig. S8,† the conguration of the Gln molecule changing from
the “lying” to the “standing up” is similar to that of the Phe and
the Leu molecules, but the polar side chain closer to the silica
surface shows a different conguration for the Gln molecule
and this suggests that the molecule is experiencing a re-
orientation. The interpretation for this will be later discussed in
the section of rotation dynamics.
each amino acidmolecule defined in Fig. 1a as a function of the COM z
distance from the surface. Black curve: alpha-carbon pointing to the
carboxyl group (C1–C2 vector); red curve: alpha-carbon pointing to
amino group (C1–N1 vector); blue curve: alpha-carbon pointing to the
above-mentioned atom for the side chain of each amino acid (C1–C3

vector, C1–C4 vector, and C1–N2 vector, respectively) for (a) Phe, (b)
Leu and (c) Gln molecules.
3.3 Dynamics of solute molecules

3.3.1. Rotational dynamics. To understand the rotational
dynamics of the three amino acids, the rotational time corre-
lation function (TCF) CR(t) was calculated by taking the
ensemble average of the inner product of given intramolecular
vector u

.
at time 0 and time t according to the following formula:

CRðtÞ ¼ hu.ð0Þ$u. ðtÞi (1)

where u
.

is the intra-molecular vector for characterizing
molecular orientations, as illustrated in Fig. 1a. With the
calculated rotational TCFs, the rotational relaxation time s (s ¼
As1 + (1 � A)s2) can be obtained by tting the rotational TCF to
the bi-exponential function CR(t) ¼ A exp(�t/s1) + (1 � A)exp(�t/
s2),66–68 consisting of amplitude A and exponential decay terms
with correlation times s1 and s2.

The rotational relaxation time s for the intramolecular
vectors of each amino acid at different distances away from the
silica surface is shown in Fig. 8. In general, as the distance from
the surface increases, the rotational relaxation time s for all
vectors is relatively smaller, which is due to the fact that the
© 2021 The Author(s). Published by the Royal Society of Chemistry
strength of adsorption with the silica surface is weaker. At the z
¼ 5.5 Å and 4.5 Å where the minimum of PMF is located for Phe
and Leu molecules respectively, the vectors pointing to non-
polar side chain (C1–C3 vector and C1–C4 vector) have smaller
value of s compared to Phe and Leu molecules own C1–C2 vector
or C1–N1 vector in Fig. 8a and b. That is because adsorption with
the silica surface hinders the rotation of the polar functional
groups, as indicated by the congurations in Fig. 5d and 6d.
Therefore, compared with the amino group and carboxyl
groups, the non-polar side chains are able to rotate faster.

What is more special is the change of the rotational relaxa-
tion time s of the Gln molecule's polar chains at different
distance from the silica surface. The polar side chain is
RSC Adv., 2021, 11, 21666–21677 | 21673
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Fig. 9 Parallel diffusion coefficient of the Phe molecule (black), the
Leu molecule (red), and the Gln molecule (blue), as a function of COM
z-distance from the silica surface.
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adsorbed to the LS interface when the Gln molecule is in the
metastable state at z¼ 3.5 Å, as indicated by that the s of the C1–

N2 vector is larger than that of the C1–C2 and the C1–N1 vector in
Fig. 8c. Although the amino and carboxyl groups rotate faster at
the metastable state than the side chain, the rotation relaxation
times of their corresponding vectors increase and are greater
than that of the side chain at the minimum of the PMF with z ¼
4.5 Å. This rotational dynamics at the stable state is consistent
with the molecular orientation shown in Fig. 7d, where the
polar functional groups of the Gln molecule are easier to be
adsorbed to the silica surface. However, starting from z ¼ 5 Å,
the s values of the Gln side chain and the polar chain show
a crossover as distance from the surface increases (Fig. 8c). This
is because the polar chains lose their dominance in the
competition with the side chain for adsorption with interface,
which is also consistent with the orientation change shown in
Fig. 7d.

In addition, the relaxation times for C1–C3 vector, C1–C4

vector, and C1–N2 vector in Fig. 8 are also consistent with their
orientation distribution in the previous section: the adsorption
strength increases with increasing side-chain polarity to adsorb
on the silica surface, but the aromatic side chain to bind to the
silica surface are stronger compared to the others. Fig. S9 in the
ESI† also shows that the stronger adsorption strength of the
aromatic benzene ring near the silica surface would give rise to
the larger rotational relaxation time of the benzene ring normal
vector. Further away from the hydrophilic silica surface, the
decay of Phe's non-polar side chain (C1–C3 vector) relaxation
time is faster than the others (C1–C2 vector and C1–N1 vector), as
shown in Fig. 8a.

3.3.2. Translational dynamics. Due to the slab geometry of
the LS interface, the diffusion of molecules in the interfacial
region is anisotropic, which can be characterized by the parallel
diffusivity Dk and the perpendicular diffusivity Dt that
describes the diffusion parallel and perpendicular to the
surface, respectively.69,70 For liquid chromatography systems,
the parallel diffusion coefficient is more relevant with the
separation mechanism since the surface diffusion is important
for retention and partition of analyte.43,71 To compute the
parallel diffusion coefficient for each umbrella window, the
mean squared displacements (MSD) parallel to the silica surface
of each molecule is calculated rstly:

MSDx–y(t) ¼ h(x(t) � x(0))2 + (y(t) � y(0))2i (2)

where x and y are the coordinates of the COM of each amino
acid molecule. The parallel diffusion coefficient Dk is obtained
via the Einstein equation by taking the slope of MSD versus
time: Dk ¼ lim

t/N
MSDxeyðtÞ=4t.69,70

The parallel diffusion coefficients Dk for all three amino acids
in different umbrella windows are shown in Fig. 9. With
increasing the distance from the silica surface, the parallel
diffusion coefficient Dk of each amino acid follows a very similar
trend, which gradually increases to the same order of magnitude
in the bulk region. Near the silica surface, each amino acid has
a lower parallel diffusion, meaning the adsorption strength
between each amino acid and surface is relatively stronger. It can
21674 | RSC Adv., 2021, 11, 21666–21677
be found here that the diffusion of the Phe molecule is the
slowest, which corresponds to the observation that the Phe
molecule has the largest solvation shell in Fig. 4. For Phe and Leu
molecules, the diffusion coefficients have local minima at their
respective minima of the free energy (z ¼ 5.5 Å and 4.5 Å
respectively). Although the diffusion coefficient of the Gln
molecule doesn't have a local minimum at the lowest point of
PMF, the local minimum appears at z ¼ 3.7 Å, where the local
minimum of the PMF occurs. These all illustrate that adsorption
of amino acids inhibits their transport parallel to the surface.
3.4 Collective effects of multiple solute molecules

The free energy landscape and translational dynamics above are
helpful for understanding the solvation structure and dynamics
of a single molecule standalone. However, multiple solute
molecules are present at the interface between the liquid and
the solid phase in the practical separation process of the LC.
Therefore, we have added more amino acid molecules to the
system tentatively to study the collective effects of multiple
solute molecules. The number of solute molecules starts from
10 and gradually increases to 50 with an increment of 10
molecules. The protocols of the simulations are the same as
above US simulations except no biasing potential is applied.

3.4.1. Density proles. In Fig. 10 we have shown the COM
number density proles of amino acids at different concentra-
tions. The corresponding snapshots of amino acid congura-
tions near the silica surface are also given in Fig. S10–S12 of the
ESI.† The values of rst peaks for three amino acids near the
silica surface increase as the number of amino acid molecules
changes from 10 to 40, which means that more molecules are
adsorbed to the layer closest to the surface. Such enhanced
adsorption can also be observed in congurations shown in
Fig. S10–S12 of the ESI.† However, compared with the density
prole of 40 molecules, as 50 amino acid molecules in the
simulated system, the density of the region closer to the bulk
gradually increases, indicating that the adsorption on the
surface is saturated, and more molecules tend to migrate to the
bulk. Due to the larger size of the Phe molecule, position of its
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The center-of-mass density profiles of (a) Phe, (b) Leu and (c)
Gln molecules with different number of solute molecules.
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rst peak is farther away from the silica surface than the other
two amino acids. For the Leu molecule, the surface density
decreases dramatically from 40 to 50 molecules, while the
density of bulk has increased signicantly. This suggests that
Leu molecules at this concentration may form a more stable
structure in the ACN-rich bulk phase. Different from other
amino acids, the interfacial densities of Gln are higher than that
of Phe and Leu, and shoulder peaks appear in all the rst peaks
of the Gln density proles. This is because the side chains of the
Gln molecule have polar groups, so they can be accumulated on
© 2021 The Author(s). Published by the Royal Society of Chemistry
the surface with different congurations, as is shown in Fig. 7d
and S12 of the ESI.†

Additional analysis can be performed on the density proles
of amino acid molecules. First, we have scaled all the density
proles by the number of amino acid molecules in the system,
and this gives us the spatial probability distribution of amino
acid molecules along the z-axis, shown in Fig. S13 of the ESI.†
The spatial probability distributions at the silica surface
reached maximum at 20 amino acid molecules for Phe and Leu
(Fig. S13a and b†), while that of Gln reached maximum at 40
molecules. Once again this shows that the polar side chain of
the Gln molecule could enhance the adsorption of more Gln
molecules on the silica surface.

It is more instructive to explore the difference of solute
molecule distribution at the interface and in the bulk. There-
fore, the PMFs for multiple solute molecules are calculated via
taking the logarithm of the ratio between the singlet density and
the bulk density.72

wðzÞ ¼ �kBT ln
rðzÞ
rB

(3)

The details of PMF proles for amino acids at different
concentration are displayed in Fig. S14 of the ESI.† What's the
most important is the values of PMF proles' minima, and the
trend graphs of those with the number of amino acid molecules
are plotted in Fig. S15 of the ESI.† In general, as the number of
the solute molecules increases, the values of the free energy
minima gradually increase for the Phe and the Leu molecules.
This indicates that the interface area becomes more crowded
and the repulsion between solute molecules becomes stronger,
so less work is required to transfer molecules from the surface
to the bulk. In contrast to the Gln molecule, the values of PMF
proles' lowest points don't change much with concentration (1
to 40 Gln molecules in the simulated system), which may be
related to the fact that Gln molecules have polar groups at both
ends and can be adsorbed more stably with the silica surface.

3.4.2. Translational dynamics. The parallel diffusion coef-
cients of three amino acids in different layers of the water–
ACN–silica interfacial region under different concentrations are
shown in Fig. S16 of the ESI.† Corresponding to the range of the
rst and second peak of the center-of-mass density proles in
Fig. 10, diffusion coefficients in the rst (z ¼ 3–7 Å) and second
(z ¼ 7–11 Å) layers are calculated. The second layer has larger
diffusion coefficients than the rst layer due to weaker attrac-
tions from the silica surface, and the second layer may serve as
the major pathway for solute transport along the surface, as
previous simulations studies revealed.39,60,73 In general, the
diffusion coefficient decreases as the number solute molecules
increases, which is due to the restriction from other molecules
in the crowded interface when more solute molecules are
adsorbed. However the diffusion coefficient of the Leu molecule
has risen signicantly when the number of amino acid mole-
cules changes from 40 to 50 in the second layer. That's because
there are fewer molecules adsorbed on the interface at this
concentration of the Leu molecule for its more stable structure
in bulk, as shown in Fig. 10b.
RSC Adv., 2021, 11, 21666–21677 | 21675
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In summary, as more amino acid molecules are added to the
LS interface, the adsorption of amino acids still exists at silica
surface, even though the repulsion between solute molecules
becomes larger within the crowded interfacial adsorption layer.
That can be reected by the density peaks at interface region in
Fig. 10 and decreased parallel diffusion coefficients in Fig. S16.†
However, as shown in the density proles of Fig. 10, as the
number of amino acid molecules increases, the surface
adsorption will become saturated, which implies that there is
an upper limit for increasing the injection rate of the mixed
amino acid reagent in order to improve the separation efficiency
of LC. Otherwise, if the stationary phase of LC reaches satura-
tion for adsorption of amino acid molecules, the separation
efficiency may start to change.

4. Conclusions

In this work, using umbrella sampling molecular dynamics
simulations, we have characterized structures, dynamics,
binding affinities of neutral-form amino acids classied
according to their side chains (aromatic: Phe, non-polar: Leu,
polar: Gln) at the acetonitrile–water–silica interface. The inter-
action between amino acids and the silica surface is strongly
affected by the polarity and size of side chains. Our free energy
calculations indicated that the binding affinity of three amino
acids is ranked as: Gln > Phe > Leu. The Gln molecule with polar
side chain is closer to the silica surface than Phe and Leu
molecules, and this indicates that side chain polarity still plays
an important role in the interfacial adsorption. Further solva-
tion structure analysis suggest that the Phe molecule is better
solvated by ACN and hydroxyl groups at the LS interface, which
explains why the Phe molecule is the easier to be adsorbed on
the silica surface than the Leu molecule. Orientation analysis
suggests that “lying” to “standing up” transition occurred when
the solute molecule moves away from the silica surface, and this
rearrangement of orientation is determined by the interplay of
steric hindrance, side chain polarity and size, as well as the
solvation of side chains. In addition, the Gln molecule has an
interesting reorientation pattern as the molecule moves away
from the silica surface, which is consistent with rotation
dynamics analysis that polar functional groups lose their
dominance in the competition with the side chain for adsorp-
tion with interface.

Moreover, we have explored the collect effect of solute
concentration on the interfacial structure and dynamics with
unbiased simulations. As the number of amino acid molecules
increases, the density distribution at the interface increases,
and the values of the free energy minima generally increases.
This suggests multiple solute molecules are still adsorbed on
the interface, but the less work is needed to transfer solute
molecules from the interface to the bulk. Due to the repulsion
with other molecules except for adsorption, the parallel diffu-
sion coefficients of amino acids decrease in interface region.
From the density proles, it can be seen that the saturated
adsorption would appear on the surface as the concentration of
amino acid increases. Our simulations provide useful tools to
explore the effect of side chains on microscopic interfacial
21676 | RSC Adv., 2021, 11, 21666–21677
solvation, transport and adsorption of amino acids in HILIC. It
is also possible to extend such simulation methodology further
to explore the separation mechanisms of small peptide in liquid
chromatography, with more complicated collective variables
such as molecular orientation74 or conformation75 taken into
consideration.
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5 Y. Shi, R. Xiang, C. Horváth and J. A. Wilkins, J. Chromatogr.
A, 2004, 1053, 27–36.

6 P. J. Boersema, S. Mohammed and A. J. R. Heck, Anal.
Bioanal. Chem., 2008, 391, 151–159.

7 X. Zhang, A. Fang, C. P. Riley, M. Wang, F. E. Regnier and
C. Buck, Anal. Chim. Acta, 2010, 664, 101–113.

8 L. Ponce-Robles, G. Rivas, B. Esteban, I. Oller, S. Malato and
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