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Abstract: The adsorption of proteins on polymer is widely used in biosensors. Here, molecular dy-

namics (MD) simulation was used to study the immobilization of angiotensin converting enzyme II 

(ACE2) with six initial orientations proposed on polystyrene (PS) at the ambient conditions of pH 

(4.5, 6, 7, 8, 9.5) and NaCl (0.01, 0.05, 0.1, 0.15, 0.2, 0.25 M). ACE2 immobilization under favorable 

ambient conditions was characterized by minimum distance (short), settlement time (fast), interac-

tion energy (substantial) and protein configuration (stable). ACE2 orientations proposed in 0.15M 

NaCl were respectively preferable to (90, 0, 0), (0, 0, 0) and (0, 270, 0), (180, 0, 0) and (0, 90, 0), (90, 0, 

0) at pH 4.5, 6, 7, 9.5. ACE2 immobilization was further evaluated at pH 7 by optimizing NaCl con-

centration. Its proposed orientations of (i) (0, 270, 0), (ii) (0, 0, 0) and (90, 0, 0), and (iii) (0, 90, 0) and 

(90, 0, 0) were preferable in 0.05, 0.1 and 0.2 M NaCl, respectively. The great significance of cubic-

orientation settlement mode provides tangible improvement for the microfabrication of biochips for 

rapid diagnosis of severe acute respiratory syndrome coronavirus II (SARS-CoV-2). 

Keywords: Angiotensin converting enzyme II; Polystyrene; Molecular dynamics simulation; Ad-
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1. Introduction 

Protein adsorption on polymer membranes is reflected in many important applications, such as 

biomaterials [1,2], marine antifouling [3,4], diagnostic tools [5–7], food processing and packaging 

[8,9], health equipment [10,11], and medical products [12,13]. Polymer films with or without protein 

coating showed completely different characteristics, especially immobilization of specific proteins on 

surface acoustic wave (SAW) delay lines for biosensing applications [14]. Therefore, understanding the 

adsorption process of protein and polymer is very important for predicting, controlling, and manip-

ulating protein adsorption to design suitable composite membranes for expected applications [15]. 

The adsorption of protein on the polymer surface is complex. The charge distribution of protein and 

polymer [16,17], hydrophobicity [18,19], protein size [20,21], structural stability [18,22], polymer mo-

lecular weight [23–25], surface morphology [26–28], chemical properties [29–31], as well as ambient 

temperature [32], pH value [17,33], ionic strength [34,35] have significant effects on the adsorption 

process. 

The adsorption of protein on polymer has been widely reported [36–41] as summarized in Table 

1. The protein adsorption mechanism mainly focuses on one or more of van der Waals (VDW), elec-

trostatic and hydrophobic interactions. The interaction of bovine serum albumin (BSA) and poly (car-

boxybetaine methacrylate) (PCBMA) and hydrophilic poly [oligo(ethylene glycol) methyl ether meth-

acrylate] (POEGMA) in NaCl aqueous solution was studied by total internal reflection microscope 

(TIRM) [36]. Both surface charge and polymer brush length affect protein adsorption through elec-

trostatic repulsion and spatial repulsion, respectively. The adsorption mechanism of BSA on polyvi-
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nylidene difluoride (PVDF) surface was investigated by surface tension components (STC) and Han-

sen solubility parameters (HSP) theory [37]. The immobilization of BSA on the polymer was deter-

mined by static adsorption experiments. There was no direct correlation between the adsorption ca-

pacity of BSA and HSP, and the immobilized BSA was increased with increasing VDW component 

of surface tension. The comprehensive characterization of BSA on polyethersulfone (PES) surface was 

conducted by scanning electron microscope (SEM), attenuated total reflection-Fourier transform in-

frared (FTIR), contact angle, zeta potential [38]. Surface charge density measurement showed that the 

adsorption of BSA on PES was irreversible at pH > 4.7 due to the strong electrostatic interaction be-

tween BSA and PES. The amount of β-lactoglobulin adsorbed on PES membrane was calculated by 

Freundlich adsorption isotherm model [39]. The β-lactoglobulin dimer structure was dissociated into 

a monomer structure under acidic and alkaline conditions, and the hydrophobic interaction between 

the protein and the membrane enhanced the protein adsorption. The interaction between different 

immunoglobulins (IgG, IgA, IgM) and polystyrene (PS) nanoparticles with different surface charges 

[40], showed that different immunoglobulins had favorable interactions with neutral charged sur-

faces, and hydrophobic interactions were crucial for the adsorption of proteins and nanoparticles. 

Single-molecule microscopy was used to study the kinetics of α-Lactalbumin (α-LA) and Lysozyme 

at the interface of uncharged PS with different molecular weights [41]. The α-LA showed interfacial 

adsorption-desorption, while lysozyme experienced random walk at the interface, and the residence 

time of the two proteins depended on the molecular weight of the polymer. If the short-range hydro-

phobic interaction was dominated, the blocking kinetics displayed by lysozyme is determined by the 

free volume of PS. 

Table 1. Study on protein and polymer adsorption. 

Protein Polymers 
Environ-

ment 
Interaction 

Method/ 

theory  

BSA  

NaCl aque-

ous solution 

Electrostatic 

[36] 
TIRM 

 

Phosphate 

buffer solu-

tion (PBS 

pH 7.0, 0.1 

M) 

VDW [37] 
 STC, 

HSP 

BSA 

 

pH 4.7, 7, 10 

NaCl solu-

tion 

Electrostatic 

[38] 

Contact 

Angle, 

FTIR 

β-lactoglo-

bulin  

PBS (pH 3, 

5.2, 7, 9.5) 

Hydrophobic 

[39] 

Freun-

dlich 

model 

IgG、IgA

、IgM 

 

PBS 

Electrostatic 

Hydrophobic 

[40] 

Zeta po-

tential 

α-LA、Ly-

sozyme 

 10 mM 

HEPES 

buffer (pH 

7.2)  

Hydrophobic 

[41] 
TIRM 
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Mussel 

protein  

 

water 

VDW Elec-

trostatic [42] 

MD 

FN  

VDW Elec-

trostatic [43] 

 

Hydrogen 

bonds [44] 

FB、HSA 

 

VDW Elec-

trostatic Hy-

drogen 

bonds [45] 

HSA、FN 

 

Hydrophobic 

Hydrogen 

bonds [46] 

 

Despite experimental studies given an account of protein immobilization, it is still challenging 

to understand its molecular mechanism. The implementation of molecular dynamics (MD) is benefi-

cial to understand protein and polymer interaction phenomena [42–46]. The mussel protein on poly-

dimethylsiloxane (PDMS) and C7F16-SAM surfaces [42] was supposed to be a large conformational 

change, due to its hydrophobic residues facing outward. The potential of mean force (PMF) indicated 

that the binding ability of water molecules to PDMS had an important effect on a better combination 

with the membrane. The interplay between fibronectin (FN) and poly (ethylene glycol) and castor oil 

copolymers of hexamethylene diisocyanate-based polyurethanes (PEG-HDI and CO-HDI, respec-

tively) [43], concentrates hydrophobic residues at the N-terminal end of FN. The polymer surface 

determines the overall protein adsorption affinity, due to its roughness. Poly (trimethylamine N-ox-

ide) (PTMAO) zwitterionic polymer was designed to study its adsorption behavior with FN [44]. The 

strong hydration of PTMAO surface could cause less protein adsorption. The interaction of fibrino-

gen (FB) and human serum albumin (HSA) with 2-hydroxymethyl methacrylate (HEMA) and poly 

(2-methoxyethyl acrylate) (PMEA) membranes [45] were investigated. The binding strength between 

PMEA and FB was relatively weakened while hydrogen bonds dominated. The effect of polyurethane 

(PU) with different crosslinking densities of polypropylene glycol (PPG) and polytetramethylene gly-

col (PTMG)—interacting HSA and FN [46]—was determined by PEG concentration due to increasing 

hydrophobicity. As summarized in Table 1, most of MD research focuses on anti-fouling, the simu-

lation modelling is relatively simple. A feasible study on immobilizing proteins on SAW delay line 

[47] therefore become inevitable to further application and development of SAW based biosensors 

[48] for rapid diagnostic tools. 

COVID-19 caused by severe acute respiratory syndrome coronavirus II (SARS-CoV-2) has de-

veloped into a serious global public health event. If COVID-19 never goes away completely, it will 

be classified as an endemic disease. The entry of SARS-CoV-2 into target cells through its receptor 

angiotensin converting enzyme II (ACE2) will trigger various protective reactions, leading to severe 

lower respiratory tract infection and acute respiratory distress syndrome [49,50]. The immobilization 

of ACE2 on polymer membranes is beneficial to the development of biochips for the rapid diagnosis 
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of SARS-CoV-2. Here, the interaction of ACE2 and PS was thoroughly investigated by MD to pave 

the instructive way of fabricating SARS-CoV-2 biochips for combatting the global COVID-19 pan-

demic. The adsorption behaviors of ACE2 based on a cubic-orientation-settlement model was pro-

posed with six initial orientations on PS surface at ambient temperature, according to minimum dis-

tance between ACE2 and PS. The interaction energy between ACE2 and PS was calculated, indicating 

the stability of ACE2 immobilized. 

2. Modelling and Methods 

2.1 PS membrane structure 

The chemical formula of PS is supposed to be (C8H8)n, where n is the number of repeating units. 

PS monomer units were constructed using chemical modeling programs by the ORCA program [51]. 

The B3LYP and ωB97M-V functionals were used to optimize the geometric structure and calculate 

the single point energy [52]. The atomic charge of RESP (Restrained ElectroStatic Potential) [53] was 

calculated by the Multiwfn program, which evaluates the electrostatic potential involved in the anal-

ysis based on the efficient algorithm proposed in Reference [54]. The generalized AMBER force field 

is used to determine the intramolecular and intermolecular force constants of PS units [55]. The initial 

PS film was constructed randomly by 180 polymer chains in a 25×25×4 nm container. Each polymer 

chain has 10 PS monomer units, as shown in Figure 1a. 

All simulations were performed using the GROMACS (version 2021.5) program [56]. After initial 

PS was conducted by the energy minimization optimization configuration as shown in Figure 1b, the 

velocity rescaling with a coupling time of 0.1 ps was at 300 K for 20 ns NVT simulation in Figure 1c. 

Finally, a Parrinello-Rahman pressure stabilizer with a coupling time of 2 ps is at 1 atmosphere for 

30 ns NPT simulation in Figure 1d. During NPT simulation, the temperature was initially increased 

to 500 K at a rate of 0.02 K/ps, then decreased to 300 K at the same rate, maintaining at 300 K until the 

end of the simulation [57]. The PS density (12.4×12.4×2.0 nm) was 1.02 g/cm3, which was close to the 

experimental density of 1.05 g/cm3 [58]. 

 

Figure 1. The morphology of PS simulation process. (a) initial PS. (b) energy minimization, (c) NVT 

pre-equilibrium, (d) NPT simulation. 

2.2 ACE2 Structure and Charge 

The three-dimensional ACE2 structure as shown in Figure 2a was derived from the protein da-

tabase (PDB ID: 1R42) [59], and the ligand was deleted using the VMD (version 1.9.3) program [60]. 

The structure contains a total of 597 amino acid residues as illustrated in Table S1 as charged and not 

charged. Swiss PDB Viewer (version 4.1.0) was used to check the protein structure for missing atoms 

[61]. The pKa value and total charge of amino acid residues of ACE2 under different conditions were 

calculated by H++ program [62]. The AMBER99sb force field was to simulate the parameters of ACE2 

[63]. The protonation process of ACE2 was performed by GROMACS. Specifically, the protonation 

states of acidic and basic amino acids were determined by the pH and pKa values of the side chain 
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and terminal –NH2/–COOH groups [64]. GROMACS allows the manipulation of the protonated state 

of these five amino acid groups, such as ASP and GLU with carboxylic acid groups on their side 

chains, while acidic LYS, CYS and HIS with amino, thiol and imidazole rings on their side chains are 

alkaline. The total charge of ACE2 calculated based on pKa values is shown in Table S2. 

 

Figure 2. Cubic-orientation settlement of ACE2 immobilized on polystyrene. (a) Six initial orientations 

of ACE2. Different colors represent the properties of amino acids: white is non-polarity, blue is alka-

line, red is acidity, and green is polarity; (b) The initial structure of ACE2 was to settle on PS, sodium 

ions are shown in silver. 

2.3 Simulation Procedure—cubic-orientation model 

As shown in Figure 2a, six initial orientations of ACE2 were to study its proposed settlement on 

the condensed PS (12.4×12.4×2.0 nm) as predicted in Figure 1d. To easily distinguish each orientation, 

the cubic coordinates (m, n, 0) are used to represent the different initial orientations of ACE2. Where 

m and n denote the angles of counterclockwise rotation around x and y axes respectively. 

The initial position of ACE2 and PS is shown in Figure 2b. The initial distance between the center 

of mass of ACE2 and PS assemblers was set to about 5.4 nm. Na+ was added to neutralize the negative 

charge of ACE2, without H2O within 0.3 nm. There are two respective aqueous solutions of 2 and 3 

nm layers above ACE2 and PS. In addition, there is a minimum gap of at least 2 nm between ACE2 

and simulation boundaries to avoid its mirror image. The aqueous solutions were pH 4.5, 6, 7, 8, 9.5 

at 0.15 M NaCl and 0.01, 0.05, 0.1, 0.15, 0.2, 0.25 M NaCl at pH 7. 

The interaction of ACE2-PS energy optimization was first to eliminate conformational overlap. 

And then, both NVT and NPT were performed respectively at 20 and 30 ns to equilibrate. Finally, the 

statistical information of ACE2 settlement were collected for a 100 ns MD simulation. The PS assem-

blers as shown in Figure 2b was fixed in Z-axis. The PME (Particle Mesh Ewald) method was used to 

deal with the long-range electrostatic interaction [65], and the Coulomb and VDW cutoff values are 

1.0 nm. The V-rescale method was used to control the temperature [66], and the LINCS algorithm 

was selected to constrain the bond of the molecule [67]. For solvent water, the single point charge 

(SPC) model was selected [68]. The simulation time step was 2 fs, and the system trajectory was stored 

every 10 ps. GROMACS and VMD programs were used to analyze and visualize the simulated tra-

jectory. The number of atoms used in MD simulation is shown in Table S3. 
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3. Results and Discussion 

3.1 Minimum Distance 

The interaction of ACE2 and PS was firstly characterized by the minimum separation distance 

(d). The d values in Figure 3 are different due to the energy minimization, relaxation, and equilibrium 

steps during 100 ns simulation. The d values were predominately controlled by ACE2 orientations 

and its circumstances, especially pH. The decrease of d indicated that ACE2 had the much favorable 

attachment towards PS, the critical d value was found to be 0.25 nm. 

3.1.1 pH Effect 

The settlement efficiency of ACE2 in solution towards stationary phase of PS as illustrated in 

Figure 2b was characterized by counting d value ≤ 0.25 nm proportions within 100 ns, representing 

N/10000 fraction (N: the number of snapshots with d value ≤ 0.25 nm). The total fraction was calcu-

lated by the total cubic orientations over 600 ns. There was no significant difference of total fraction 

as shown in Table 1. The higher one was only 0.662 appeared at pH6, followed by pH 4.5, 9.5, 7, 8 

(0.57, 0.56, 0.55, 0.51) in 0.15 M NaCl. As individual fraction above 0.8 bolded in Table 1, it did open 

a new way to investigate cubic-orientation-settlement mechanism for microfabrication of biochips. 

Table 1. Effect of pH on adsorption time fractions of ACE2 evaluated in 0.15 M NaCl. 

pH 4.5 6 7 8 9.5 

(0, 0, 0) 0.651 0.798 0.324 0 0.668 

(0, 90, 0) 0.603 0.941 0.962 0.844 0.970 

(0, 270, 0) 0.560 0.845 0.618 0.829 0 

(90, 0, 0) 0.880 0.724 0.060 0.704 0.892 

(180, 0, 0) 0.532 0.662 0.813 0.647 0.347 

(270, 0, 0) 0.178 0 0.530 0.006 0.451 

Total 0.567 0.662 0.551 0.505 0.555 

Both d and settlement time of six initial orientations of ACE2 at various pH of 0.15 M NaCl were 

shown in Figure 3. ACE2 (0, 0, 0) had a relatively fast 19 ns at pH 6, followed by 34 ns at pH 4.5. The 

adsorption rates of 67 and 56 ns were relatively slow at pH 7 and 9.5, respectively. At pH 9.5, adsorp-

tion temporarily occurred at pH 9.5 from 10 to 30 ns. The d of pH 8 fluctuated greatly with time, there 

was no adsorption within 100 ns as indicated as 0 fraction in Table 1. ACE2 (0, 90, 0) had much faster 

adsorption rates at pH 6, 7, 8 and 9.5, and settled at 6, 3.5, 10.5 and 3 ns, respectively. There was 

temporary adsorption at pH 4.5 within 10-53 and 75-91 ns time frames. ACE2 (0, 270, 0) had relatively 

fast adsorption rates of 8.5 and 17 ns at pH 6 and 8, respectively. The adsorption rates were relatively 

slow at pH 4.5 and 7, appeared approximately at 52 and 45 ns, respectively. ACE2 settlement fluctu-

ated at pH 4.5 and 7 within 15.5-25 and 25-37 ns time frames, respectively. The d of pH 9.5 fluctuated 

greatly within 100 ns. ACE2 (90, 0, 0) had relatively fast adsorption rates of respective 12.5 and 7 ns 

at pH 4.5 and 9.5, followed by pH 6 and 8, at 23 and 28 ns, respectively. There was a temporary 

adsorption as occurred at pH 7 from 4 to 12 ns. 
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Figure 3. The profile of d vs settlement time of ACE2 six initial orientations towards stationary PS 

under various pH of 0.15M NaCl. Six initial orientations of a Cubic: (a) (0, 0, 0); (b) (0, 90, 0); (c) (0, 

270, 0); (d) (90, 0, 0); (e) (180, 0, 0); (f) (270, 0, 0); 1, 2, 3 represent pH with relatively fast adsorption 

rate, followed by reasonable adsorption rate, and no adsorption, respectively. 
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ACE2 (180, 0, 0) had a relatively fast adsorption rate of 15 ns at pH 7, followed by 30.5 and 36 ns 

at pH 6 and 8, respectively. The adsorption rate was relatively slow at pH 4.5 and 9.5, it was respective 

52 and 66 ns. There was d fluctuation from 17 to 28 ns at pH 8. ACE2 (270, 0, 0) had the slower ad-

sorption rates of 85.5, 49 and 68.5 ns at pH 4.5, 7 and 9.5, respectively. There was temporary adsorp-

tion from 44 to 55 ns at pH 9.5. The d of pH 6 and 8 fluctuated greatly within 100 ns. Therefore, ACE2 

(0, 90, 0) initial orientation at pH 6, 7, 8, 9.5 is much more favorable settlement towards PS, while (270, 

0, 0) orientation is not ideal in 0.15 M NaCl. 

3.1.2 NaCl Effect 

The individual and total fractions of ACE2 six initial orientations in Table 2 were characterized 

and calculated as the same methodology as discussed in Section 3.1.1. Regarding total fractions, 0.15 

M NaCl was optimum (i.e., 0.55) solution, while 0.01 M NaCl was only 0.14. The ionic strength could 

have an important influence on the interaction of ACE2 and PS. The immobilization of ACE2 was 

increased and then declined with increasing NaCl. 

Table 2. Effect of NaCl on adsorption time fractions of ACE2 evaluated at pH 7 

NaCl (M) 0.01 M 0.05 M 0.1 M 0.15 M 0.2 M 0.25 

（0, 0, 0） 0.017 0.002 0.984 0.324 0.043 0 

（0, 90, 0） 0.001 0.867 0 0.962 0.949 0.904 

（0, 270, 0） 0.298 0.906 0.209 0.618 0.014 0.489 

（90, 0, 0） 0.322 0.068 0.904 0.060 0.877 0.208 

（180, 0, 0） 0.088 0.670 0.166 0.813 0.123 0.059 

（270, 0, 0） 0.095 0.118 0.327 0.530 0.402 0.362 

Total 0.137 0.439 0.432 0.551 0.401 0.337 

As shown in Figure 4, ACE2 settlement time on stationary PS was characterized by various NaCl 

concentrations at pH 7. ACE2 (0, 0, 0) had just 1 ns settled on PS in 0.1 M NaCl, its adsorption rate 

was relatively slow and fluctuated till 67 ns in 0.15 M NaCl. There was temporary adsorption of ACE2 

within 4.5-10 ns time frame in both 0.2 and 0.25 M NaCl. The d of 0.01, 0.05, 0.25 M NaCl fluctuated 

greatly, there was no settlement at all. ACE2 (0, 90, 0) had a relatively fast adsorption rate in high 

NaCl concentration, respectively settled at 9, 3.5, 5.5 and 10 ns, except in 0.01 or 0.1 M NaCl solution. 

ACE2 (0, 270, 0) had a relatively fast adsorption 10 ns rate in 0.05 M NaCl, the rest was relatively slow 

at 73, 78, 45 and 57 ns, respectively. There was although temporary adsorption in 0.15 M NaCl within 

25-37 ns, the d fluctuated greatly in 0.2 M NaCl. ACE2 (90, 0, 0) had a relatively fast adsorption 13 ns 

rate in 0.2 M NaCl, followed by 22 ns in 0.1 M NaCl. The adsorption rate of 0.01 M NaCl was relatively 

slow at 69 ns. There was almost temporary adsorption occurred, such as 0.05, 0.1, 0.15, 0.25 M NaCl 

within 68-74 and 79-84, 5-18, 4-12, 71.5-95 ns, respectively. ACE2 (180, 0, 0) had a reasonable adsorp-

tion 15 ns rate in 0.15 M NaCl, followed by 35.5 ns in 0.05 M NaCl. The immobilization of ACE2 was 

relatively slow in low and high concentrations, such as respective 0.01, 0.1 and 0.2 M NaCl at 93.5, 

84.5 and 88 ns. The d of 0.25 M NaCl fluctuated greatly, there was no sign of immobilization. The 

immobilization of ACE2 (270, 0, 0) in 0.05, 0.15 and 0.2 M NaCl was only triggered at 89, 49 and 57.5 

ns, respectively. There was temporary adsorption occurred in 0.1, 0.25 M NaCl within 8.5-20 and 29-

46, 28.5-40 ns time frames, respectively. There was no immobilization in lower 0.01 M NaCl concen-

tration. Therefore, ACE2 (0, 90, 0) initial orientation has effective immobilization, while (0, 0, 0) was 

almost none. 
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Figure 4. The profile of d vs settlement time of ACE2 six initial orientations towards stationary PS in 

NaCl solution at pH 7: Six initial orientations of a Cubic: (a) (0, 0, 0); (b) (0, 90, 0); (c) (0, 270, 0); (d) (90, 

0, 0); (e) (180, 0, 0); (f) (270, 0, 0); 1, 2, 3 represent NaCl concentrations with relatively fast adsorption 

rate, followed by reasonable adsorption rate, and no adsorption, respectively. 
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3.2 Interaction Energy 

The interaction energy is becoming more and more popular in explaining the adsorption be-

tween membrane and protein [69-71]. The VDW interaction energy and electrostatic interaction en-

ergy of proteins with six initial orientations proposed were investigated to quantitate interaction be-

tween ACE2 and PS. 

3.2.1 pH Effect 

The interaction energy of six ACE2 initial orientations and PS was characterized by the effect of 

pH in 0.15 M NaCl as shown Figure 5. The total interaction energy of ACE2 (0, 0, 0) at pH 8 was 

higher, almost no adsorption with PS. The unstable total interaction energy finally ranging from -200 

to -300 KJ/mol at pH 4.5, 6, 7 and 9.5 was mainly attributed to VDW. The total interaction energy of 

ACE2 (0, 90, 0) with PS at pH 6 was relatively stable at -250 KJ/mol dominated by VDW, while the 

others were unstable and fluctuated except pH 9.5 only with 20 ns. ACE2 (0, 270, 0) at pH 9.5 had 

almost no adsorption, the total interaction energy of the others was continuously negative, especially 

-350 KJ/mol at pH 6. Both initial orientations (0, 90, 0) and (0, 270, 0) of ACE2 at pH 6 were in a similar 

situation dominated by VDW. ACE2 (90, 0, 0) at pH 7 had almost no adsorption, the rest of total 

interaction energy was continuously negative. Especially, the total interaction energy of ACE2 (90, 0, 

0) had stable -350 KJ/mol reached by respective VDW and electrostatic interactions at pH 6 and 9.5. 

ACE2 (180, 0, 0) showed a continuous negative total interaction energy, the maximum -450 KJ/mol 

dominated by VDW was reached at pH 7. ACE2 (270, 0, 0) at pH 7 also showed a relatively stable 

interaction of -250 KJ/mol with PS by mainly VDW. Interesting, there was almost no adsorption with 

PS at pH 6 and 8, except subtle adsorption at both pH 4.5 and 9.5. 

The interaction energy is dominated by VDW, while initial orientation (90, 0, 0) is contributed 

by both VDW and electrostatic interactions, especially equaled as -150 KJ/mol at pH 9.5. 

3.2.2 NaCl Effect 

The interaction energy of six ACE2 initial orientations and PS was characterized by the effect of 

NaCl at pH 7 as shown Figure 6. ACE2 (0, 0, 0) in 0.1 and 0.15 M NaCl had appropriate immobiliza-

tion, and respectively reached -300 and -250 KJ/mol attributed by both VDW and electrostatic inter-

actions. The rest of the high and low NaCl concentration was almost no immobilization of ACE2 on 

PS. The total interaction energy of ACE2 (0, 90, 0) in 0.2 M NaCl reached -400 KJ/mol, attributed by 

both -300 KJ/mol VDW and -100 KJ/mol electrostatic interactions. There was almost no immobiliza-

tion in 0.01 and 0.1 M NaCl, except for 0.05, 0.15, and 0.25 M NaCl with subtle interaction energy 

from -100 to -150 KJ/mol. ACE2 (0, 270, 0) in 0.2 M NaCl had almost no immobilization, nevertheless 

total interaction energy of ACE2 immobilized in the rest of NaCl was from -100 to -350 KJ/mol. The 

total interaction energy of ACE2 (90, 0, 0) in 0.1 and 0.2M NaCl reached -300 and -200 KJ/mol, respec-

tively. ACE2 (90, 0, 0) in 0.01 M NaCl interestingly had -100 KJ/mol total interaction energy, there 

was almost no immobilization in the rest of NaCl solution. ACE2 (180, 0, 0) in all kinds of NaCl im-

mobilized on PS, except in 0.25 M NaCl. Total interaction energy reached up to -450 KJ/mol in 0.15 M 

NaCl, due to -350 KJ/mol contribution from VDW. Like ACE2 (90, 0, 0), the low concentration of 0.05 

M NaCl also attributed -400 KJ/mol total interaction energy. However, there was almost no ACE2 

(270, 0, 0) immobilization in low NaCl concentrations such as 0.01 and 0.05 M NaCl. ACE2 (270, 0, 0) 

in high NaCl concentrations greater than 0.1 M NaCl showed subtle values of total interaction energy 

ranging from -100 to -250 KJ/mol, mainly attributed to the low interaction energy of VDW and elec-

trostatic interaction. 

The VDW interaction dominates ACE2 immobilization, especially two scenarios of ACE2 (180, 

0, 0) in 0.15 M NaCl and ACE2 (0, 90, 0) in 0.2 M NaCl, respectively -350 KJ/mol VDW vs -450 KJ/mol 

total and -300 KJ/mol VDW vs -400 KJ/mol total. There will be speculation that specific immobilization 

in lower concentrations, such as ACE2 (180, 0, 0) with -400 KJ/mol in 0.05 M NaCl, and ACE2 (90, 0, 

0) with -100 KJ/mol in 0.01 M NaCl. 
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Figure 5. Effect of pH on the interaction energy of ACE2 six initial orientations with PS in 0.15 M 

NaCl. Six initial orientations of a Cubic: (a) (0, 0, 0); (b) (0, 90, 0); (c) (0, 270, 0); (d) (90, 0, 0); (e) (180, 0, 

0); (f) (270, 0, 0); 1, 2, 3 represent the total, VDW, electrostatic interaction energy, respectively. 
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Figure 6. Effect of NaCl on the interaction energy of ACE2 six initial orientations with PS at pH 7. Six 

initial orientations of a Cubic: (a) (0, 0, 0); (b) (0, 90, 0); (c) (0, 270, 0); (d) (90, 0, 0); (e) (180, 0, 0); (f) 

(270, 0, 0); 1, 2, 3 represent the total, VDW, electrostatic interaction energy, respectively. 
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3.3 Adsorption Behavior 

The parameters characterizing the adsorption behavior of ACE2 on PS surface at various pH 

(4.5, 6, 7, 8, 9.5) of 0.15 M NaCl were shown in Table S4. The overall configuration and stability of 

ACE2 were measured by calculating the root mean square deviation (RMSD) of ACE2 C-alpha rela-

tive to the initial structure and the radius gyration (Rg) of the protein. ACE2 immobilization on PS 

was captured in 0.15 M NaCl, as shown in Figure 7. As tabulation illustrated, there were favorable 

initial orientations quantified by settlement time, interaction energy level and ACE2 Rg, due to rela-

tively fast, substantial bonding and stable configuration. It will provide instructive information to 

possibly immobilize ACE2 in 0.15 M NaCl. 

 

Figure 7. The immobilization of ACE2 on PS under the optimal conditions of 0.15 M NaCl. (a) pH 4.5 

(90, 0, 0); (b) pH 6 (0, 0, 0); (c) pH 6 (0, 270, 0); (d) pH 7 (180, 0, 0); (e) pH 7 (0, 90, 0); (f) pH 9.5 (90, 0, 

0). 1, 2, 3 represent the initial, start and final state, respectively. The energy and RMSD/Rg were aver-

aged at the last 5 ns. 
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The parameters characterizing the adsorption behavior of ACE2 on PS surface at various NaCl 

concentrations (0.01, 0.05, 0.1, 0.15, 0.2, 0.25 M) at pH 7 were shown in Table S5. ACE2 immobilization 

on PS was captured at pH 7, as shown in Figure 8. As tabulation illustrated similarly as Figure 7, 

favorable initial orientations were summarized by quantitative settlement time, interaction energy 

level and ACE2 Rg. It will provide an instructive way to possibly immobilize ACE2 at pH 7, based 

on its relatively fast, substantial bonding and stable configuration. 

 

Figure 8. The immobilization of ACE2 on PS under the optimal conditions of pH 7. (a) 0.05 M NaCl 

(0, 270, 0); (b) 0.1 M NaCl (0, 0, 0); (c) 0.1 M NaCl (90, 0, 0); (d) 0.15 M NaCl (180, 0, 0); (e) 0.2 M NaCl 

(0, 90, 0); (f) 0.2 M NaCl (90, 0, 0). 1, 2, 3 represent the initial, start and final state, respectively. The 

energy and RMSD/Rg were averaged at the last 5 ns. 
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4. Conclusions 

The immobilization of ACE2 on polymer is conducive to the development of real-time and in-

situ diagnostic SARS-CoV-2 biochips. A cubic-orientation settlement mode was successfully pro-

posed for ACE2 immobilization. The adsorption behaviors of ACE2 initial orientations on PS was 

studied using MD simulation at ambient temperature, by optimizing pH and NaCl parameters. The 

results evidenced that the VDW interaction energy dominates substantial bonding between ACE2 

and PS. The adsorption rate of ACE2 in 0.15 M NaCl preferred pH 4.5 and 9.5 for (90, 0, 0), while pH 

6, 7 for (0, 0, 0) and (0, 270, 0), (180, 0, 0) and (0, 90, 0), respectively. At pH 7 ambient temperature, 

ACE2 in 0.05, 0.1, 0.2 M NaCl respectively preferred (0, 270, 0), (0, 0, 0) and (90, 0, 0), (0, 90, 0) and 

(90, 0, 0) initial orientations, due to relatively fast, substantial bonding and stable configuration. It 

will provide a new conducive way to optimize suitable curing protein conditions. 

 

 

Supplementary Materials: The following supporting information can be downloaded at the 

website of this paper posted on Preprints.org., Table S1: Number of amino acid residues in ACE2; 

Table S2: Total charge of ACE2 under different conditions; Table S3: The number of atoms used in 

MD simulation; Table S4: Parameters characterizing the adsorption behavior of ACE2 on PS surface 

at different pH values of 0.15 M NaCl, energy and RMSD/Rg were averaged in the last 5 ns; Table S5: 

Parameters characterizing the adsorption behavior of ACE2 on PS surface with different NaCl con-

centrations, energy and RMSD/Rg were averaged in the last 5 ns. 
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