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Abstract

The environmentally friendly modification of chemical pollutants lacks the research of multiple-site 
simultaneous modification. In addition, there is a lack of efficient screening methods for multiple-sites 
of molecules, such as polychlorinated biphenyls and their derivatives. In this study, three-dimensional 
quantitative structure-activity relationship (3D-QSAR) models were established using experimental 
bioconcentration factor (BCF) data on 58 polychlorinated biphenyls (PCBs). Based on the experimental 
and predicted values by 3D-QSAR, a 210−3 fractional factorial design with a resolution of V was 
used to evaluate the effects of molecular modification (single, double, or triple) at different positions 
on PCB bioconcentration. Finally, molecular docking technique was used to explore the mechanism 
of bioconcentration in the receptor of PCBs before and after multiple-site modification. The results 
showed that ten substitution solutions of main effect, second-order interaction effect and third-order 
interaction effect that significantly influenced the bioconcentration of dioxin-like PCBs were obtained. 
Two derivatives prepared by modification of the substituents at two sites were decoupled from the 
bioconcentration effect. In addition, Molecular docking results showed that the main factors affecting 
PCB bioconcentration were the degree of matching between hydrophilic/hydrophilic amino acid 
residues near the binding site and non-covalent forces formed after binding of the ligand to the receptor. 
The above results explore the rationality of modification schemes for low bioconcentration molecules, 
and provide theoretical design reference for non-bioconcentration PCBs substitutes.
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Introduction

The polychlorinated biphenyls (PCBs) are 209 
congeners with distinct chlorine-substituted biphenyl 
structures, and were among the first of 12 compounds 
to be designated as persistent organic pollutants under 
the Stockholm Convention. Because of their extremely 
stable physical and chemical properties, good electrical 
insulation, high heat resistance, and low flammability, 
PCBs have been used extensively as dielectric fluids for 
capacitors and transformers, flame retardants, and in a 
variety of the other commercial products [1]. From the 
1930s through the mid-1970s, the production of PCBs 
was used in a wide range of industrial applications 
[2]. Since the 1980s, various countries have gradually 
stopped production of PCBs [3], but large quantities of 
commercial PCB mixtures are still present in electrical 
systems, landfills, and stored on land [4]. Consequently, 
humans will be exposed to these persistent pollutants in 
the environment for centuries [5]. 

The Cl isomer ratios in a commercial mixture of 
PCBs [4] indicated that most were trichlorobiphenyl 
to heptachlorobiphenyl isomers, followed by 
chlorobiphenyl and dichlorobiphenyl isomers, and 
finally octachlorobiphenyl and decachlorobiphenyl 
isomers. It is estimated that about 65% of the PCBs 
produced in the world are present in electrical systems, 
landfills, or in stores on land, 31% are lost to the 
environment, and the rest are degraded or incinerated 
[4]. Studies on PCBs in lichens in parts of Ontario, 
Canada have found that the predominant PCBs 
that accumulate in lichens are trichlorobiphenyl to 
octachlorobiphenyl isomers [6]. In Arctic seabirds, the 
main PCBs that accumulated were trichlorobiphenyl to 
decachlorobiphenyl isomers [7]. The PCBs present in 
sharks in Greenland were mainly trichlorobiphenyl to 
nonachlorobiphenyl isomers [8]. These studies indicate 
that although more chlorobiphenyl and dichlorobiphenyl 
isomers are produced and enter the environment than 
octachlorobiphenyl to decachlorobiphenyl isomers, the 
amounts of octachlorobiphenyl to decachlorobiphenyl 
isomers detected in vivo are much less. This shows 
that a high degree of chlorination makes it easier for a 
PCB to concentrate in an organism than a low degree of 
chlorination.

The concentration of PCBs detected in soil from  
the center of Pristina, Kosovo and Metohija was  
168.57 μg/kg [9]. PCBs have been detected in the air in 
Brasilia, Brazil, and attributed to persistent use of old 
equipment containing PCBs [10]. In US and Canadian 
rivers, PCBs have been detected at 0.63 ng/L and 
0.09 ng/L, respectively [11]. The concentration range 
for PCBs detected in vegetables on British organic 
farms was 0.83-2.68 µg/kg [12]. PCBs have been also 
detected in egg yolks [13], fish [14], birds [15], and 
human blood [16], adipose tissue [17], and hair [18]. 
PCB concentrations in breastmilk from women in urban 
and rural areas in Zhejiang Province, China [19] were 
2.66-3.90 pg/g and 1.83-2.27 pg/g, respectively, and may 

threaten the health of the next generation. In Belgium, 
PCBs were detected in human adipose tissue and livers 
at average concentrations of 490 ng/g and 380 ng/g, 
respectively, and the concentrations were observed to 
increase with age, which suggested that food and air 
may be the main sources for human exposure to these 
chemicals [20]. Accumulation of PCBs in the human 
body can indirectly cause lesions in internal organs 
[21], the endocrine system [22], and the reproductive 
system [23].

The bioconcentration potential of a chemical 
is normally expressed as a bioconcentration factor 
(BCF), which is defined as the concentration ratio of 
a chemical inside an organism to its concentration in 
the surrounding environment. The BCF of a chemical 
can be used to assess its environmental risks and for 
classification of dangerous substances [24]. Ivanciuc et 
al. [25] developed a quantitative superstructure-activity 
relationship (QSSAR) method to predict logBCF values 
for 151 PCBs. However, conducting many molecular 
structure alignment analyses using the QSSAR 
method is time-consuming. In addition, this method 
does not consider the spatial orientation of the ligand 
and receptor interaction. The QSSAR method cannot 
quantitatively correlate the force field distribution 
around the molecule with active sites that affect the 
BCF values of PCBs for molecular design. Melo [26] 
used a two-dimensional quantitative structure-property 
relationship method to predict the logBCF values of 
209 PCBs. Because of the large number of quantum 
chemical descriptors of PCBs, the established two-
dimensional quantitative structure-property (2D-QSPR) 
relationship model could not accurately represent 
the influence of structural parameters on the BCFs. 
A three-dimensional quantitative structure–activity 
relationship (3D-QSAR) model was established by Liu 
to analyze PCB bioconcentration [27], but it did not 
use both the CoMFA and CoMSIA methods. Compared 
with the CoMSIA method, the CoMFA method lacks 
contribution rate analysis of the hydrophobic, hydrogen 
bond donor, and hydrogen bond acceptor fields. 
The use of only the CoMFA method to describe the 
structures and properties of PCBs has limitations. Xu 
et al. [28] used a fractional factorial design method to 
perform molecular modification studies of substitution 
at one or two sites (e.g., the 2, 5, or 5’ sites) that 
affect the persistence of PCBs. This proves that the 
double substitution has certain effect in the molecular 
modification. However, they did not consider the 
effect of substitution at the 3, 3’, 6, and 6’ sites or the 
effect of substitution at three sites on the environment 
persistence of PCBs. In view of the limitations of these 
methods, this study attempts to make a breakthrough 
and research the potential advantages of multiple-sites 
molecular modification.

The aim of this study is to explore the influence 
of third-order interactions on the bioconcentration 
of PCBs using 3D-QSAR and fractional factorial 
design methods, and determine an optimum design for 
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PCBs that do not bioconcentrate, aiming to provide 
a different theoretical method for future research of 
PCBs derivatives. These methods were combined 
with molecular docking to analyze the reasons for the 
decrease in bioconcentration after binding of PCBs with 
receptors. The design route of novel PCBs multiple-site 
modifications has shown in Fig. 1.

Materials and Methods  

Construction and Analysis the 3D-QSAR Model 
of PCB Bioconcentration

Experimental logBCF data for 58 PCBs [25] and 
their structural parameters were used as dependent 
and independent variables, respectively, to establish 
3D-QSAR models. The data set was divided into a 
training set (48 compounds) for 3D-QSAR model 
generation and a test set (10 compounds) for model 
validation. Construction of the 3D-QSAR model was 
based on CoMFA and CoMSIA methods.

In this study, drawing the PCBs molecular 
structures using SYBYL-X 2.0 molecular modeling 
software package (Fig. 2). The resulting structures 

were not the most stable conformations, so the 
energy minimized structures were used as the initial 
conformations for molecular alignment process. The 
geometry of PCBs molecular was then optimized using 
the Tripos force field with Gasteiger-Hückel charges. 
Repeated minimizations were performed using the 
Powell method with a maximum iteration of 10,000 
to achieve an energy convergence gradient value of  
0.005 kJ/mol. Ligand-based alignment was used to 
derive the best possible 3D-QSAR statistical model. The 
3,3’,4,4’,5,5’-Hexachlorobiphenyl (PCB-169) molecule 
which has the highest logBCF value was used as the 

Fig. 1. The design route of novel PCBs multiple-site modifications.

Fig. 2. Molecular structures of PCBs (R and R’ represent H or 
Cl atoms).
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template to align the other compounds using the Align 
Database command in the SYBYL software.

The CoMSIA model was calculated using a carbon 
probe atom that added the hydrophobic, hydrogen bond 
donor, and hydrogen bond acceptor fields compared 
with those in the CoMFA method. Although the 
CoMSIA method can overcome inherent defects of the 
CoMFA method, it does not necessarily provide better 
results [29]. In this study, the CoMFA and CoMSIA 
methods were used to supplement each other and obtain 
reliable prediction models.

In the PLS analysis, the leave-one-out procedure 
was performed to determine the optimum number 
of components (n) and the cross-validation 
correlation coefficient (q2) for the correlation models. 
Simultaneously, non-validation analysis has performed 
[30], and the conventional multiple correlation 
coefficient (r2), standard error of the estimate, Fisher test 
value (F), and the contribution rate of each molecular 
field have calculated. The cross-validation method 
was used to test whether the model had high external 
predictive ability [31], and the correlation coefficient 
for test set predictions (r2pred) and the standard error of 
prediction were calculated.

Multi-Site Substitution Solutions for Reducing PCB 
Bioconcentration Based on a 210−3 Fractional 

Factorial Design with a Resolution of V

A fractional factorial design was conducted using 
the factorial design module of Minitab. The results 
were used to identify substituent positions that affected 
the logBCF values of the PCBs. In an experimental 
table, the factor represents the number of active 
substitution sites and each factor contains two different 
levels. To ensure the accuracy of generated results, 
we used a design with 10 factors, 2 levels, and the 

highest possible resolution (V) to generate a table of 
active PCB substitution sites. The logBCF data were 
input as controllable fixed factors in the experimental 
table to generate normal distribution maps of PCB 
bioconcentration. The main (one substitution site), 
second-order interaction (two substitution sites), and 
third-order interaction (three substitution sites) effects 
on PCB bioconcentration were analyzed. 

The replacement characteristics of the PCBs were 
analyzed with multi-order effect factor maps, and only 
the model of this paper could supply more substituent 
positions (single, double and triple binding sites) than 
previous literatures (no triple binding sites) (Table 1). 
The model was considered reliable and acceptable if 
q2 (the cross-validated value) was higher than 0.50 
and r2 (the coefficient of determination) was higher 
than 0.90 [28]. A value of 1 implies that a linear 
correlation coefficient (R) describes the relationship 
between experimental data and predicting ones 
perfectly [32]. A residual graph was established for 
the model to verify the reliability of the PCB data. We 
analyzed the graph of residual normal distribution, the 
residual histograms, the distribution graph of residual 
and fitting values, the distribution graph of residuals, 
and the data sequence.

Dioxin-like PCBs are the most toxic of 209 
congeners, including alteration of immune system 
function, developmental and neurodevelopmental 
effects, and increased risk of cancer. Four 
nonortho substituted congeners and eight mono-
ortho congeners (3,3’,4,4’-Tetrachlorobiphenyl 
(PCB-77), 3,4,4’,5-Tetrachlorobiphenyl (PCB-
81), 3,3’,4,4’,5-Pentachlorobiphenyl (PCB-
126), 3,3’,4,4’,5,5’-Hexachlorobiphenyl (PCB-
169), 2,3,3’,4,4’-Pentachlorobiphenyl (PCB-105), 
2,3,4,4’,5-Pentachlorobiphenyl (PCB-114), 
2,3’,4,4’,5-Pentachlorobiphenyl (PCB-118), 

Table 1. Comparison of model parameters in this manuscript with those in previous predictions.

Molecular q2/ (q2>0.5) r2/ (r2>0.9) R Model Molecular modification Reference

PCBs
0.875 0.946 0.9779 CoMFA

Single, double, and triple In this manuscript
0.888 0.943 0.9799 CoMSIA

PCNs 0.996 0.968 0.986 CoMSIA Single, double [33]

PCNs
0.966 0.992 0.939 CoMFA

Single [34]
0.976 0.991 0.945 CoMSIA

PCNs
0.586 1 0.998 CoMFA

Single, double [35]
0.833 1 1 CoMSIA

PCPs 0.718 0.985 0.992 CoMSIA Single [36]

PCBs
- - 0.908 Cluster expansion

- [25]
- - 0.959 Splinoid poset

PCBs - - 0.901 QSPR - [26]

PCBs 0.821 0.926 0.962 CoMFA - [27]
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2,3’,4,4’,5’-Pentachlorobiphenyl (PCB-123), 
2,3,3’,4,4’,5-Hexachlorobiphenyl (PCB-156), 
2,3,3’,4,4’,5’-Hexachlorobiphenyl (PCB-157), 
2,3’,4,4’,5,5’-Hexachlorobiphenyl (PCB-167) and 
2,3,3’,4,4’,5,5’-Heptachlorobiphenyl (PCB-189)) 
constitute 12 dioxin-like PCBs. PCB-189 is the molecule 
with the largest number of substitution sites. As the 
most representative molecule of dioxin-like PCBs, this 
study selected PCB-189 as an example to conduct the 
study of multiple-site molecular modification of dioxin-
like PCBs to eliminate bioconcentration. 

Calculation of Quantum Chemical Descriptors 
for the PCB-189 Derivatives

Before and after modification of PCB-189, six 
quantum chemical descriptors (total energy, energy 
gap, C-Cl bond dissociation enthalpy, frequency, Gibbs 
free energy, and energy barrier) were calculated at the 
B3LYP/6-31G* level [37] using Gaussian software. The 
results were used to detect PCB-189 molecules with 
low bioconcentration, and determine their functional 
changes.

Evaluation of the Persistent Organic Pollutant 
Characteristics of the PCB-189 Derivatives

We used 3D-QSAR models of PCB environmental 
persistence (logt1/2), long-distance migration (logKOA), 
and biological toxicity (pEC50) established by Xu et 
al. [28], Chen et al. [4], and Li et al. [38] to evaluate 
persistent organic pollutant (POPs) characteristics 
before and after modification of PCB-189. We analyzed 
the results from the viewpoint of the number of sites of 
modification (one, two, or three).

Analysis of Changes that Affect Bioconcentration 
of the PCB Derivatives 

To study the correlation between the number of 
substituted Cl atoms and the logBCF value, the PCBs 
were divided into chlorobiphenyl and decachlorobiphenyl 
substitution groups, and the relationship with the 
average logBCF was plotted. Non-covalent interactions 
play an important role in determining the stability of 
a protein structure, and most chemical reactions are 
dominated by weak interactions [39]. 

The molecular docking module in Discovery Studio 
4.0 software was used for molecular docking between 
the molecules, both before and after modification, and 
six receptors present in the human body. The Libdock 

module was selected to perform the molecular docking 
of ligands and receptors. The option of docking 
preferences selected the high quality. The docking 
tolerance and the energy threshold selected default 
values that were 0.25 and 20, respectively. The binding 
sites of the ligands and receptors were extracted to 
study changes in the bioconcentration after docking of 
the 20 novel PCB-189 derivatives with the receptors by 
the software. The mechanism of interaction between 
each derivative and amino acid residue in the receptor 
was analyzed using the hydrophilicity/hydrophobicity 
of the amino acid residues and details for any non-
covalent interactions near the docking molecule (type 
of interaction and average bond length). To determine 
the main factors affecting PCB bioconcentration, we 
investigated the bioconcentration after modification 
of PCB-189. These results could be used to provide 
important theoretical knowledge for molecular design of 
PCB derivatives.

Results and Analysis 

The Feasibility Exploration of the Method 
and Application in Multiple-Site Molecular 

Modification of Dioxin-Like PCBs to Eliminate 
Bioconcentration

Evaluation of the logBCF Values of PCBs Based on 
the CoMFA and CoMSIA Models

In the CoMFA and CoMSIA models, the optimum 
numbers of components (n) were 6 and 9, respectively. 
The cross-validated correlation coefficients (q2) 
were greater than 0.5 at 0.875 (CoMFA) and 0.888 
(CoMSIA). The non-cross-validated (R2) were greater 
than 0.9 at 0.946 (CoMFA) and 0.943 (CoMSIA. The 
standard errors of the estimate were 0.225 and 0.240 for 
the CoMFA and CoMSIA models, respectively. The F 
values were 119.126 (CoMFA) and 64.443 (CoMSIA). 
These results showed that the two models had good fit 
and predictive abilities. The standard error of prediction 
and r2pred values for the CoMFA model were 0.943 
and 0.946, respectively. The corresponding values 
for the CoMSIA model were 0.225 and 0.240. These 
values indicate that the two models have good external 
predictive abilities (Table 2). 

The CoMFA analysis revealed that the percentage 
contributions of steric and electrostatic fields were 
29.8% and 70.2%, respectively. Therefore, the steric 
and electrostatic effects of the groups may influence the 

Table 2. Evaluation of the parameters of the CoMFA and CoMSIA models based on PCB logBCF values.

Model q2 n SEE R2 F r2
pred SEP

CoMFA 0.875 6 0.225 0.946 119.126 0.943 0.212

CoMSIA 0.888 9 0.240 0.943 64.443 0.946 0.206
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logBCF values of the PCB homologs. The electrostatic 
interaction was a major contributor to the logBCF 
values of PCBs. The CoMSIA analysis revealed that 
the percentage contributions of the steric, electrostatic, 
hydrogen, hydrogen bond donor, and hydrogen bond 
acceptor fields were 2.2%, 72.7%, 25.1%, 0.00%, and 
0.00%, respectively. These results indicate that the 
hydrogen bond donor and acceptor fields have negligible 
contributions, and the electrostatic field has the largest 
influence on the logBCF values of the PCBs (Table 3).

Analysis the correlations between the experimentally 
determined and predicted logBCF values for the training 
and test sets. The results showed that the CoMFA and 
CoMSIA models had a fine linear dependence and 
the correlation coefficients R were 0.9779 and 0.9799, 
which can predict the PCBs logBCF values well 
(Fig. 3).

Prediction of PCB logBCF Values and Verification 
of the CoMFA and CoMSIA Models

The CoMFA and CoMSIA models were predicting 
logBCF values for 209 PCBs (Table 4). The predicted 
logBCF values of 58 PCBs from the CoMFA and 
CoMSIA models had relatively small errors (<10%) 
compared with the experimental values, and were 
acceptable [30].

Ivanciuc [25], Melo [26], and Liu [27] reported 
logBCF values for PCBs that were predicted using 
QSSAR, 2D-QSPR, and CoMFA methods, respectively. 
Their results were compared with logBCF values 
predicted using our CoMFA and CoMSIA methods. 

The correlation coefficients (R) for the CoMFA and 
CoMSIA methods, respectively, were: 0.9470 and 
0.9174, 0.9207 and 0.9442, and 0.9226 and 0.8632. 
These results showed good linear dependence and 
validated the predicted values for the PCBs.

Analysis of the Contour Maps of PCBs with Low 
Bioconcentration Based on CoMFA and CoMSIA 

Model Results

Because PCB-169 had the highest logBCF value in 
the training set, it was used as an example to analyze 
the contour maps of the CoMFA and CoMSIA models 
(Fig. 4).

In the CoMFA steric field contour map (Fig. 4a), the 
green regions around R2, R3, R5, R2’, R3’, R4’ indicated 
that introducing small groups at these positions would 
decrease the logBCF values of the PCBs. In the CoMFA 
electrostatic field contour map (Fig. 4b), blue contours 
close to R4 and indicated that introducing electropositive 
substituents at the R4 position would decrease the 
logBCF values of the PCBs. Red contours around the 
R2, R5, R6, R2’, R3’, R5’, R6’ positions indicated that 
introducing electropositive substituents would decrease 
the logBCF values of the PCBs.

In the CoMSIA steric field contour map (Fig. 4c), 
green regions located at R2, R3, R5, R3’, R5’, and R6’ 
and yellow regions close to one of the benzene rings 
indicated that introducing small groups at these 
positions would decrease the logBCF values of the 
PCBs. In the CoMSIA electrostatic field contour map 
(Fig. 4d), the blue contours close to R4 and R4’ and 

Table 3. Contributions of the molecular field to PCB bioconcentration estimated using the CoMFA and CoMSIA models.

Model S E H D A

CoMFA 29.8% 70.2% - - -

CoMSIA 2.2% 72.7% 25.1% 0.00% 0.00%

 
Fig. 3. The plot of observed versus predicted logBCF values from the CoMFA and CoMSIA models.
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Table 4. Predicted logBCF values for the 58 PCBs from the CoMFA and CoMSIA models.

NO. Compounds Obs.
CoMFA CoMSIA

Pred. Relative error
(%) Pred. Relative error

(%)

0 Biphenyl 2.64 2.476 -6.21 2.64 0

3 4-Chlorobiphenyl 2.77 2.834 2.31 2.929 5.74

4 2,2’-Dichlorobiphenyl 3.38 3.421 1.21 3.397 0.5

5 2,3-Dichlorobiphenyl 4.11 3.864 -5.99 3.852 -6.28

6 2,3’-Dichlorobiphenyl 3.80 3.719 -2.13 3.698 -2.68

7a 2,4-Dichlorobiphenyl 3.55 3.862 8.79 3.834 8

8 2,4’-Dichlorobiphenyl 3.57 3.546 -0.67 3.604 0.95

9 2,5-Dichlorobiphenyl 3.89 3.854 -0.93 3.898 0.21

14a 3,5-Dichlorobiphenyl 3.78 3.825 1.19 3.959 4.79

15 4,4’-Dichlorobiphenyl 3.28 3.589 9.42 3.453 5.27

18a 2,2’,5-Trichlorobiphenyl 4.11 4.283 4.21 4.308 4.82

28 2,4,4’-Trichlorobiphenyl 4.20 4.142 -1.38 4.13 -1.67

29 2,4,5-Trichlorobiphenyl 4.26 4.416 3.66 4.424 3.85

31 2,4’,5-Trichlorobiphenyl 4.23 4.163 -1.58 4.192 -0.9

40 2,2’,3,3’-Tetrachlorobiphenyl 4.23 4.562 7.85 4.584 8.37

44a 2,2’,3,5’-Tetrachlorobiphenyl 4.84 4.644 -4.05 4.601 -4.94

47 2,2’,4,4’-Tetrachlorobiphenyl 4.85 4.631 -4.52 4.622 -4.7

48 2,2’,4,5-Tetrachlorobiphenyl 5.00 4.843 -3.14 4.838 -3.24

49 2,2’,4,5’-Tetrachlorobiphenyl 4.84 4.575 -5.48 4.605 -4.86

52 2,2’,5,5’-Tetrachlorobiphenyl 4.63 4.712 1.77 4.775 3.13

54 2,2’,6,6’-Tetrachlorobiphenyl 3.85 4.211 9.38 4.099 6.47

64 2,3,4’,6-Tetrachlorobiphenyl 4.60 4.778 3.87 4.597 -0.07

70 2,3’,4’,5-Tetrachlorobiphenyl 4.77 4.64 -2.73 4.585 -3.88

77 3,3’,4,4’-Tetrachlorobiphenyl 4.59 4.775 4.03 4.795 4.47

87 2,2’,3,4,5’-Pentachlorobiphenyl 5.38 5.257 -2.29 5.288 -1.71

90a 2,2’,3,4’,5-Pentachlorobiphenyl 5.00 5.115 2.3 5.118 2.36

97 2,2’,3,4’,5’-Pentachlorobiphenyl 5.43 5.187 -4.48 5.129 -5.54

99 2,2’,4,4’,5-Pentachlorobiphenyl 5.00 5.125 2.5 5.139 2.78

101 2,2’,4,5,5’-Pentachlorobiphenyl 5.40 5.264 -2.52 5.309 -1.69

105 2,3,3’,4,4’-Pentachlorobiphenyl 5.00 5.13 2.6 5.058 1.16

109a 2,3,3’,4,6-Pentachlorobiphenyl 5.00 5.324 6.48 5.139 2.78

118 2,3’,4,4’,5-Pentachlorobiphenyl 5.00 5.173 3.46 5.111 2.22

126 3,3’,4,4’,5-Pentachlorobiphenyl 5.81 5.384 -7.33 5.331 -8.24

128 2,2’,3,3’,4,4’-Hexachlorobiphenyl 5.77 5.483 -4.97 5.409 -6.26

136 2,2’,3,3’,6,6’-Hexachlorobiphenyl 5.43 5.307 -2.27 5.183 -4.55

137 2,2’,3,4,4’,5-Hexachlorobiphenyl 5.88 5.618 -4.46 5.646 -3.98

138 2,2’,3,4,4’,5’-Hexachlorobiphenyl 5.39 5.477 1.61 5.423 0.61

141 2,2’,3,4,5,5’-Hexachlorobiphenyl 5.81 5.753 -0.98 5.811 0.02
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Table 4. Continued.

red contours close to R3, R5, R2’, and R3’ indicated that 
introducing electropositive substituents at the R4 and 
R4’ positions would decrease the logBCF values of the 
PCBs, whereas electropositive substituents at the R3, 
R5, R2’, and R3’ positions would have the same effect. In 
the CoMSIA hydrophobic field contour map (Fig. 4e), 
yellow regions close to one of benzene rings and white 

regions around R2, R3, R4, R5, R6, R2’, R3’, R4’, and R5’ 
indicated that introducing hydrophobic substituents at 
these positions would decrease the logBCF values of the 
PCBs. 

The optimum design for active substitution could not 
be determined based on the contour maps. Therefore, 
another method was required to accurately determine 

148a 2,2’,3,4’,5,6’-Hexachlorobiphenyl 5.39 5.331 -1.09 5.418 0.52

151 2,2’,3,5,5’,6-Hexachlorobiphenyl 5.54 5.492 -0.87 5.442 -1.77

153 2,2’,4,4’,5,5’-Hexachlorobiphenyl 5.65 5.551 -1.75 5.61 -0.71

155 2,2’,4,4’,6,6’-Hexachlorobiphenyl 4.93 4.883 -0.95 4.963 0.67

156a 2,3,3’,4,4’,5-Hexachlorobiphenyl 5.39 5.706 5.86 5.645 4.73

157 2,3,3’,4,4’,5’-Hexachlorobiphenyl 5.39 5.555 3.06 5.578 3.49

169 3,3’,4,4’,5,5’-Hexachlorobiphenyl 5.97 6.018 0.8 5.931 -0.65

174 2,2’,3,3’,4,5,6’-Heptachlorobiphenyl 5.80 5.572 -3.93 5.541 -4.47

180a 2,2’,3,4,4’,5,5’-Heptachlorobiphenyl 5.80 6.04 4.14 6.113 5.4

182 2,2’,3,4,4’,5,6’-Heptachlorobiphenyl 5.80 5.835 0.6 5.946 2.52

183 2,2’,3,4,4’,5’,6-Heptachlorobiphenyl 5.84 5.75 -1.54 5.861 0.36

187 2,2’,3,4’,5,5’,6-Heptachlorobiphenyl 5.80 5.704 -1.66 5.756 -0.76

191 2,3,3’,4,4’,5’,6-Heptachlorobiphenyl 5.84 5.838 -0.03 5.907 1.15

194 2,2’,3,3’,4,4’,5,5’-Octachlorobiphenyl 5.81 6.357 9.41 6.381 9.83

195 2,2’,3,3’,4,4’,5,6-Octachlorobiphenyl 5.92 6.082 2.74 6.087 2.82

196a 2,2’,3,3’,4,4’,5,6’-Octachlorobiphenyl 5.92 5.973 0.9 6.072 2.57

198 2,2’,3,3’,4,5,5’,6-Octachlorobiphenyl 5.88 6.12 4.08 6.184 5.17

202 2,2’,3,3’,5,5’,6,6’-Octachlorobiphenyl 5.82 5.807 -0.22 5.884 1.1

208 2,2’,3,3’,4,5,5’,6,6’-Nonachlorobiphenyl 5.71 5.405 -5.34 5.291 -7.34

209 Decachlorobiphenyl 5.44 5.595 2.85 5.606 3.05

(aTest set)

 
Fig. 4. Contour maps of the CoMFA and CoMSIA models.
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the active substitution sites, which could be used to 
optimize substitution and decrease bioconcentration of 
the PCBs.

Application of a 210-3 Fractional Factorial Design with 
Resolution of V for Accurate Location of Active 

Substitution Positions to Reduce PCB Bioconcentration

We used 10 factors and 2 levels for the PCB 
substitution, which gave a totally of 1024 different 
substitution patterns. However, because of spatial 
symmetry and rotation, some different substitution 
patterns corresponded to the same PCBs homologs. 
The number of substitutions for each PCBs homolog 
could be determined from the symmetry of substitution 
between PCBs and the symmetry of a single benzene 

ring. In total, there were 209 unique PCBs. We input 
logBCF data as controllable fixed factors. Because of 
the limited experimental data and the large number of 
supplementary values required, both the CoMFA and 
CoMSIA methods were evaluated. The best model was 
selected to obtain supplementary data for the factorial 
design. 

Although both CoMFA and CoMSIA models have 
good stability and predictive ability, the CoMFA model 
research has some limitations in the field of different 
forces on the impact of the molecular and molecular 
modification compared to the CoMSIA model. The 
CoMFA model includes only have the steric field and 
the electrostatic field, and the CoMSIA model includes 
five kinds of force fields (steric field, electrostatic 
field, hydrophobic field, hydrogen bond-donor field 

Table 5. Main and significant second-/third-order interaction effects of the substitution positions.

Effect Factor
Effect value

P(sig.)
+ -

Main

Ortho-R2,R2’ (A, F) 0.552 (0.000, 0.000)

Meta-R3,R3’ (B, G) 0.882 (0.000, 0.000)

Para-R4,R4’ (C, H) 0.780 (0.000, 0.000)

Meta-R5,R5’ (D, J) 0.830 (0.000, 0.000)

Ortho-R6,R6’ (E, K) 0.568 (0.000, 0.000)

The second-order interaction 

Ortho-R2, Ortho-R6(AE) -0.114 0.012

Ortho-R2, Meta-R3’(AG) -0.095 0.026

Meta-R5, Ortho-R6(DE) -0.100 0.022

Ortho-R2’, Meta-R3’ (FG) -0.106 0.017

Ortho-R2’, Meta-R6’ (FK) -0.061 0.123

The third-order interaction Ortho-R2, Meta-R5, Ortho-R6(ADE) -0.093 0.029

Fig. 5. Second-order interaction of substituent positions for PCB bioconcentration.
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and hydrogen bond-acceptor field). The CoMSIA 
model can more fully understand the impact of the 
force fields around the molecule, the generated active 
substituent positions design table can be combined 
with the CoMSIA contour map to choose more suitable 
substituent groups, so we finally selected CoMSIA 
model predictive value as the input data source for 
low bioconcentration of PCBs active substituent sites 
analysis.

The important sites for modification with one 
substituent were R2, R2’, R3, R3’, R4, R4’, R5, R5’, R6, 
and R6’. The important sites for modification with two 
substituents were (R2, R6), (R2’, R3’), (R2’, R6’), and (R5, 
R6), and those for modification with three substituents 
were (R2, R5, and R6).

Analysis of the Replacement Characteristics 
of Multi-Order Interaction Sites for Reducing 

PCB Bioconcentration

The effects of PCB substitution based on the 
fractional factorial results were estimated. The 
estimated values for ortho-, meta-, and para-substitution 
were all significantly positively correlated with the 
logBCF (Table 5). The estimates for meta-substitution 
at R3/R3’ and R5/R5’ were similar and the largest among 
all the sites. The effects of substitution at different sites 
were in the order meta->para->ortho-substitution.

The results for the five second-order interactions 
were basically the same, and showed a negative 
correlation with the logBCF value (Fig. 5). The 
simultaneous introduction of substituent groups at 
both sites will produce an antagonistic effect on the 
molecular bioconcentration of PCBs.

Bioconcentration increases when there is no 
chlorine atom in the R2/R2’ positions but a chlorine 
atom is present in the R6/R6’ positions. Substitutions 
at two positions (A/E and F/K positions) (Table 5) was 
significantly negatively correlated with the logBCF, and 
negatively related to bioconcentration. For example, 
replacing the Cl atom at position 5 and 6 with other 
substituents resulted in a decrease in the logBCF value 
of PCB-10 compared with that of PCB-9. For second-
order interaction effects at the D/E positions and F/G 
positions, the second-order interaction lines for (R5, R6) 
and (R2’, R3’) showed the opposite effect to the A/E and 
F/K results. Simultaneous replacement of the Cl atom 
substituents at both positions was negatively correlated 
with the logBCF value, and the bioconcentration 
reduced. For example, the logBCF value of PCB-
93 was smaller than that of PCB-92, and the logBCF 
value of PCB-23 was smaller than the logBCF of PCB-
29. Second-order interaction effects were observed 
for bioconcentration of the PCBs (e.g., ortho-R2 and 
para-R3’ substitution). This is because two benzene 
rings were substituted at the same time. Substitution 
at positions A and G was significantly negatively 
correlated with logBCF, and this could greatly reduce 
bioconcentration of the PCBs. For example, PCB-6 had 

a smaller logBCF value than PCB-7. 

Suitability of the Factorial Design for Decreasing 
PCB Bioconcentration

The residual graph can be used as a goodness-of-fit 
graph for multiple linear regression analysis and analysis 
of variance to help determine if the ordinary least-
squares hypothesis is satisfied. If these assumptions 
are satisfied, the ordinary least-squares regression will 
generate an unbiased estimate of the smallest variance. 

In the normal distribution graph of the factorial 
experimental design model, the residuals of the 
PCBs logBCF data and fitting values were in an 
almost straight line with a normal distribution. This 
indicated that the experimental data used satisfied 
the model’s normal distribution assumption. In the 
residual histograms graph of log BCF data and fitting 
values of the PCBs, the distribution of the patterns 
was uniform and no graph skew or abnormal values 
appeared. This indicated that the selected experimental 
data were stable. In the relationship graph between 
the residuals and the fitting values, the relative fitting 
values of the residuals were unevenly distributed in a 
fan shape, and the points did not show any regularity, 
which indicated that the error between the log BCF 
values and the fitting values of the PCBs satisfied the 
assumption of constant variance. In the residuals and 
data graph, most of the data fluctuated randomly around 
the centerline, confirming the assumptions about the 
logBCF values of PCBs and the error of fitting data. 
The residual data of [-0.1, +0.1] indicated that the PCB 
logBCF data satisfied data independence requirements 
(Fig. 6). In summary, the selected data meets the 
reliability requirements of the fractional factorial design 
and can be used to analyze multi-order interaction 
effects of the replacement of substituents on the logBCF 
values of the PCBs.

Design of New Dioxin-Like PCB-189 Molecules 
by Substitution at Multiple Sites to Reduce 

Bioconcentration 

According to the CoMSIA contour map, R2 and 
R3 of the PCB-189 molecule were in green regions, 
R2, R3, R3’, R5, and R5’ were in red regions, R4 and R4’ 
were in a blue region, and R2, R3, R4 R5, R3’, R4’, and 
R5’ were in white regions. The parent PCB-189 was 
modified by substitution at one, two, or three sites. 
Position R6 in PCB-189 is occupied by a stable H atom, 
and substitution at three sites only used the R2 and R5 
positions.

The logBCF value of the designed molecule was 
lower than that of the parent PCB-189 (Table 6). After 
addition of one, two, or three substituents, the logBCF 
values were 10.69%-38.57%, 43.35%-58.90% and 
44.18%-49.46% lower than that of PCB-189, respectively. 
According to the Toxic Substances Control Act issued 
by the US Environmental Protection Agency in 1998, 
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BCF values below 1000 indicate that a molecule will 
not bioconcentrate and BCF values between 1000 and 
5000 indicate that a molecule could bioconcentrate [40]. 
The BCF values of the molecules with substitution at 
two or three sites all dropped below 5000, and those for 
two of the molecules with substitution at two sites were 
below 1000. These results show that the molecules have 
been decoupled from the bioconcentration effect.

Evaluation of functional property changes and the 
difficulty of substitution reactions to form the PCB-189 
derivatives

Quantum chemistry descriptors for the 20 new 
PCB-189 molecules were calculated. The energy gap 
value [41] was used as the energy difference between 
the highest occupied molecular orbital and lowest 
unoccupied molecular orbital. The energy gap is the 
lowest energy required for the electron excitation 
process and is an important parameter reflecting the 
conductivity and luminescent properties of a material. 
A larger energy gap is correlated with weaker electrical 
conductivity. The total energy of the PCB-189 derivative 
was much lower than that of PCB-189, but the energy 
gap did not change. This shows that derivatization of 
PCB-189 will not affect the insulation performance or 
stability. Because PCBs contain multiple Cl atoms, we 
used the minimum C-Cl bond dissociation enthalpy as 
a parameter to evaluate the flame retardancy [35]. The 
results showed that the C-Cl bond dissociation enthalpy 
did not changed, indicating that the flame retardancies 
of the PCB-189 derivatives were not affected (Table 6).

To evaluate the difficulty of the PCB-189 substitution 
reaction, thermodynamics calculations were performed 
using PCB-189 and the substituent as reactants and the 
PCB-189 derivatives as products [42]. The Gibbs free 

energies (ΔG) of substitution reaction pathways for the 
PCB-189 derivatives were negative, and the reactions 
for formation of the 20 derivatives would occur 
spontaneously. To compare the difficulty of replacing 
chlorine atoms with new substituents, the energy 
barrier of the reaction was obtained by calculating the 
difference between the product transition state and the 
reactant energy [33]. There were no major differences in 
the ease of substitution among the various substituents 
(Table 6).

Long-Distance Migration, Environmental 
Persistence, and Biological Toxicity Assessment 

of the PCB-189 Derivatives 

Compared with the parent PCB-189, the long-
range migration, environmental persistence, and 
biotoxicity of the PCB-189 derivatives were reduced 
to varying degrees (Table 7). The following reductions 
were observed for PCB-189 derivatives produced by 
modification with substituents at one, two, and three 
sites, respectively: long-range migration, 0.19%-11.36%, 
11.24%-17.15%, and 20.60%-24.35%; environmental 
persistence, 0.00%-30.76%, 3.19%-16.21%, and  
0.06%-16.34%; and biological toxicity 0.95%-27.49%, 
1.98%-18.54%, and 4.17%-20.01%. The effect of 
modification at three sites on long-distance migration 
was more effective than that of modification at one 
or two sites. The effect of modification at one site 
on environmental persistence was relatively good 
compared with the effects of modification at two 
or three sites. The effects of modification at two or 
three sites on environmental persistence were similar. 
The best reduction in biotoxicity was achieved with 

Fig. 6. The reliability test residual graph of the fractional factorial design model.
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modification at one site, followed by three sites, and 
then two sites. In summary, for the PCB-189 derivatives 
all investigated properties showed better improvements 

with modification at three sites than at one or two sites. 
Therefore, the effect of modification of PCBs at three 
sites cannot be ignored.

Table 7. Prediction of the environment persistence, long-distance migration, and biotoxicity of the PCB-189 derivatives.

logKOA logt1/2 pEC50

CoMFA Change 
rate (%) CoMFA Change rate 

(%) CoMFA Change rate 
(%)

0 Target molecule PCB-189 11.517 1.567 5.998

1 2-ethyl- PCB-189 11.103 -3.59% 1.567 0.00% 5.941 -0.95%

2 2-methyl- PCB-189 11.36 -1.36% 1.388 -11.42% 5.478 -8.67%

3 3- aminomethyl- PCB-189 10.789 -6.32% 1.451 -7.40% 5.435 -9.39%

4 3-methyl-PCB-189 10.937 -5.04% 1.254 -19.97% 5.78 -3.63%

5 4-ethyl-PCB-189 10.815 -6.10% 1.294 -17.42% 5.267 -12.19%

6 4-hydroxymethyl- PCB-189 10.914 -5.24% 1.085 -30.76% 5.159 -13.99%

7 5- butyl- PCB-189 11.27 -2.14% 1.275 -18.63% 5.087 -15.19%

8 5- allyl- PCB-189 11.495 -0.19% 1.362 -13.08% 5.802 -3.27%

9 3’- allyl- PCB-189 10.209 -11.36% 1.318 -15.89% 5.681 -5.29%

10 3’- butylene - PCB -189 10.566 -8.26% 1.249 -20.29% 5.4 -9.97%

11 4’-ethyl- PCB-189 10.746 -6.69% 1.257 -19.78% 4.349 -27.49%

12 4’-hydroxymethyl- PCB-189 11.132 -3.34% 1.261 -19.53% 5.064 -15.57%

13 5’- ethyl- PCB-189 11.221 -2.57% 1.486 -5.17% 5.494 -8.40%

14 5’- silyl - PCB-189 10.608 -7.89% 1.508 -3.77% 5.753 -4.08%

15 2-methyl-3-ethyl-PCB-189 10.222 -11.24% 1.313 -16.21% 4.886 -18.54%

16 2-hydroxymethyl-3-silyl-PCB-189 9.626 -16.42% 1.393 -11.10% 5.879 -1.98%

17 2-silyl-3’-entyl-PCB-189 10.038 -12.84% 1.517 -3.19% 5.006 -16.54%

18 2-methyl-3’-butyl-PCB-189 9.542 -17.15% 1.412 -9.89% 5.611 -6.45%

19 2-methyl fluoride -5-propyl -PCB-189 4.642 -24.35% 1.311 -16.34% 5.758 -4.17%

20 2-hydroxyl-5pentyl-PCB-189 4.872 -20.60% 1.473 -0.06% 4.998 -20.01%

Fig. 7. A plot of Cl atoms versus log BCF values for the CoMFA a) and CoMSIA b) models.
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Molecular Docking Analysis of the Mechanisms 
of PCB Bioconcentration 

Molecular Docking Correlation between Chlorine Atom 
Substitution and PCB Bioconcentration  

The PCBs can be classified into groups from 
chlorobiphenyl to decachlorobiphenyl isomers according 
to their number of chlorine atoms. In this study, the 
average logBCF for each class of PCBs was used to 
study the relationship between the logBCF and the 
number of Cl atoms (Fig. 7). As the number of Cl atoms 
in the PCB increased, the logBCF value also increased. 
Larger BCF values were indicative of stronger PCB 
bioconcentration. The bioaccumulation capacities of the 
PCBs gradually increased as the number of Cl atoms 
increased.

Analysis of the Causes of Decreased Bioaccumulation 
after Molecular Modification of PCB-189 Using 

the Molecular Docking Technique

Molecular docking technique was used to evaluate 
the affinity between receptor and ligands [43]. The 
binding effects between the modified molecules and six 
receptors were analyzed by molecular docking technique 
(Fig. 8). Although the 20 PCB-189 derivatives were 
theoretically predicted to have lower bioconcentration 
than their parent, the scoring functions of some of the 
PCB-189 derivatives increased after binding (Fig. 9). 
Therefore, binding of some of the PCB-189 derivatives 
to the receptors was enhanced (Table 8). The receptors 
CYPIA, EROD, and GST are involved in exogenous 
pollutant metabolism in organisms. When some of the 
derivatives bound to these three receptors, the scoring 
function increased, which may be because the receptor 
enhanced metabolic detoxification of these derivatives 

and this could reduce their bioconcentration. SOD and 
CAT remove superoxide anions and hydrogen peroxide 
in organisms. In this study, some of the derivatives 
bound to them and their scoring functions increased. 
This means that the binding abilities of the derivatives 
are enhanced and the cells of the organism may be 
susceptible to oxygen damage.

The AHR [44] is more susceptible to activation by 
aromatic compounds than the other five receptors that 
we studied, and has associated toxicity. Therefore, 
AHR (5NJ8) was selected as the main target for the 
analysis of receptors. We selected three derivatives as 
examples: the first with modification at one substitution 
site, and that bound with the receptor and showed the 
largest decrease in the scoring function; the second 
with modification at two substitution sites, and could 
be used to predict the decrease in bioconcentration; and 
the third with modification at three substitution sites, 
and could be used to predict potential bioconcentration 
effects. We analyzed the average bond lengths for non-
covalent interactions (hydrogen bonds, electrostatic 
interactions, hydrophobic interactions, and halogen 
bonds) between the three derivatives and the receptors. 
The hydrophilicities and hydrophobicities of amino 
acid residues at the docking sites were also analyzed 
to explore changes in the scoring functions of the 
derivatives after binding to protein receptors.

The parent PCB-189 forms a halogen bond 
(average bond length of 3.26Å) with the AHR receptor  
(Fig. 6). By contrast, 2-ethyl-PCB-189, which is formed 
by modification of PCB-189 with one substituent, 
does not form a halogen bond with the AHR receptor. 
Halogen bonds are weak interaction forces similar to 
weak hydrogen bonds, and can greatly increase the 
affinity of a receptor to a ligand [39]. Compared with 
PCB-189, the 2-ethyl-PCB-189 molecule had 28.57% 
more hydrophilic amino acid residues near the binding 

Fig. 8. Ligand interaction diagram of PCB-189 (one, two, or three substituents) docked with AHR (5NJ8) protein.
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site (Table 9). The hydrophobic interaction between 
2-ethyl-PCB-189 and the AHR receptor had an average 
bond length that was 6.65% times longer than that of 
PCB-189 (Table 10), and the strength of the hydrophobic 
interaction decreased. However, the number of 
hydrophilic amino acid residues in the vicinity of the 
binding site increased, which in turn increased the 
repulsive force of the hydrophobic effect formed by the 
molecule. Therefore, because of weak interaction forces 
with the ligand and changes in the number of amino 
acid residues near the docking site, 2-ethyl-PCB-189 
had decreased affinity for the AHR compared with the 
parent PCB-189.

The 2-methyl-3-ethyl-PCB-189 molecule, which 
was modified at two substitution sites, did not form 
a halogen bond on binding to the receptor (Fig. 6). 
However, the strength of the hydrophobic interaction 
between the ligand and the receptor for 2-methyl-
3-ethyl-PCB-189 was lower than that for the parent  
PCB-189. In addition, the number of hydrophilic amino 
acid residues near the 2-methyl-3-ethyl-PCB-189 binding 
site decreased by 42.86% compared with the parent 
PCB-189 (Table 9). The presence of hydrophilic amino 
acid residues in the receptor greatly reduces repulsion 
of the hydrophobic region formed by 2-methyl-3-ethyl-
PCB-189, which increases the affinity of the receptor to 
the ligand and increases the scoring function (Table 9).

Compared with the parent PCB-189, the average 
bond length of the halogen bond formed on binding of 
2-methyl fluoride-5-ethylene-PCB-189 (substitution at 
three sites) with the AHR (5NJ8) was only extended 
by 1.23% (Fig. 6). The change in energy of the halogen 
bond was small (Table 9). The decrease in affinity of 
2-methyl fluoride-5-ethylene-PCB-189 after binding to 
the receptor was limited. The number of hydrophilic 
amino acid residues in the vicinity of the 2-methyl 
fluoride-5-ethylene-PCB-189 binding site decreased 
by 42.86%, and the number of hydrophobic amino 
acid residues increased by 20.00% (Table 9). Since the 
average bond length of the hydrophobic interaction 
force formed between the ligand and amino acid residue 
was only extended by 2.14%, the hydrophobic force 
compared with the parent PCB-189 was decreased less. 
Therefore, the hydrophobic amino acid residues of the 
receptor protein greatly enhanced the hydrophobic 
interaction region formed by the ligand, and the binding 
affinity of the molecule to the AHR receptor protein 
and the scoring function increased (Table 9).

The changes in the scoring functions of the three 
receptors CYPIA (2HI4), CAT (3LGD), and GST (5LC2) 
were the same as that of the AHR (5NJ8). On binding 
of the three types of derivatives (one, two, or three 
substitution sites) to SOD (1UER) and EROD (1JPH), 
two or more complex forces were generated. At the 
same time, the number of the hydrophilic/hydrophobic 
amino acid residues changed, and the molecules docking 
situation became more complex. If only the average 
bond length and hydrophobic amino acid residues are 
used, only general conclusions can be reached from the 

molecular docking results. Complex docking situations 
needs to be analyzed with a combination of molecular 
docking and other methods.

In summary, although various weak interaction 
forces greatly influence the affinity of the receptor 
for the ligand, the number of hydrophilic/hydrophobic 
amino acid residues near the binding site cannot be 
ignored. These residues affect the stability of the 
binding of the ligand with the receptor. Molecular 
docking can be used to screen for molecules with low 
bioconcentration after molecular design is performed 
for specific receptors. In this study, molecular 
docking screening identified 11 derivatives with low 
bioconcentration. Their scoring functions after docking 
with more than half of the receptors changed by less 
than 10%, and the affinities of the receptors for the 
ligands did not change significantly. These data provide 
a reference for theoretical studies of other PCBs and 
their derivatives in the future. 

Conclusions

In this paper, multiple-site molecular modification 
of the dioxin PCB-189 was performed using 3D-QSAR 
and fractional factorial experiments to reduce 
bioconcentration. Among these derivatives, six that 
were modified at two or three substitution sites were 
decoupled from the bioconcentration effect. Therefore, 
the effects of third-order interactions on the POPs 
properties of PCBs cannot be ignored.

Molecular docking results indicated that the main 
factors affecting the affinity of the receptor to the 
ligand were the relationship between the number of 
hydrophobic amino acids near the binding site and 
the non-covalent interaction forces generated when 
the ligands docked. In addition, molecular docking 
technology can be used for further screening of  
PCBs with low bioconcentration, and to provide 
reference data for the design of PCBs with low 
bioconcentration.
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