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Abstract: Having a theoretical understanding of the orientation of immunoglobulin on an 

immobilized solid surface is important in biomedical pathogen-detecting systems and cellular 

analysis. Despite the stable adsorption of immunoglobulin on a polystyrene (PS) surface that 

has been applied in many kinds of immunoassays, there are many uncertainties in antibody-

based clinical and biological experimental methods. To understand the binding mechanism and 

physicochemical interactions between immunoglobulin and the PS surface at the atomic level, 

we investigated the binding behavior and interactions of the monoclonal immunoglobulin G 

(IgG) on the PS surface using the computational method. In our docking simulation with the 

different arrangement of translational and rotational orientation of IgG onto the PS surface, 

three typical orientation patterns of the immunoglobulin G on the PS surface were found. We 

precisely analyzed these orientation patterns and clarified how the immunoglobulin G interacts 

with the PS surface at atomic scale in the beginning of the adsorption process. Major driving 

forces for the adsorption of IgG onto the PS surface come from serine (Ser), aspartic acid (Asp), 

and glutamic acid (Glu) residues.

Keywords: bionano interface, immunoassay, polystyrene, IgG, physical adsorption, 

simulation

Introduction
The molecular-level specific recognition of biomolecules plays a fundamental role 

in the biological system. Over the last few decades, various assays and biosensors 

have been successfully developed, based on the multiple noncovalent specific bonds 

between biomolecules, eg, electrostatic, electrodynamic, hydrogen, and hydrophobic 

interactions.1 The immunoassay is an antibody-based detecting technique for a specific 

antigen;2 it exploits highly sensitive and specific binding interactions between an 

antigen and an antibody.3,4 Depending on the assay format, immunoassays can be 

used qualitatively and quantitatively, and the application of immunoassays has been 

extended to various research fields, such as environmental monitoring, medical 

diagnostics, proteomics, pharmaceutical drug screening research, and basic cellular 

analytical research.5,6

Enzyme-linked immunosorbent assays (ELISAs) are the most fundamental and 

basic immunoassay for clinical diagnostic and biological research fields, due to their 

high sensitivity and versatility.6–8 In conventional ELISA, the antibody or antigen 

is usually immobilized on a polystyrene (PS) substrate by physical adsorption. 

The adsorption of proteins on PS surfaces has been studied extensively. In particular, the 

adsorption of immunoglobulin G (IgG) molecules onto PS substrates is of considerable 
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interest in medical and biological fields, as the IgG system is 

widely used for micro- and nanoscale detection of an antigen-

antibody reaction. Svensson et al investigated the adsorption 

of IgG onto a PS surface using ellipsometry and obtained the 

thickness of a layer of the antibody.9 They also proposed some 

orientation patterns of the IgG and discussed the efficiency 

of hydrophobic interactions between the antibody and the 

surface. The interaction of adsorption of IgG onto the PS 

surface was revealed that the major adsorption force comes 

from the hydrophobic interaction between the protein and the 

polymer surface.10 In the present study, the physicochemical 

interactions between immunoglobulin and the PS surface 

have been investigated at an atomic level by using the human 

IgG molecule as an example, and the binding mechanism and 

the orientation patterns of the antibody on the PS surface are 

discussed in detail.

PS has been widely used in industrial and medical 

fields because of its low cost, durability, hydrophobicity, 

nontoxicity, and optical transparency. IgG is a predominant 

immunoglobulin in the serum with molecular weight of 

about 150 kilodaltons.11 It can bind many kinds of antigens, 

such as virus and bacteria, by the antigen-binding sites 

of IgG. Moreover, IgG has another binding site at the Fc 

(fragment crystallizable) region of IgG, and it can bind 

to the cell surface through Fcγ receptors (FcγRs). FcγR is 

a membrane glycoprotein, and it can make a complex of 

IgG–FcγR. However, the exact information of the binding 

site of IgG on the PS surface is still a controversial one.12–14 

The binding ability of IgG has been considered applicable 

to various fields of research and industry. Experimentally, 

the dynamic analysis of IgG molecules on PS-coated quartz 

crystal microbalances15 has been studied for the quantitative 

analysis of antibody immobilization and for immunological 

activity of proteins.16–18 However, the interaction of IgG with 

the PS surface has not been fully investigated yet in the atomic 

level. In this work, we performed the molecular mechanics 

calculation to investigate the orientation and mechanism of 

the binding interaction of IgG onto the PS surface. In our 

docking analysis, we obtained a plausible conformation of the 

orientation of IgG on the PS surface with strong interaction 

and discussed the major interactions in these orientations 

in detail.

Materials and methods
Modeling of IgG
The most abundant isotope of antibodies is human IgG. Among 

these families, immunoglobulin G1 (IgG1) is the most typical 

type, and it was used in our simulation. The structure of IgG1 

is shown in Figure 1. It consists of two heavy (H) and two light 

(L) chains and is divided into three main regions. Those are 

one Fc and two Fab (fragment antigen-binding) domains, as 

shown in Figure 1A. Each Fab–domain is further categorized 

into variable (V) and constant (C) parts. Each H-chain is 

composed of one variable (H
V
) domain and three constant 
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Figure 1 Schematic representation (A) and minimized conformation (B) of the structure of IgG1.
Notes: Two heavy (H) and two light (L) chains are shown by mauve, orange and green, blue, respectively. The H-chains are composed of one variable domain (HV) and three 
constant domains (HC1, HC2, HC3); L-chains are composed of one variable domain (LV) and one constant domain (LC), respectively. Minimized conformation of IgG1 is shown 
with face (top) and side (bottom) views in (B).
Abbreviations: H, heavy chain; L, light chain; C, constant domain; V, variable; Fab, fragment antigen-binding; Fc, fragment crystallizable; S, sulfur atom.
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(H
C1

, H
C2

, H
C3

) domains. Each L-chain links to the H-chain 

by one interdisulfide bond. Fc–domain is a stem of the IgG, 

and it links to the next H-chain with three interdisulfide 

bonds of the hinge. As a total, the H and L chains consist 

of four and two intradisulfide bonds, respectively. IgG1’s 

structure was determined by X-ray crystallography,19 and 

the coordinate of the crystallographic structure is available 

in the Research Collaboratory for Structural Bioinformatics 

Protein Data Bank (PDB entry 1IGY). In this work, the amino 

acid residues were renumbered sequentially from 1 to 434 

for each H chain and from 1 to 213 for each L chain from 

the original numbering of 1IGY, respectively, for clarity. In 

the simulation, IgG1 was constructed with protonated form 

at N-terminus and unprotonated form at C-terminus in all the 

chains, as it exists in solution with neutral pH. All histidine 

residues were modeled in the unionized state by being singly 

protonated at the N-position.

The crystallographic structure of 1IGY was f irst 

minimized to relieve any undesirable strains existing in 

the original PDB data by using the Chemistry at HARvard 

Molecular Mechanics34 (CHARMM)20 software with its all-

atom force field.21 The energy minimization was performed 

using conjugate gradient22 (CONJ) technique in implicit 

water environment with dielectric constant 80.23 The energy 

minimized conformation of IgG1 is shown in Figure 1B. The 

root mean square deviation for the backbone of minimized 

conformation of IgG1 (Figure  1B) was calculated to be 

3.1 Å, which was close to the crystal structure of IgG1. This 

indicates that the crystal structure of IgG1 keeps well after 

the energy minimization in implicit water environment.

Modeling of PS surface
To make a PS amorphous surface, ethylbenzene molecules were 

used as a model to represent the styrene monomer, according 

to the previous report.24 A model of a PS box was constructed 

by randomly filling the ethylbenzene molecules in a cubic box 

that measured 25 nm × 25 nm × 25 nm. That is, we filled the 

molecules in the box with arbitrary orientations with the density 

of 1.05 grams per mL, which corresponds to the experimentally 

observed value of the bulk density of PS.25 Then, molecular 

dynamics (MD) simulation was performed on this PS box 

with periodic boundary condition for 0.2 ns to equilibrate the 

surface. The details of the MD simulation are described in 

the next paragraph. To reduce the computational expense in 

the next docking simulation, the sheet with 2.0 nm thickness 

was cut out from the cubic box, and the surface was used as 

a model of the PS surface in this work. The experimental 

atomic force microscopy images of the PS surface show that 

it has a roughness with around 2 µm periodical odd-shaped 

morphology.18 According to this, it can be considered that our 

narrow simulation surface with the area of 25 nm × 25 nm 

could be reasonably assumed as a flat surface.

MD simulation was performed using CHARMM3420 

software with its all-atom force field.21 A three-dimensional 

periodic boundary condition was assigned to the box. The 

MD simulation was carried out with isobaric–isothermal 

(NPT) ensemble with 1 femtosecond time step. The details 

of the calculation procedure were the same as our previous 

simulations;26,27 ie, nonbonded interactions were calculated 

using a group-based cutoff with a switching function20 and 

were updated every five time steps. The switching func-

tion was turned on at 1.2 nm and turned off at 1.35 nm. All 

the bonds containing hydrogen were constrained using the 

SHAKE BONH algorithm.28 Electrostatic interaction was 

calculated using the Ewald summation method.29 The dielec-

tric constant was set at 1.0. The temperature was set at 25°C, 

which was controlled by a Nosé–Hoover thermostat.30,31 All 

data visualization was done using Visual Molecular Dynam-

ics 1.8.7 software (University of Illinois and the Beckman 

Institute, Champaign, IL, USA).32

Simulation procedure
Figure 2 shows the initial conformation of the orientation of 

IgG1 on the PS surface to investigate the interaction of IgG1 

with the PS surface. In this conformation, the first and second 

principal axes of inertia (X and Y direction in the Figure 2) 

of IgG1 were set parallel to the PS surface, and the third 

principal axis (Z direction) of IgG1. The distance between 

the center of mass of IgG1 and the PS surface is arbitrarily 

set at 4.5 nm as an initial value along the Z direction where 

the IgG molecule is slightly overlapped with the PS surface. 

The docking simulation of the system was divided into two 

steps. First, from the above initial point, the various different 

arrangements with relative orientations of the IgG1 against 

IgG1

PS surface

Z

Y
X

Figure 2 Initial structure of IgG , on the PS surface in the docking simulation.
Note: The PS surface is shown with blue representation.
Abbreviations: IgG , immunoglobulin G1; PS, polystyrene.
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the PS surface were generated, and the interaction energy was 

evaluated at each orientation with their fixed conformations 

using CHARMM3420 software with its all-atom force field.21 

Those different orientations of IgG1 on the PS surface were 

constructed by rotating IgG1 around the Y and Z axes at an 

interval of 10 degrees in the range as shown in Table 1. At 

each rotation, IgG1 was translated along the X–Y area on 

the PS surface and the Z axes from the PS surface within 

the range, as also shown in Table 1. After the calculation 

of the interaction energies for all these conformations, the 

conformations of the IgG1 on the PS surface, which had 

strong interactions between them, were selected. The dock-

ing simulations were performed with the dielectric constant 

of 1.0, at which it was considered that no bulk water existed 

between the IgG1 and the PS surface interacting area.

While the conformations obtained in the above docking 

simulation were calculated using the single-point energy 

calculation with a fixed structure of the PS surface and the 

IgG1 molecule, they were, as a second step, further energy 

minimized without any constraint on the molecular systems 

to avoid the undesired effect of the initial distribution of the 

monomer in the PS surface model.

Results and discussion
Orientation of IgG1 onto PS surface
Docking simulation between IgG1 and the PS surface was 

performed with various relative orientations, according to 

the procedure discussed in the previous section. The results 

are sorted with the values of the interaction energies between 

the IgG1 and the PS surface; three groups of the orientation 

patterns with high interaction energies were found. From 

each group, the conformation with the highest interaction 

energy was selected. As these three conformations were 

obtained from the single point energy calculation in the 

docking simulation, they were further energy minimized 

without any constraint on the molecules. The conformations 

of these three orientations after the minimization procedure 

are shown in Figure 3. To clarify how IgG1 interacts with 

the PS surface, a schematic representation of the orientation 

behaviors are shown in the insets. The total interaction ener-

gies of these orientations in Figure 3A–C were –81.2, –57.3, 

and –56.8 kilocalorie per mole (kcal/mol), respectively. 

Svensson et al proposed some possible interaction patterns of 

the IgG1 on the PS surface with their schematic illustrations.9 

The three conformations obtained in this work look similar to 

the typical orientation behaviors of their end-on, flat-on, and 

side-on orientations.9 However, the details of the orientation 

patterns and the interaction sites are somewhat different from 

their illustrations. We discussed the interaction behaviors 

between IgG1 and the PS surface for these conformation 

patterns in detail.

The orientation of IgG1  in Figure  3A indicated that 

IgG1 interacts with the PS surface with two Fab domains of 

IgG1 molecule. We denoted this orientation as Fab–Fab–on, 

and their two interaction sites are shown in Figure 3A as (a) 

and (b). In these sites, the interacting amino acid residues 

are shown as van der Waals (vdW) radius representation with 

with yellow color. The interaction energies were separately 

evaluated in both (a) and b-region, and their values were 

determined to be –16.8 and –72.3 kcal/mol, respectively. In 

this orientation, it was found that the L
V
 part of the L chain 

in the Fab domain was involved in both interactions. As 

the region of Lv is known as the antigen-binding site in the 

antigen–antibody reaction, this indicates that the same part 

of the antigen-binding region of Fab works as an interaction 

site of IgG1 on the PS surface. Although the interaction 

energy of the a-region (Figure 3A) is smaller than that of the 

b-region in this calculation, countertype-binding surface in 

the a-region, and green spheres interact with the PS surface 

in the b-region (Figure 3A).

In the case of Figure 3B and C, it can be seen that the H 

chains of IgG1 interact with the PS surface. The orientation 

in Figure 3B indicates that the H
C2

 domain in the Fc part of 

IgG1 interacts with the PS surface. Therefore, we denote this 

orientation as Fc–on in the following section. This interac-

tion site is shown as (c) in Figure 3B. Kato et al indicated 

from their nuclear magnetic resonance experiments that the 

Fc region binds to FcγR at the negatively charged area of the 

H
C2

 domain.14 This indicates that the same H
C2

 domain works 

as the binding site in both PS and FcγR cases. Vice versa, a 

countertype binding orientation should also exist where the 

green spheres in the other H
C2

 domain in Fc part interacts 

with PS surface (Figure 3B, bottom).

On the other hand, in the case of Figure 3C, IgG1 binds 

to the PS surface through two sites in the H chains. One 

site locates at the H
C3

 domain in the Fc region of one H 

chain, and the other locates at the H
V
 domain of the other 

Table 1 Range of the rotation angles and translation distances of 
IgG  on the PS surface used for the docking simulation are listed

Axis Rotation (degree) Translation (nm)

Interval Range Interval Range

X – – 0.05 0∼0.5
Y 10 -90 to 80 0.05 0∼0.5
Z 10 0∼350 0.05 0∼5.0

Abbreviations: IgG1, immunoglobulin G1; PS, polystyrene.
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H chain. These two interaction sites are shown as (d) and 

(e) in Figure 3. We denote this orientation as Fab–Fc–on in 

the following section. The analysis of these two interaction 

sites indicated that larger numbers of amino residues in the 

H
V
 domain were involved in the interaction with the surface 

compared to the H
C3

 domain.

To investigate the interaction between IgG1 and the PS 

surface in more detail, we extracted the amino acid residues, 

which were strongly interacting with the PS surface in these 

three orientations. The residue numbers and their interac-

tion energy of the strongly interacting amino acid residues, 

which interact with the PS surface with the energy more 

than –2.0 kcal/mol, were selected and shown in Tables 2–4. 

Among the amino residues listed in these tables, the strongest 

attracting interaction can be found between the aspartic acid 

(Asp) residues and the PS surface in all cases. Serine (Ser) 

residue works as a strongly interacting residue in Fab–Fab–

on and Fab–Fc–on orientations (Tables 2 and 4), although its 

contribution is weak in Fc–on (Table 3). Instead, Glutamic 

acid (Glu) works as a strongly interacting residue in the Fc–on 

orientation. Nevertheless, most types of the interacting amino 

acid residues listed in Tables  2–4 are similar in all these 

three cases. They are Ser, threonine (Thr), and asparagine 

(Asn) in the uncharged hydrophilic amino residues, and Asp, 

Glu, and arginine (Arg) in the charged amino acid residues, 

respectively. That is, the similar residues are involved in the 

interaction with the PS surface in these three cases and only 

the extent of the strength would change, depending on the 

difference of the arrangement in these three orientations.

The interaction energies were divided into two terms 

of van der Waals and electrostatic terms and were shown 

in Tables  2–4. The way of dividing interaction force into 

PS PS PS
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a b c d e

B CFab–Fab–on Fc–on Fab–Fc–on

IgG1 IgG1 IgG1
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HC3
HC3
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HV

HC2

LV

N-ter N-ter

LV

C-ter
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Figure 3 Snapshots of three different relative orientations of IgG1 on the PS surface obtained from the docking simulation.
Notes: The orientations of Fab–Fab–on (A), Fc–on (B), and Fab–Fc–on (C) are shown in the top row. Schematic representations are shown in the insets of the top row. 
The interacting regions between IgG1 and the PS surface are indicated in the figures from (a) to (e). The interacting amino acid residues are shown by vdW representations 
with yellow color. Interacting chains in each of the three orientations were extracted and shown in the bottom row, where the interacting amino residues with the PS 
surface are again represented by vdW spheres with yellow color. Equivalent amino residues in the other pair chains of IgG1 are shown in the same figure by vdW spheres 
with green and blue colors.
Abbreviations: IgG , immunoglobulin G1; PS, polystyrene; H, heavy chain; L, light chain; C, constant domain; V, variable; vdW, van der Waals interaction; ter, terminal.

Table 2 Amino acid residues and their interaction energies of 
IgG  with the PS surface for Fab–Fab–on

Residues a-region Residues b-region

vdW Elec Total vdW Elec Total

Uncharged hydrophilic amino acids
Ser51 –5.0 –3.3 –8.3
Ser64 –3.3 –0.3 –3.6
Ser66 –1.4 –0.6 –2.0
Ser75 –5.5 –3.2 –8.7
Ser76 –2.5 –0.6 –3.1
Thr62 –4.5 0.7 –3.8

Charged amino acids
Arg17 –10.2 0.4 –9.8
Arg53 –4.0 –5.4 –9.4

Asp69 –0.2 –7.1 –7.3 Asp59 –4.8 –5.9 –10.7
Asp69 –0.2 –2.8 –3.0

Glu26 –2.8 –2.4 –5.2 Glu16 –1.2 –2.5 –3.7
Total –3.0 –9.5 –12.5 Total –42.6 –23.5 –66.1

Note: The energies are shown in kcal/mol.
Abbreviations: PS, polystyrene; Ser, serine; Thr, threonine; Arg, arginine; Asp, 
aspartic acid; Glu, glutamic acid; IgG1, immunoglobulin G1; vdW, van der Waals 
interaction; elec, electrostatic; Fab, fragment antigen-binding; kcal/mol, kilocalorie 
per mole.
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these force terms may somewhat depend on the force fields 

used in the molecular mechanics calculation. Although the 

interaction force should, in principle, be described by the 

electronic theory of quantum mechanics, the force fields 

of molecular mechanics were determined to maximally 

reproduce the interaction force using these two terms of 

van der Waals and electrostatic terms. From this point of 

view, the division and the meaning of these two terms is a 

little artificial. However, the qualitative interpretation of the 

nature of the origin of the interaction, which has van der 

Waals nature and/or electrostatic nature, can be possible and 

useful, to know the types of the interaction mechanisms. It 

can be seen from Tables 2–4 that the major driving force for 

adsorption of IgG1 onto the PS surface comes from the van 

der Waals interaction terms. These results are reasonable 

because the total charge of the PS molecule is electronically 

neutral. However, the amino acid residues of Asp and Glu 

with a negatively charged side chain interact with the PS 

surface by electrostatic natures. Positively charged amino 

acid residue of Arg has a strong interaction with the PS 

surface by van der Waals force. However, it also shows a 

strong electrostatic interaction. It may depend on the distance 

between Arg and the PS surface. The individual interaction 

behaviors of these amino residues with the PS surface are 

discussed in the next paragraphs in detail.

Interactions in Fab–Fab–on orientation
Amino acid residues in Fab–Fab–on orientation, which 

strongly interact with the PS surface, are shown in Table 2. 

It can be seen that there are five Ser residues in the B site. 

To investigate the interaction between the Ser residues and 

the PS surface, the orientation behavior of them is shown in 

Figure 4. Among them, Ser75 showed the strongest interac-

tion, and its orientation behavior is shown in Figure 4D. In 

this orientation, the aliphatic CH group of the PS molecule 

interacts with the oxygen atoms of the carbonyl group in the 

peptide main chain and the hydroxyl group of Ser75 simul-

taneously with the total interaction energy of –8.7 kcal/mol 

(Figure 4D).

Table 3 Amino acid residues and their interaction energies of 
IgG  with the PS surface for Fc–on

Residues c-region

vdW Elec Total

Uncharged hydrophilic amino acids
Asn272 -6.7 0.7 -6.0
Asn306 -0.7 -1.8 -2.5
Charged amino acids
Asp271 -4.0 -12.7 -16.7
Asp303 -0.1 -6.3 -6.4
Glu309 -4.6 -12.1 -16.7
Glu324 -1.9 -7.7 -9.6
Glu274 -0.3 -2.8 -3.1
Total -18.3 -42.7 -61.0

Note: The energies were shown in kcal/mol.
Abbreviations: IgG , immunoglobulin G1; PS, polystyrene; Fc, fragment 
crystallizable; vdW, van der Waals interaction; elec, electrostatic; Asn, asparagine; 
Asp, aspartic acid; Glu, glutamic acid; kcal/mol, kilocalorie per mole.

Table 4 Amino acid residues and their interaction energies of 
IgG1 with PS surface for Fab–Fc–on

Residues d-interacting Residues e-interacting

vdW Elec Total vdW Elec Total

Uncharged hydrophilic amino acids
Ser53 -3.4 -0.6 -4.0
Ser74 -6.8 -2.0 -8.8
Thr27 -3.8 1.3 -2.5
Thr29 -5.4 -2.5 -7.9
Thr30 -4.1 -0.2 -4.3
Asn76 -2.0 0.0 -2.0

Charged amino acids
Glu409 -0.2 -1.8 -2.0 Arg73 -11.4 1.2 -10.2

Asp72 -1.9 -8.1 -10.0
Total -0.2 -1.8 -2.0 Total -38.8 -10.9 -49.7

Note: The energies were shown in unit of kcal/mol.
Abbreviations: IgG , immunoglobulin G1; PS, polystyrene; vdW, van der Waals 
interaction; elec, electrostatic; Ser, serine; Thr, threonine; Asn, asparagine; Glu, 
glutamic acid; Arg, arginine; Asp, aspartic acid.

A

Ser51

B

C D

−8.3
−3.6

−8.7

−3.1

−2.0

Ser64

Ser76

Ser66

Ser75

Figure 4 Snapshots of the interactions between Ser residues and the PS surface 
included in the Fab–Fab–on orientation.
Notes: Only the interacting pairs of the amino residue and the ethylbenzene 
molecule are shown for simplicity. Ser51, Ser64, Ser66, Ser75, and Ser76 in b-region 
are shown in (A–D), and (D), respectively. Oxygen, nitrogen, carbon, and hydrogen 
atoms are shown by red, blue, green, and gray colors, respectively.
Abbreviations: Ser, serine; PS, polystyrene; Fab, fragment antigen-binding.
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These interactions are categorized into CH/O interactions, 

the nature of which is precisely discussed by Takahashi 

et al.33 Secondary strong interaction was Ser51 (Figure 4A). 

The hydroxyl hydrogen of the Ser51 orients to the benzene 

ring perpendicularly with interaction energy of –8.3 kcal/

mol (Figure  4A). This interaction is categorized into 

OH/π interaction. Ser64 also takes a similar orientation 

with the Ser51, but its interaction energy is smaller than 

Ser51 because the OH/π orientation is a little bent from 

the preferable perpendicular orientation (Figure 4B). The 

nature of the OH/π interaction was investigated by Suzuki 

et al using ab initio calculation with a benzene and water 

molecule system, and they showed that the hydrogen atom 

of water points toward the π-cloud of benzene.34,35 The 

above mentioned interactions have been parameterized in 

the CHARMM force field.36,37 The parameter sets of the 

CHARMM force field were confirmed to reproduce the 

binding mode with excellent agreement to the ab initio 

calculation. In Figure 4C and D, the hydroxyl oxygens of the 

Ser66 and Ser76 interact with the proton at the edge of the 

benzene ring. These interactions are again another type of 

CH/O interaction. Although each of the interactions did not 

provide a dominant energy with the PS surface interaction, 

these multiple interactions of Ser residues could work as 

about one-third of the total interaction energy of the IgG 

molecule onto the PS surface, as shown in Table 2.

Arg17 and Arg53  show larger interaction energy 

than those of Ser (Table 2). These interaction behaviors 

are shown in Figure 5. It can be seen that the positively 

charged guanidine group closely contacts with the benzene 

ring of the PS. This orientation indicates the existence of 

cation-π interaction between them. This interaction has 

been investigated theoretically38 and experimentally,39 

using the ammonium ion and benzene derivative system. 

Interactions of Arg with the aromatic ring in proteins were 

also reported when some of the strong cation-π interac-

tions were involved in perpendicular orientation in the 

protein.40 The cation-π interaction has been parameter-

ized in the CHARMM force field.41 The parameter sets of 

CHARMM force field were confirmed with the quantum 

chemistry approaches.

Another strong interaction found in the Fab–Fab–on 

conformation is the Asp interaction with the PS surface 

molecule, listed in Table 2. They are Asp69  in a-region 

and Asp59, Asp69  in b-region, which are shown in 

Figure  6A–C, respectively. These are the interactions 

between the carboxylate anion and the benzene ring, 

which are also frequently found in biological systems. 

Jackson et al showed the interaction between the anions 

and the electropositive ring edge proton of an aromatic 

group by the theoretical calculations.42 This is known as 

the anion–quadrupole interaction. In our calculation, it 

can be seen that the hydrogens at the edge of aromatic 

groups orient toward the carboxylate oxygens to show 

the interaction between them. Amino acid residue of Glu 

includes carboxylate anions as well as Asp. Although the 

anion–quadrupole interaction for Glu residues was not 

found in the Glu26 and Glu16 orientation in Fab–Fab–on 

conformation, another possible interaction of CH/π and 

CH/N can be seen in Figure 6D and E.

A

Arg17

−9.8

Arg53

−9.4

+

+

B

Figure 5 Snapshots of the interactions between Arg residues and the PS surface 
included in the Fab–Fab–on orientation.
Notes: Arg17 and Arg53 in b-region are shown in (A) and (B), respectively.
Abbreviations: Arg, arginine; PS, polystyrene; Fab, fragment antigen-binding.

A

Asp69 Asp59

Asp69

−7.3

−5.2 −3.7

Glu26

Glu16

−10.7
−3.0

B C

ED

Figure 6 Snapshots of the interactions among Asp and Glu residues with the PS 
surface included in the Fab–Fab–on orientation.
Notes: Asp69 and Glu26 in a-region are shown in (A) and (D), respectively. Asp59, 
Asp69, and Glu16 in b-region are shown in (B), (C), and (E), respectively.
Abbreviations: Asp, aspartic acid; Glu, glutamic acid; PS, polystyrene; Fab, fragment 
antigen-binding.
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Interactions in Fc–on and Fab–Fc–on 
orientation
In Fc–on orientation shown in Figure 3B, amino acid residues 

in H
C2

 domain in the Fc part of IgG1 interact with the PS 

surface. It was reported previously that the Fc region binds to 

receptors on the cell FcγR at a negatively charged area of the 

H
C2

 domain.13 In our obtained Fc–on orientation, the Asp and 

Glu residues in H
C2

 domain were found to interact strongly 

with a surface of PS (Table  3). The orientation behavior 

of these residues is shown in Figure 7A–E. The negatively 

charged carboxylate oxygens of residues of Glu309 and 

Glu324 are considered to interact with the hydrogen at the 

edge of the aromatic groups of PS molecules by the anion–

quadrupole interaction. The negatively charged residues of 

Asp271 and Asp303, which are shown in Table 3 but not 

shown in Figure  7, are also considered to have a similar 

interaction of anion–quadrupole interaction as was already 

discussed in Figure 6. On the other hand, Glu274 showed the 

possible orientation to have a CH/N interaction with the PS 

surface. The side chains of Asn272 and Asn306 are found to 

interact with the benzene group of the PS surface by NH/π 

and CH/O type interactions, respectively. There are some 

reports on the NH/π interaction that work between amide 

NH and the π electron system of the benzene group.35,43–45 All 

these multiple interactions, not only the anion–quadrupole 

interaction but also the weak NH/π and CH/O interactions, 

would cooperatively work as a force to bind the IgG molecule 

with Fc–on orientation onto the PS surface.

The Fab–Fc–on orientation is shown in Figure 3C and 

the typical interacting residues in the binding sites of (d) and 

(e) were investigated, and the results are shown in Table 4. 

The residues of Ser, Asn, Arg, and Asp, which were found 

in the previous Fab–Fab–on and Fc–on orientations, are also 

found in the interaction in this case. The remaining amino 

residue with large interaction energy in Table 3 is Thr. The 

interacting behaviors of the residues of Thr29 and Thr30 

with benzene ring are shown in Figure  7F. The carboxyl 

group of Thr29 residue orients toward the benzene ring 

with OH/π interaction. On the other hand, methyl proton of 

Thr30 interacts with the benzene ring, which is known as 

CH/π interaction.

To summarize, it can be said again that the binding 

of the IgG1 molecule onto the PS surface can be consid-

ered as a cooperative work of weak interactions, such as 

anion–quadrupole, NH/π, CH/O interactions, and so on. 

The adsorption of the antibody onto the surface has been 

studied, depending on the surface properties of wettability,46 

pH,47 physical and chemical treatments,48 and others. In 

this study, we investigated the orientation and mechanism 

of the binding of IgG1 onto an untreated PS surface in the 

neutral environment. The main orientation of IgG1 onto the 

PS surface was found to be Fab–Fab–on type. The major 

interaction comes from Ser residues through van der Waals 

interaction, which is the same as the results of IgG and Fab 

fragment adsorptions at hydrophobic surfaces, mainly in an 

end-on orientation.49 However, it is known that the amino 

sequences in the Fab region will be variable. Therefore, 

strictly speaking, our result is valid for the specific IgG1, 

which we used as a model. Although our result implies that 

a similar interaction would be expected when the interacting 

residues, such as Arg, Ser, and Arg, are included in the Fab 

region, we need to investigate further the interactions using 

other IgGs to generalize the result.

From the experimental point of view, it is important to 

know the influence of the experimental conditions, such 

as the temperature, pH, and so on. However, our docking 

simulation cannot evaluate the effect of the temperature. 

This is because the docking simulation is based on the low-

est energy minimum conformation, which means that the 

obtained structure corresponds to the one at 0°K. Therefore, 

in future work, we will plan to perform the MD simulation 

where we can observe the absorption behavior of the IgG 

with temperature influence. Although we have not discussed 

the effect of the pH of the experimental condition in this 

work, a decrement of the adsorption at a low pH environ-

ment would be expected, because the interaction energies 

of acidic amino acid residues would reduce, as Asp and Glu 

would be protonated and have neutral states.

A

Glu309

Glu324 Glu274

Thr30
Thr29

Asn306Asn272

16.7
−9.8

−3.1

−4.3
−7.9

−2.5
−6.0

B C

D E F

Figure 7 Snapshots of the interactions among Glu, Asn, and Thr residues with the 
PS surface included in the Fc–on and Fab–Fc–on orientations.
Notes: Glu309, Glu324, Glu274, Asn272, and Asn306 in c-region are shown in (A) 
to (E), respectively. Thr29 and Thr30 in E region are shown in (F).
Abbreviations: Glu, glutamic acid; Asn, asparagine; Thr, threonine; Fab, fragment 
antigen-binding; Fc, fragment crystallizable.
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Conclusion
The interaction between IgG1 and the PS surface was inves-

tigated using the computational method. Docking simulation 

found three conformations with different orientations which 

have strong interaction between IgG1 and the PS surface. They 

are named as Fab–Fab–on, Fc–on, and Fab–Fc–on orientations 

in this work, according to the interacting sites of IgG1. The 

main driving force for the adsorption of IgG1 onto the PS sur-

face comes from Ser residues by the OH/π interaction, which 

originally comes from the mixture of the van der Waals and 

electrostatic interaction natures. The amino acid residues of 

Asp and Glu with negatively charged side chains were found 

to interact with the PS surface by anion–quadrupole interac-

tions. Although the anion–quadrupole interaction showed 

relatively large value compared to the CH/O, CH/N, CH/π, 

and NH/π interactions in these three orientations, all these 

multiple interactions would work cooperatively as a force to 

bind the IgG1 molecule onto the PS surface.
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