
THERMODYNAMICS AND MOLECULAR-SCALE PHENOMENA

Mesoscopic Coarse-Grained Simulations of Hydrophobic
Charge Induction Chromatography (HCIC) for Protein

Purification

Gaobo Yu, Jie Liu, and Jian Zhou
School of Chemistry and Chemical Engineering, Guangdong Provincial Key Lab for Green Chemical Product

Technology, South China University of Technology, Guangzhou 510640, P.R. China

DOI 10.1002/aic.14805
Published online April 8, 2015 in Wiley Online Library (wileyonlinelibrary.com)

Mesoscopic coarse-grained simulations are adopted to investigate interfacial mechanisms of hydrophobic charged
induction chromatography for protein purification by regulating pH. Simulations results indicate that: (i) lysozyme can
be adsorbed mainly with “top end-on” and “bottom end-on” orientation on hydrophobic surfaces, dominated by the two
hydrophobic regions located at both ends of lysozyme’s long axis. Elution from the “top end-on” orientation is more
difficult than that from the “bottom end-on” orientation; (ii) a higher ligand density can get a faster adsorption rate
and stronger adsorption. Interestingly, the effect of ligand density on the desorption is mainly determined by the distri-
bution probability of the positively charged groups of ligands; (iii) a higher ionic strength can lead to a wider orienta-
tion distribution, a stronger adsorption and a lower elution rate. This work might provide an efficient way to optimize
the operating conditions and designing novel ligands. VC 2015 American Institute of Chemical Engineers AIChE J, 61:

2035–2047, 2015
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Introduction

Hydrophobic charge induction chromatography (HCIC)1,2

is a new type of mixed-mode chromatography by regulating
pH, in which the hydrophobic attraction controls protein
adsorption whereas the electrostatic repulsion regulates pro-
tein desorption. HCIC has stimulated research interests in
protein purification,3–5 especially for the separation and puri-
fication of antibodies.6–11 Compared with the hydrophobic
interaction chromatography (HIC), HCIC can achieve a
higher ligand density for higher separation capacity.2 The
selectivity of HCIC is relatively better than that of ion
exchange chromatography, which is almost close to that of
affinity chromatography (AC).8,9 Moreover, HCIC has an
advantage of low cost of ligand over AC.8,9 To illuminate
the HCIC process, some experimental studies,2,4–7,11–14 a
corresponding theoretical model3 and computational
researches16–18 have been performed. However, the internal
mechanisms of HCIC are still far from being completely
understood at the molecular level.

One promising approach which provides the molecular
insight into HCIC is molecular simulation.19–31 It can
directly investigate the dynamic process of protein adsorp-
tion and/or desorption at the microscopic level.32 Recently,
Wang et al.33 performed a combination of molecular docking

and atomistic molecular dynamics (MD) simulations to ver-
ify the separation mechanism of HCIC. Subsequently,
they34,35 explored the interactions between 4-mercaptoethyl-
pyridine (MEP) ligand and Fc fragment of IgG, they also
investigated the effects of the ligand structure and pH. Their
simulation is in the nanosecond time scale. In addition,
Zhang and Sun36–39 investigated the dynamic process of
HCIC and protein conformational transition within adsorbent
by coarse-grained molecular dynamics (CGMD) simulations.
They attempted to study the influences of salt, pH and ligand
density.

Recently, Wei et al.40,41 indicated out the adsorption/
desorption behaviors of lysozyme on polyethylene surfaces.
They proposed that the long simulation was needed in order
to gain a complete understanding of the protein adsorption
process. Because of this, we42 used a mesoscopic coarse-
grained method, based on the MARTINI force field for pro-
tein43,44 and the big multipole water (BMW) model,45,46 to
study protein adsorption. This method can break the bottle-
neck of traditional MD simulation in space and time scales
and can preserve basic structural detail of proteins. It is an
attractive alternative to the atomistic model. Meanwhile, this
simulation strategy can be applied for giving an insight into
the mechanisms of HCIC.

In this work, we primarily aims to understand the interfa-

cial mechanisms of HCIC at the molecular level, the

adsorption/desorption behaviors of lysozyme on MEP are

explored by the mesoscopic CGMD method. We adopt six

initial orientations (i.e., six faces of lysozyme toward the

Correspondence concerning this article should be addressed to J. Zhou at
jianzhou@scut.edu.cn

VC 2015 American Institute of Chemical Engineers

AIChE Journal 2035June 2015 Vol. 61, No. 6



MEP ligand surface, respectively) of lysozyme for each

system. Additionally, the influence of ionic strengths and

ligand densities are taken into account for the internal

mechanism.

Computation Methods

Force fields

All systems were simulated by the BMW-MARTINI force
field,46 which was developed based on the MARTINI (ver-
sion 2.1) force field43,44 and BMW water model.45

Moreover, in the BMW-MARTINI force field,46 the type
AC1 and AC2 in the original MARTINI43,44 are replaced by
C1 and C2; the original MARTINI Qa is replaced by AQa for
anions (Cl2) and peptide C-ter; new subtypes are added for
amino acids to introduce additional flexibility: RQd for gua-
nidinium group in Arginine and AQa for aspartate and gluta-
mate. Additionally, SQd is defined for the positively charged
group in ring structures.

The potential energy (Utot) (Eq. 1) is comprised of van der
Waals (VDW) interaction energy (Uvdw) and electrostatic
interaction energy (Uele).

Utot5Uvdw1Uele (1)

In the original MARTINI force field,43,44 VDW interaction
energy is calculated by Lennard–Jones potential (Eq. 2)
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while in BMW-MARTINI force field,45,46 a modified form
of the Born–Mayer–Huggins (BMH)47,48 potential (Eq. 3) is
used to describe VDW interaction
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In addition to the VDW interaction, charged groups inter-
act via a shifted Coulombic potential energy function (Eq. 4)
in the original MARTINI force field; while electrostatic
interactions in the BMW-MARTINI model are calculated by
the Particle-Mesh-Ewald (PME)49,50 method

Uele5
qiqj

4pe0e1r
(4)

It should be stressed herein that the original MARTINI
force field43,44 utilizes a relative dielectric constant (e1) of 15
for screening electrostatic interactions and consequently the
original MARTINI force field may be less accurate to
describe interactions between charged species. While in
BMW-MARTINI model,45,46 e1 is adjusted to 1.3.

Protein model and force fields

Lysozyme, a basic protein with low molecular weight and
ellipsoid shape, has long been used as a model protein to
study the enzyme kinetics, spatial conformation and protein
purification.5,24,39–42,51–53 Here, the atomistic structure of
lysozyme crystal is taken from Protein Data Bank (PDB
code: 1HEL) and is shown in Figure 1a. The CG structure of
lysozyme is shown in Figure 1b. The backbone structure,
main chemical properties of side-chains and secondary struc-

tures of lysozyme are preserved after CG mapping by the
MARTINI model.44,54

In this work, we do not aim to investigate the protein con-
formation. Thus, the elastic network constraint ELNEDYN55

was used to maintain the relative stable conformation of
lysozyme during simulations. The protonation states of lyso-
zyme residues at different pH values were determined by
PDB2PQR 1.9.0 (http://nbcr-222.ucsd.edu/pdb2pqr_1.9.0),56

as shown in Figure 2. That is to say, the net charges of lyso-
zymes are 18 e and 114 e at pH 7.0 and pH 4.0,
respectively.

HCIC adsorbent model

As the actual diameter of adsorbent pore in HCIC is much
larger than lysozyme’s effective diameter, the HCIC adsorb-
ent pore can be simplified as a planar matrix when investi-
gating the adsorption and desorption behaviors of lysozyme
on it. Here, to model the HCIC adsorbent, a series of MEP
ligands are fixed to the agarose matrix by the N0 beads in

Figure 1. Structural models of lysozyme: (a) atomistic
model, (b) CG model; and 4-mercaptoethyl-
pyridine (MEP) ligand: (c) CG model at pH
7.0, (d) CG model at pH 4.0.

The positively charged atoms/beads are presented in

blue and that negatively charged atoms/beads are pre-

sented in red. The magenta part is for the active cleft of

lysozyme and the cyan atoms/beads are for the remain-

der part. The bead containing nitrogen of MEP ligand

(N bead) is denoted by orange (pH 7.0) and by blue (pH

4.0). The hydrophobic beads of MEP ligand are colored

in gray. The green is for the matrix (agarose). The same

coloring scheme of lysozyme and adsorbent are used

throughout the manuscript. [Color figure can be viewed

in the online issue, which is available at wileyonlineli-

brary.com.]

2036 DOI 10.1002/aic Published on behalf of the AIChE June 2015 Vol. 61, No. 6 AIChE Journal

http://nbcr-222.ucsd.edu/pdb2pqr_1.9.0
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


planar, as shown in Figures 1 and 3. To mimic the chemical
property of the HCIC adsorbent surface, a simplified proc-
essing is taken by the four-to-one mapping (on average four
heavy atoms are represented by a single interaction center).43

The simplified schemes for MEP monomer in this work are
given in Figures 1c, d. As we know, the MEP ligand2 is neu-
tral at pH 7.0 and is positively charged at pH 4.0. The major
difference is the protonation state of the N bead which repre-
sents for the nitrogen of MEP monomer. In each monomer,
the N bead is represented by the polar SP1 bead at pH 7.0
(Figure 1c), while it is represented by the charged bead SQd
(11 e) at pH 4.0 which is named as the N1 bead (Figure
1d). The bond lengths and angles of MEP monomer are
shown in Figure 1. As the groups of MEP monomer are basi-
cally in a straight line,33 thus the angle (/SC4-C5-N0) is
defined as 180�. The three beads on the ring are in the form
of an equilateral triangle. Therefore, the angles (/C5-SC4-
SC5 and /C5-SC4-SP1) should be 150�. It should be noted
that the N0 beads are fixed during the whole simulations to
imitate the HCIC adsorbent. In additions, the bond lengths
of MEP monomer are assigned according to the public pro-
files (i.e., MARTINI_v2.1_aminoacids.itp and MARTI-
NI_v2.1_BMW.itp). By comparing the amino acids (i.e.,
Tyr, His, Phe, and Trp) with the ring, we can figure out that
the bond lengths in the ring of MEP monomer (SC4-SC4,
SC4-SP1, and SC4-SQd) are all 0.27 nm. Meanwhile, by
comparing the levels of LJ interaction, we can consider that
it is suitable to determine 0.30 nm as the bond lengths for
both SC4-C5 and C5-N0. Finally, the bond length between
the MEP ligand and the agarose plane (N0-P5) is set at
0.47 nm, because of the equilibrium distance between mole-
cules in MARTINI force field is around 0.47 nm. Further-
more, four kinds of ligand density surfaces (0.74, 1.47, 2.21,
and 2.95 lmol/m2) are shown in Figure 3.

Simulation details

CGMD simulations in NVT ensemble were performed to
examine the adsorption and desorption behaviors of lysozyme
in HCIC using the GROMACS 4.5.5 package.57 Compro-
mised between computational resources and computational
efficiency, in each system, six initial orientations of lysozyme
(i.e., six faces of lysozyme toward the MEP ligand surface,

respectively)24 were taken into account and were shown in
Figure 4a. The initial gap between the lysozyme and the MEP
ligand surface is 1.0 nm (Figure 4a). Meanwhile, the influence
of ionic strengths (0.05, 0.15, and 1.00 M) was also investi-
gated. It is worth noting that, because of the smoothed energy
barrier in the MARTINI force field, the effective time that the
system goes through is four times longer than the simulation
sampling time.58 A 20 fs time step was used to integrate the
equations of motion with the half leap-frog algorithm. 1.0 ls
CGMD simulation was performed for each system. The simu-
lation box size is 6.84 3 7.90 3 13.25 nm3 and the water
density in this work is about 1.041 3 103 kg/m3, which well
agrees with that of 1.047 3 103 kg/m3 by Wu et al.45 The
neighbor list was updated every 10 steps with a cutoff
1.4 nm. PME with a spacing of 0.2 nm and er 5 1.3 were
applied for electrostatics. For all LJ interactions,
rshift 5 0.9 nm and rcut 5 1.2 nm; while the switch scheme
(rshift 5 0.9 nm and rcut 5 1.4 nm) was used for water–water
VDW interactions. The initial velocities of beads were gener-
ated based on the Maxwell distribution at the simulated tem-
perature, which is controlled at 300 K by the Berendsen
method59 with a time constant of 0.2 ps. Other simulation
parameters used in this work are the same as those in previous
BMW-MARTINI works.42,45,46 For structure and electrostatic
potential visualization, the visual molecular dynamics
(VMD)60 and chimera61 programs are used.

Results and Discussion

Here, the interfacial adsorption and desorption mecha-
nisms of HCIC at different pH values are explained from
three different aspects: orientation, ligand density and ionic
strength. Results are shown in Figures 4–15.

Figure 3. Top view and side view of surfaces at four kinds
of ligand densities: (a) 0.74 lmol/m2, (b) 1.47
lmol/m2, (c) 2.21 lmol/m2, (d) 2.95 lmol/m2.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. The net charge of lysozyme as a function of
pH.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Orientation

In this section, as shown in Figures 4–8, the adsorption
and desorption of lysozyme (O1–O6) in HCIC at the ligand
density of 2.21 lmol/m2 and the ionic strength of 0.15 M
will be presented and discussed.

Our previous work42 indicated that the preferred orienta-
tion of the same protein is different at different conditions.
For the initial orientation of lysozyme on the MEP ligand
surface, six different initial orientations (O1–O6) of lyso-
zyme are considered and are shown in Figure 4a. For the
adsorption process of HCIC at pH 7.0, the corresponding
adsorbed states of lysozyme (O1–O6) on the HCIC adsorbent
are displayed in Figure 4b. We can see a clear tendency that
lysozyme prefers to adsorb with end-on orientation (the prin-
cipal axis of lysozyme is almost parallel to the surface nor-
mal) on the MEP ligand surface no matter from any initial
orientation. Furthermore, we investigate the orientation dis-
tributions of lysozymes (O1–O6) adsorbed on the HCIC
adsorbent, as shown in Figure 5. In an early work,24 the ori-

entation angle (h) was used to quantitatively characterize the
orientation of adsorbed proteins on surfaces. It is defined as
the angle between the unit vector normal to the surface and
the unit vector along the dipole of a protein. The cos values
of this angle were calculated for each possible orientation.
According to the statistical results shown in Figure 5, we
can figure out that the favored orientation of lysozyme on
the MEP ligand surface is “end-on” orientation, which is
consistent with the experiment result.62 However, this “end-
on” orientation can be further divided into two categories
(i.e., “top end-on” orientation and “bottom end-on” orienta-
tion). Initial orientations (O2, O3, and O5) tend to form “top
end-on” orientation (cos h> 0.60), while initial orientations
(O1, O4, and O6) tend to adsorb with “bottom end-on” ori-
entation (cos h<20.60). Since MEP ligands are neutral at
the adsorption pH (pH 5 7.0), the electrostatic interactions
between lysozyme and ligands are weak, lysozyme adsorp-
tion is driven by hydrophobic interactions.2 In our simula-
tions, there is no electrostatic interaction between lysozyme
and the MEP ligand surface during the adsorption process.
That is to say, the adsorption of lysozyme on the MEP
ligand surface is driven by the hydrophobic attraction. The
molecular docking work by Wang et al.33 indicated that
MEP ligand tended to bind on the hydrophobic region of Fc
of antibody. Thus, based on Figures 4 and 5, we can infer
that the hydrophobic regions on the lysozyme surface might
locate at both ends of lysozyme’s long axis. As a result, the
two hydrophobic regions can drive lysozyme to adsorb onto
the MEP ligand surface with either “top end-on” or “bottom
end-on” orientations. The detailed information about the two
hydrophobic regions will be further discussed below.

Figure 6 displays the min-distance between lysozymes
(O1–O6) and the HCIC adsorbent during the desorption pro-
cess. It can be seen that lysozymes (O4 and O6) which have
the “bottom end-on” orientation and lysozymes (O1 and O3)
which do not have the “end on” orientations can be success-
fully desorbed from the HCIC adsorbent; while lysozymes
(O2 and O5) which have the “top end-on orientation” fail in
desorption. As we know, the MEP ligand turns to be posi-
tively charged (11 e) when the pH value is less than 4.8.2

When the pH value is 4.0, each MEP ligand will carry a pos-
itive charge. As a result, the HCIC adsorbent can show a
surface charge density up to 0.213 C/m2. Meanwhile, lyso-
zyme is positively charged (114 e) at the desorption pH.

Figure 4. At pH 7.0, ligand density 2.21 lmol/m2 and ionic strength 0.15 M, configurations of lysozyme orientations
on the HCIC adsorbent.

(a) t 5 0 ns, six different initial orientations (O1–O6) (i.e., six faces of lysozyme toward the MEP ligand surface, respectively);

(b) t 5 1000 ns, the corresponding adsorption orientations for O1–O6. Water and ion beads are not shown. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. At pH 7.0, ligand density 2.21 lmol/m2 and
ionic strength 0.15 M, orientation distribu-
tions of lysozyme adsorbed on the HCIC
adsorbent from different initial orientations
(O1–O6).

Color representations: black (O1); red (O2); blue (O3);

magenta (O4); olive (O5); navy (O6). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

2038 DOI 10.1002/aic Published on behalf of the AIChE June 2015 Vol. 61, No. 6 AIChE Journal

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


Therefore, lysozymes (O1–O6) are almost dissociated by the
strong electrostatic repulsion except for the O2 case. In addi-
tion, the lysozyme (O5) readsorbs quickly (T � 48.6 ns)
after desorption and still adsorbs with a “top end-on” orien-
tation. By comparing the “top end-on” and “bottom end-on”
orientations, we find out that desorption from the “top end-
on” orientation is more difficult than that from the “bottom
end-on” orientation. To further support the conclusions
above, the total potential energies (Utot) between lysozyme
and MEP ligand surface have been listed in Table 1 for each
system in Figure 6. When solution pH is 7.0 for adsorption,
it is clear that the Utot of cases (O2, O3, and O5) for attrac-
tion are obviously stronger than those of cases (O1, O4, and
O6). However, when the pH decreases to 4.0 for desorption,
the Utot of cases (O2, O3, and O5) for repulsion are much
weaker than those of cases (O1, O4, and O6). Especially, the
Utot of cases (O2) is negative at desorption pH (Table 1).
That is to say, in cases (O2), the electrostatic repulsion can
not beat the hydrophobic attraction, which leads to the fail-
ure of dissociation (red curve in Figure 6). As discussed
above, initial orientations (O2, O3, and O5) tend to form
“top end-on” orientation, while initial orientations (O1, O4,
and O6) tend to adsorb with “bottom end-on” orientation.
Therefore, it is straightforward that lysozyme desorption
from the “top end-on” orientation is more difficult than that
from the “bottom end-on” orientation. As shown in our pre-
vious work,42 lysozyme has a major positive potential region
around Arg128. Thus, we can infer that the “top end-on” ori-
entation is far away from the major positive potential region,
leading to the relatively weaker electrostatic repulsion. To
validate the interfacial mechanisms of HCIC, we further
explore the key residues of lysozyme (Figure 7) and the
dominant regions located on the surface of lysozyme for
adsorption and desorption (Figure 8).

The contact map of key residues is plotted in Figure 7 by
monitoring the distance between each bead of lysozyme and
the top layer of the surface along the z-direction.29 When
such distance is less than 0.5 nm, the residue containing the
corresponding bead is considered to be in contact with

the surface and is plotted in the map. As shown in Figure 7,
the contact maps of lysozymes (O1–O6) on the HCIC
adsorbent can be divided into two categories, which are con-
sistent with the tendency of the orientation distributions of
lysozymes (O1–O6) (see Figure 5). That is to say, lysozymes
(O1, O4, and O6) tend to adsorb with the “bottom end-on”
orientation on the HCIC adsorbent; meanwhile, the key resi-
dues of lysozymes (O1, O4, and O6) (Figures 7a, d, f) always
appear at the terminal residues of lysozyme. However, lyso-
zymes (O2, O3, and O5) tend to have the “top end-on” orien-
tation and their key residues (Figures 7b, c, e) concentrate on
the middle residues of lysozyme. By comparing Figures 7b, c,
e, it can be seen that lysozyme (O2) has more key residues
and wider distribution of key residues than lysozymes (O3
and O5). This indicates that lysozyme (O2) has a more stable
adsorption on the HCIC adsorbent than lysozymes (O3 and
O5). This is the reason why lysozyme (O2) fails in the whole
desorption process (red curve in Figure 6).

As for the driving mechanism of HCIC, the dominant
hydrophobic regions and positive potential regions of lyso-
zyme are displayed in Figure 8. Figure 8a shows the hydro-
phobic surface of lysozyme at the adsorption pH (pH 5 7.0)
and highlights its two hydrophobic regions. Figure 8b dis-
plays the electrostatic surface of lysozyme at the desorption
pH (pH 5 4.0) and stands out its two positive potential
regions. Finally, we also list the main residues of each
region at the bottom of Figure 8. As shown in Figure 8, the
existence of some hydrophobic regions on both ends of lyso-
zyme’s long axis is consistent with our previous discussion,
so lysozyme could be driven to adsorb with “top end-on” or
“bottom end-on” orientations. Moreover, with Figures 7 and
8a, we can further suggest that the “bottom end-on” orienta-
tion is driven by the hydrophobic region A and the “top end-
on” orientation is dominated by the hydrophobic region B
for lysozyme adsorption on the strong hydrophobic MEP
ligand surface at pH 7.0. Therefore, as described above, our
simulation results demonstrate the driven mechanism for the
adsorption of lysozyme in HCIC.

Additionally, the hydrophobicity of the hydrophobic
region B is stronger than region A since it owns 10 more
hydrophobic residues (Figure 8a). Obviously, this is one rea-
son why lysozyme desorption from the “top end-on” orienta-
tion is more difficult than that from the “bottom end-on”
orientation (Figure 6). Meanwhile, we can figure out another
reason of the desorption mechanism in HCIC from Figure
8b. According to Figure 8b, 13 positive residues (Lys1,
Arg5, Lys13, Arg14, His15, Arg21, Lys33, Lys96, Lys97,
Arg114, Lys116, Arg125, and Arg128) of lysozyme are gath-
ered in the positive potential region C, which makes it the
dominating center for lysozyme desorption on the MEP
ligand surface (positively charged at pH 4.0). By contrast,

Table 1. Total Potential Energies (Utot) Between Lysozyme

and MEP Ligand Surface at Adsorption pH and Desorption

pH for Systems in Figure 6

Orientation
pH 5 7.0 pH 5 4.0

Utot (kJ/mol) Utot (kJ/mol)

O1 267.8 80.7
O2 2104.7 216.8
O3 288.3 16.5
O4 273.5 81.3
O5 296.6 2.8
O6 275.6 86.4

Figure 6. At pH 4.0, ligand density 2.21 lmol/m2 and
ionic strength 0.15 M, min-distances
between lysozyme (O1–O6) and the HCIC
adsorbent during the desorption process.

Color representations: black (O1); red (O2); blue (O3);

magenta (O4); olive (O5); navy (O6). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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there are just 4 positive residues (Arg45, Arg61, Arg68, and
Arg73) belong to the positive potential region D. Therefore,
lysozyme can be dissociated by electrostatic repulsion more
easily when the positive potential region C faces toward the
MEP ligand surface. In sum, the hydrophobic interactions
between the “bottom end-on” lysozyme and surface are
weaker than that between the “top end-on” lysozyme and
surface; however, the “bottom end-on” lysozyme can acquire
stronger electrostatic repulsion than the “top end-on” lyso-
zyme in the elution process. As a result, it is easier for lyso-
zyme adsorbed with a “bottom end-on” orientation to elute
from the HCIC resin than that with a “top end-on” orienta-
tion. Thus, the reason for those proteins failed in elu-
tion,5,10,15 is that they adsorb with an unfavorable
orientation. Consequently, lysozymes with suitable initial ori-
entations (O1, O4, and O6) can mainly adsorb with the
“bottom end-on” orientation, so they have faster elution rates
in the actual operation.

Finally, it should be noted out that the electrostatic
interaction has been enhanced by reducing the relative
dielectric constant to 1.3 in the BMW-MARTINI force
field.45,46 Meanwhile, a much softer potential has been
employed to describe the nonpolar component rather than
the commonly used Lennard–Jones form in the original
MARTINI.45 However, the hydrophobic interaction is still
overestimated in contrast to the experimental observa-
tions,46 which would lead to a too strong adsorption of
lysozyme on the MEP ligand surface. That is to say, this
force field feature might be another reason for the failed
desorption of lysozyme.

Ligand density effect

In this section, four different ligand densities (0.74, 1.47,
2.21, and 2.95 lmol/m2) have been employed to investigate
the effect of ligand density on the adsorption and desorption
mechanism in HCIC. The corresponding simulation results
of lysozyme (O2) at the ionic strength of 0.05 M are pre-
sented in Figures 9–11.

Figure 7. At pH 4.0, ligand density 2.21 lmol/m2 and ionic strength 0.15 M, the key residues of lysozyme adsorbed
on the HCIC adsorbent from different initial orientations (O1–O6) during the adsorption process.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. The dominant regions for lysozyme’s adsorp-
tion and desorption on the HCIC adsorbent.

(a) The hydrophobicity surface of lysozyme at pH 7.0;

(b) the electrostatic surface of lysozyme at pH 4.0. Color

representations: orange (hydrophobic); cyan (hydro-

philic); blue (positive); red (negative). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 9 shows the final conformations of lysozyme (O2)
at the four different ligand densities after the adsorption pro-
cess. Although the simulation time (1000 ns) is long enough,
lysozyme fails to adsorb at the ligand density of 0.74 lmol/
m2 (Figure 9a). This is because that the coverage of ligand
matrix is too low when the ligand density is 0.74 lmol/m2,
the hydrophobic interactions between lysozyme and the MEP
ligand surface are not strong enough for adsorption. With the
increase of the ligand density, more MEP ligands can be uti-
lized as contact sites. Therefore, lysozyme can adsorb onto
the MEP ligand surface stably at elevated ligand densities.
These simulation results indicate that a higher ligand density
is better for lysozyme adsorption, which is in agreement
with the experimental results by Zhao et al.12 They sug-

gested that ligand density had a positive influence on protein
adsorption.

To further demonstrate the effect of ligand density ana-
lyzed above, the evolution of the min-distance between lyso-
zyme and ligand surfaces during the whole HCIC process
are shown in Figure 10. From the first 1000 ns for the
adsorption (Figure 10a), we can figure out that a high ligand
density has a positive influence on the adsorption rate. At
the low ligand density of 0.74 lmol/m2, lysozyme keeps
away from the MEP ligand surface during the adsorption
process (black curve in Figure 10a). This is consistent with
the discussion above. At higher ligand densities of 1.47,
2.21, and 2.95 lmol/m2, the simulation time for stable
adsorption is around 300, 175, and 130 ns (red, blue, and
magenta curves in Figure 10a), respectively. This shows that
higher ligand densities can make the lysozyme achieve stable
adsorption in a shorter time. It also means that a higher
ligand density has a positive effect on protein adsorption as
previously discussed.

Figure 10b shows the evolution of min-distance of lyso-
zyme to surface during the desorption process at pH 4.0 in
another 1000 ns. When pH is switched from 7.0 to 4.0, lyso-
zyme is immediately dissociated at the ligand densities of
1.47 and 2.21 lmol/m2. However, at the ligand density of
2.21 lmol/m2, after 800 ns, lysozyme adsorbs again (blue
curve in Figure 10b). Additionally, at the highest ligand den-
sity of 2.95 lmol/m2, lysozyme fails to dissociate from the
ligand surface throughout the desorption process (magenta
curve in Figure 10b). These results suggest that the rapid dis-
sociation at the beginning of desorption process is induced
by the sudden electrostatic repulsion. At the ligand densities
of 1.47 and 2.21 lmol/m2, the repulsive electrostatic interac-
tions are stronger than the attractive hydrophobic interac-
tions, which will lead to the rapid dissociation of lysozyme
(red and blue curves in Figure 10b). Generally speaking, the
ligand surface with the highest ligand density of 2.95 lmol/
m2 has the strongest repulsive electrostatic interactions to
lysozyme. To our surprise, we cannot observe the rapid dis-
sociation at the ligand density of 2.95 lmol/m2 (magenta

Figure 9. At pH 7.0 and ionic strength 0.05 M, the final conformations of lysozyme (O2) at four different ligand den-
sities.

(a) 0.74 lmol/m2, (b) 1.47 lmol/m2, (c) 2.21 lmol/m2, AND (d) 2.95 lmol/m2. Water and ion beads are not shown. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. At ionic strength 0.05 M, min-distances
between lysozyme (O2) and the HCIC
adsorbent during the whole HCIC process.

(a) The first 1000 ns for adsorption; (b) the second

1000 ns for the desorption. Color representations:

black (0.74 lmol/m2); red (1.47 lmol/m2); blue (2.21

lmol/m2); Magenta (2.95 lmol/m2). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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curve in Figure 10b), since the highest ligand density (2.95
lmol/m2) also leads to the highest hydrophobic attraction.
Quantitatively, Table 2 lists the total potential energies (Utot)
between lysozyme and MEP ligand surface for each system
in Figure 10. As ligand density increases (Table 2), the
riseup of Utot at adsorption pH indicates a strengthening in
adsorption. It should be pointed out that only the Utot of
2.95 lmol/m2 case is negative at desorption pH (Table 2),
since the hydrophobic attraction is too strong to be defeated
by the electrostatic repulsion.

To further point out the inherent reason for this interesting
phenomenon, the distribution probability of beads containing
nitrogen atoms (N beads) around the interface are analyzed
at the four different densities, as shown in Figure 11. We
can find that the distribution probability curves at four den-
sities all show double peaks. The first peaks at about 0.9 nm
represent the N beads approaching to the matrix; while the
second peaks at about 1.3 nm represent the N beads facing
toward the bulk phase. Due to the distribution of N beads
(Figure 11), the hydrophobic attraction and the electrostatic
repulsion should be divided into two parts. One is from the
MEP ligands in the first peak; the other is from the MEP
ligands in the second peak. In addition, because the adsorbed
lysozyme obviously has penetrated into the MEP ligands as
displayed in Figure 9, thus the electrostatic repulsion from

the first peak are acting on the bottom of lysozyme, which
effectively contributes to the desorption; whereas that from
the second peak is ineffective. This is because the electro-
static repulsion from the second peak are lateral to lysozyme,
thus these electrostatic repulsion surrounding lysozyme can
counteract with each other. Moreover, a higher peak height
of the second peak means a larger contract area between
lysozyme and the MEP ligand surfaces, which would lead to
stronger hydrophobic attraction.

Compared with the peaks shown in Figure 11, it is found
that all peak heights of the first peaks raise up with the
increase of ligand density except for the highest ligand

Table 2. Total Potential Energies (Utot) Between Lysozyme

and MEP Ligand Surface at Adsorption pH and Desorption

pH for Systems in Figure 10

Ligand Density
(lmol/m2)

pH 5 7.0 pH 5 4.0
Utot (kJ/mol) Utot (kJ/mol)

0.74 0 /
1.47 264.5 16.6
2.21 298.6 11.0
2.95 2121.3 228.5

Figure 11. At pH 7.0 and ionic strength 0.05 M, distri-
bution probability of beads containing nitro-
gen atoms at the four different densities.

Color representations: black (0.74 lmol/m2); red (1.47

lmol/m2); blue (2.21 lmol/m2); Magenta (2.95 lmol/m2).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 12. At ligand density 2.21 lmol/m2, density distributions of the beads under three different ionic strengths
after the adsorption process (a: 0.05 M, b: 0.15 M, c: 1.00 M) and the desorption process (d: 0.05 M,
e: 0.15 M, f: 1.00 M).

Color representations: black (the beads containing nitrogen of MEP ligand); red (the beads of chloride ions); blue (the beads of

sodium ions). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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density of 2.95 lmol/m2 (magenta curve in Figure 11). The
tendency of the second peaks is just opposite with the first
peaks especially at the ligand density of 2.95 lmol/m2. As a
result, the surface with the highest ligand density of 2.95
lmol/m2 leads to a much stronger hydrophobic attraction
than the other three surfaces with ligand densities of 0.74,
1.47, and 2.21 lmol/m2; while the effective electrostatic
repulsion is strongest at the second highest ligand density
of 2.21 lmol/m2. So the ligand density of 2.21 lmol/m2 is
the preferred ligand density to compromise hydrophobic
attraction and electrostatic repulsion. That is to say, the dis-
tribution probability of N beads plays an important role in

the interfacial mechanism of HCIC. In conclusion, faster
elution rate can be obtained if more positively charged
groups of HCIC ligands can concentrated on the first peak
just as shown in Figure 11, which might be helpful to the
optimization of operating conditions and the design of
novel ligands.

Ionic strength effect

Here, we display a variety molecular details of lysozyme
adsorption and desorption in HCIC, with special focus on
the influence of ionic strength (IS). Three different ionic
strengths (0.05, 0.15, and 1.00 M) are investigated by the
mesoscopic CGMD simulations and the relevant results of
lysozyme (O2) at the ligand density of 2.21 lmol/m2 are
summarized in Figures 12–15.

Figure 12 shows the interfacial density distributions at
three different ionic strengths (0.05, 0.15, and 1.00 M) for
the whole HCIC process. With the increase of IS for the
adsorption process (Figure 12a–c), the higher IS still can
make more ions to exist between lysozyme and MEP ligand
surfaces although the adsorption is driven by the hydropho-
bic attraction. These interfacial ions can be considered as
linkers between lysozyme and MEP ligands, which can pro-
mote the adsorption indirectly. Thus, the increase of IS can
provide more probability for lysozyme to adsorb onto the
MEP ligand surface, even if the adsorption orientation has a
little deviation. That is to say, more interfacial ions can
make wider orientation distributions, as displayed in Figure
13. Moreover, Figure 12 also shows that the center of the
cosine values shifts from 1.0 to 0.5 gradually due to the
increase of IS.

Furthermore, all key residues of lysozyme at three differ-
ent ionic strengths (0.05, 0.15, and 1.00 M) are displayed for
the adsorption (Figure 14a) and desorption (Figure 14b)
processes. Compared with the contact maps of the three
ionic strengths at pH 7.0 (Figure 14a), it can be clearly seen

Figure 13. At pH 7.0 and ligand density 2.21 lmol/m2,
orientation distributions of lysozyme (O2)
adsorbed on the HCIC adsorbent under
three different ionic strengths.

Color representations: black (0.05 M); red (0.15 M);

blue (1.00 M). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]

Figure 14. At ligand density 2.21 lmol/m2, key residues of lysozyme adsorbed on the HCIC adsorbent under three
different ionic strengths during the adsorption process (a) and the desorption process (b).

At the desorption pH (pH 5 4.0), (b) is empty at ionic strength 0.05 M, which means there is no close contact. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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that the direct contacts between lysozyme and MEP ligands
reduce with the riseup of IS. This is due to the existence of
ions as discussed above, which can result in the indirect
adsorption. However, the tendency is opposite for the contact
maps of desorption (Figure 14b). That is to say, a higher IS
leads to less direct contacts but more difficult dissociation
from the MEP ligand surface. The primary reason for this
phenomenon is also induced by the interfacial ions, espe-
cially by Cl2. It should be pointed out that Cl2 is more
inclined to appear near the interface while Na1 tends to stay
in the bulk,42,63–65 which is consistent with that as shown in
Figure 12, because the ionic hydration of Na1 is stronger
than that of Cl2.66 Therefore, due to the existence of interfa-
cial ions, the electrostatic repulsive interactions can be offset
by Cl2 ions, meanwhile there are competing interactions
with Cl2 ions between interfacial Na1 ions and the posi-

tively charged lysozyme (114 e). That is to say, interfacial
ions can weaken the electrostatic repulsion between lyso-
zyme and MEP ligands. Additionally, the hydrophobic
attraction can be intensified indirectly by interfacial ions. As
mentioned above, the successful desorption is caused by that
electrostatic repulsive interactions can beat hydrophobic
attractive interactions. Thus, the desorption failure might due
to interfacial ions. A higher IS induces more interfacial ions,
thus the electrostatic repulsion would be weakened, which
leads to a lower elution rate. As a result, the influence of IS
on HCIC is mainly determined by the corresponding interfa-
cial ions.

For the density distribution of initial state of desorption,
that is, those of the final state of adsorption (Figures 12a–c),
when compared with the final density distribution of desorp-
tion (Figures 12d–f), we find out that N beads have an

Figure 15. At ionic strength 0.15 M, conformations of lysozyme at four different time points (0, 0.05, 1, and 1000
ns) during the desorption process.

(a) Top end-on orientation at 1.47 lmol/m2, (b) bottom end-on orientation at 1.47 lmol/m2, (c) bottom end-on orientation at 2.21

lmol/m2. Color representations: red (the beads of chloride ions); blue (the beads of sodium ions). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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obvious shift toward the bulk, which is induced by interfa-
cial Cl2 ions during the desorption process. Due to the shift
of N beads, the contact between lysozyme and MEP ligands
would increase significantly if lysozyme fails to dissociate at
the beginning of desorption (Figure 14b). That is to say, the
success or failure of desorption is almost determined at the
initial stage, especially under the high ionic strength. Thus,
to point out the internal reason visually, some lysozyme con-
formations at different desorption stages are shown in Figure
15. It can be seen that the dissociations from the HCIC
adsorbent almost complete within a nanosecond. So, the
rapid release of lysozyme is induced by the stronger electro-
static repulsion during the switch of pH (from 7.0 to 4.0).
Meanwhile, for the same reason, positively charged MEP
ligands at pH 4.0 can make negatively charged chloride ions
in bulk to approach the surface with an extremely fast rate
(see Figure 15). Thus, within the first nanosecond, the stron-
ger electrostatic repulsive interactions have been greatly
weakened by interfacial Cl2 ions, which is consistent with
our previous work.42 Compared with the density distributions
shown in Figure 12, a higher IS induces more interfacial
ions; meanwhile, it can make the instantaneous electrostatic
repulsion more obvious. In conclusion, the dissociation of
lysozyme is a quick process which almost happens at the ini-
tial stage of desorption as mentioned above. So in the actual
elution operation, it is essential to avoid using those salts
containing ions which are tend to concentrate at the adsorb-
ent surface, such as Cl2.

Furthermore, Figure 15 shows that as the desorption is
successful, the desorption rate of “bottom end-on” orienta-
tion (Figure 15b) is faster than that of “top end-on” orienta-
tion (Figure 15a) thanks to the positive potential region C.
From the “bottom end-on” orientation (Figures 15b, c), the
higher the ligand density is, the faster the desorption rate in
HCIC. These results are consistent with the discussions pre-
sented in previous two sections.

Conclusions

In this study, mesoscopic coarse-grained simulations
based on BMW-MARTINI force field are utilized to reveal
the interfacial mechanisms of HCIC by simulating the
adsorption and desorption of lysozyme on MEP ligand
surfaces at the mesoscopic microsecond time scale (2.0
ls). Four ligand densities (0.74, 1.47, 2.21, and 2.95
lmol/m2) and three ionic strengths (0.05, 0.15 and
1.00 M) are considered to investigate the internal mecha-
nisms in HCIC.

Simulation results indicate that: (i) from six different
initial orientations, lysozyme can mainly adsorb with “top
end-on” or “bottom en-on” orientations, which is driven by
the two hydrophobic regions located at two ends of lyso-
zyme’s long axis; (ii) for the desorption in HCIC, the elu-
tion from the “top end-on” orientation is more difficult
than that from the “bottom end-on” orientation; hydropho-
bic interactions between the “bottom end-on” lysozyme
and the ligand surface are weaker than those between the
“top end-on” lysozyme and the ligand surface; meanwhile,
the “bottom end-on” orientation can acquire stronger elec-
trostatic repulsion than the “top end-on” orientation during
the elution process; (iii) for the adsorption in HCIC, a
higher ligand density could result in a faster adsorption
rate and stronger adsorption; a higher ionic strength can
obtain a wider orientation distribution and a stronger

adsorption; (iv) the effect of ligand density on the desorp-
tion of HCIC is mainly determined by the distribution
probability of the positively charged groups of the HCIC
ligands, that is, more these groups close to the matrix can
lead a faster elution rate; (v) a higher ionic strength causes
more interfacial ions, leading to a lower elution rate since
the interfacial ions can weaken the electrostatic repulsion
and intensify the hydrophobic attraction between lysozyme
and ligands.

In general, mesoscopic CGMD simulation based on the
BMW-MARTINI force field can be used to accurately
explore the molecular insights of HCIC at the microsecond
time scale, especially for the optimization of operating con-
ditions and the design of novel ligands. Furthermore, these
mesoscopic CGMD simulations are about 100 times faster
than atomistic simulations. It is a more efficient approach
that could be applied to understand the interfacial mecha-
nisms of HCIC on the mesoscopic microsecond time scale.
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