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Theoretical Design of Biodegradable Phthalic Acid Ester
Derivatives in Marine and Freshwater Environments

Haigang Zhang,* Chengji Zhao,* and Hui Na*®

The biodegradability of phtalic acid esters in marine and
freshwater environments was characterized by their binding
free energy with corresponding degrading enzymes. According
to comprehensive biodegradation effects weights, the binding
free energy values were converted into dimensionless efficacy
coefficient using ratio normalization method. Then, considering
comprehensive dual biodegradation effects value and the
structural parameters of PAEs in both marine and freshwater
environments, a 3D-QSAR pharmacophore model was con-
structed, five PAE derivatives (DBP—COOH, DBP—CHO, DBP—OH,

1. Introduction

Because of its small density, large buoyancy, and strong
durability, plastic has been widely distributed around the world.
Around 1.5x10'"" kg of plastic enters the terrestrial and marine
environment every year and gradually fragments into milli-
meter-sized microplastic particles."” The surface of microplastic
particles is uneven and has many cracks, and so crude oil,
organic pollutants, bacteria, and even viruses can become
attached to them. Microplastic accumulates in both marine and
freshwater environments due to the influence of external forces
such as monsoons and ocean currents.®¥ The microplastic
particles distributed in aquatic environments can come into
direct contact with aquatic organisms, thereby potentially
threatening the health of aquatic ecosystems. Investigations in
the deep sea of the Rock-all Trough in the North Atlantic have
shown that the abundance of microplastic in deep seawater is
up to 70.8 n/m? which is comparable to that in the surface
water; nearly half (48 %) of the invertebrates collected in deep
seawater contain microplastic particles, and their accumulation
is equivalent to that of coastal animals,*® indicating that
microplastic can migrate vertically in seawater and be ingested
by deep-sea organisms. Plankton and fish that ingest micro-
plastic particles by mistake will have false satiety and toxins
from the particles will accumulate in their bodies. Toxins can be
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DINP—NH,, and DINP—NO,) were screened out based on their
environmental friendliness, functionality and stability. The
prediction of biodegradation effects on five PAE derivatives by
biodegradation models in marine and freshwater environment
increased by 15.90%, 15.84 %, 27.21%, 12.33%, and 8.32%, and
21.57%, 15.21%, 20.99%, 15.10%, and 9.74%, respectively. By
simulating the photodegradation path of the PAE derivative
molecular, it was found that DBP—OH can generate *OH and
provides free radicals for the photodegradation of microplastics
in the environment.

transferred and enriched in food chains due to predation
relationships, and can thus eventually threaten human
health.”™

In a study of adult male zebrafish (Danio rerio) exposed to
polystyrene microspheres (1000 pg/L) with diameters of 0.5 and
50 pm, it was found that after 14 days, the zebrafish intestinal
microflora significantly changed and caused a certain degree
inflammatory response.'” Lonnstedt et al. found that polystyr-
ene microplastic particles (90 um) can inhibit the hatchability
and growth rate of Perca fluviatilis larvae, change the adult
feeding preferences and innate behavior, and results in a loss of
response to danger signals for predators, and thus significantly
increases the mortality rate."! Microplastic leachate can also
cause the death of marine copepods.'>

After microplastic enters ocean and freshwater environ-
ments, organisms become attached to the particles so that their
weight increases and they sink to the bottom of the water. It
will take about 400 years for these plastics to be completely
degraded in the environment," and its resistance to degrada-
tion is the main reason for its environmental hazardousness. It
is generally believed that microplastic particles entering the
ocean and freshwater environment usually have two destina-
tions: most are ingested by aquatic animals whereas a very
small amount is degraded by photolysis or micro-organisms."®
However, chemists believe that the degradation of plastics by
ultraviolet (UV) light or micro-organisms is difficult and the
degree of degradation is small.”'” Moreover, plastic pollution in
deep-sea sediment cannot be degraded by UV light. As a result,
microplastic particles remain on the ocean floor for a relatively
long time.l'®”

Plasticizers are often added during the synthesis process of
plastics to increase their plasticity. Phthalic acid esters (PAEs)
are the main components of plasticizers in plastic products, and
comprise the largest amount of plasticizer in the world,
accounting for about 85% of the global plasticizer market.*%*"
The main chemical constituent of plastic products for daily
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necessities and industrial raw materials that cause pollution in
rivers entering ocean and freshwater environments is polyvinyl
chloride (PVC).”? This product contains the largest amount of
PAE plasticizer, accounting for 95% of the total amount of
plasticizer in the world. The PAE content is 2-10% in rigid PVC
(used in chair rails, roof sheathings, flat roofs, etc.),***! is 10-
30% in semi-rigid PVC (used in electrical casing, fluid delivery
pipes, etc.),” and is 30-70% in soft PVC (used in cable sleeves,
wire insulation tubes, medical tubes, etc.).”””¥ In addition, the
occurrences of PAEs were widespread in the researched lakes
with the total PAE concentrations ranged from 0.386 to
3.184 pg/L in water, from52.6 to 8216.4 ng/g dryweight in
sediments and from 1387 to 2052.4 ug/g dry weight in
suspended particles from representative lakes of Beijing.””!

PAEs cause hormone interference, reproductive, and devel-
opmental toxicity as well as carcinogenicity, teratogenicity, and
mutagenicity.®**" As one of the most commonly detected
endocrine disruptors in the environment, PAEs have been
widely reported as a threat to humans and animals.®***¥ During
the degradation of plastic, they are released into the marine
and freshwater environment and are considered to be a major
source of pollution by the current plastics industry. The US and
the EU have indicated that the environmental control of such
substances is a high priority. Studies have confirmed that the
degradation of PAEs is difficult and their presence has been
detected in various environmental media.?*>®

Some scholars have explored the reaction mechanisms of
UV photodegradation pathways of microplastic particles in the
natural environment. When aqueous solutions of microplastic
particles comprising polypropylene (PP), polyethylene (PE), or
PVC are exposed to UV light, the chemical bonds in their
polymer chains are destroyed to generate free radicals (PO°,
POOQ®, °OH, etc); these react with oxygen to form peroxy
radicals, and then further complex radical reactions occur that
cause auto-oxidation. Peroxy radicals are highly oxidizing
substances, and their production can promote the photo-
degradation of plastics such as PP, PE, and PVC,®*"* indicating
that the generation of free radicals such as *OH is closely
related to the UV photodegradation of microplastics and is thus
an important influencing factor on the photolysis of micro-
plastics.

In this paper, we examine PAEs, the main additive
components of microplastics, to study the degradation of
microplastics in marine and freshwater environments. Initially,
we used the ratio normalization method to characterize the
comprehensive biodegradation effect values of PAEs in marine
and freshwater environments. We then constructed a 3D-QSAR
pharmacophore model that takes into account the comprehen-
sive biodegradation effect values of PAEs and structure
parameters in both marine and freshwater environments. Next,
environmentally friendly PAEs molecules modification were
performed to design and screen PAE derivative molecules with
high biodegradability in marine and freshwater environments
based on the model. Moreover, we focus on screening PAE
derivative molecules that can produce *OH in the UV photo-
degradation path, so as to improve the biodegradability of the
PAEs, thus provide *OH on the UV photodegradation of

ChemistryOpen 2020, 9, 1033 -1045 www.chemistryopen.org

1034

microplastics, indirectly promoting the photodegradation rate
of microplastics. Compared with the existing research, the
construction of a pharmacophore model of the comprehensive
biodegradation effect values and structural parameters of PAEs
is expected to break the limitation of designing derivative
molecules based on the single effect of pollutants“” and
shorten the time of molecular screening, which has certain
research significance.

2. Results and Discussion

2.1. Construction of the Biodegradable PAE Molecule
Pharmacophore Model

We used Discovery Studio 2.5 software to establish a 3D-QSAR
pharmacophore model based on the comprehensive dual
biodegradation effect values of PAE molecules in marine and
freshwater environments as dependent variables and the
molecular structure parameters as independent variables. We
randomly selected 10 PAE molecules as the training set to
obtain the comprehensive dual biodegradation effects pharma-
cophore model for both marine and freshwater environments
constructed by Hypo Gen and statistical data (Table 1). Four
PAE molecules were used as the test set for comprehensive
effects pharmacophore model verification (Table 2). Similarly, 10
PAE molecules were randomly selected as the training set to
construct PAE single biodegradation effects pharmacophore
models for marine and freshwater environments, respectively
(Table 1), and four PAE molecules were used as the test set
(Table 2).

As can be seen in the results in Table 1, Hypo C1 obtained
the best evaluation scores for nine PAEs with the comprehen-
sive biodegradation effects pharmacophore model for both
marine and freshwater environments constructed with Hypo
Gen: it had the smallest total cost (50.91) and root-mean-
squared (RMS) error (0.02), and the maximum R2 was 0.91 (>
0.7), (Hyho C2, C4, C6, and C8 were not considered because the
RMS error and R2 were 0). In addition, the Hypo C1
pharmacophore model had a configuration value of 16.15 (<
17), indicating that it offered the best predictions for the
comprehensive biodegradation effect pharmacophore model
for PAEs in both marine and freshwater environments. Thus, the
significance of the model was established.***" In the same way,
optimal prediction with the single biodegradation effect
pharmacophore models for PAEs in marine and freshwater
environments was with Hypo M1 and Hypo F1, respectively.

2.2. Reliability Evaluation of the PAE Molecular
Biodegradation Effects Pharmacophore Model

The results with the training set containing 10 PAE molecules
confirmed the reliability of Hypo C1. We used a test set to
evaluate the reliability and predictive ability of the comprehen-
sive biodegradation effects pharmacophore model Hypo C1 for
PAEs in marine and freshwater environments. The matches
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Table 1. Comprehensive biodegradation effects and single biodegradation effect pharmacophore models for PAEs in marine and freshwater environments
constructed with Hypo Gen.
Model tape Hypo Gen model 3D spatial relationship Hypo Total RMS R’ Features
No. cost
HBA[a]
C1 50.91 0.02 0.91 HBA RA®
2 50.91 0.00 0.00 :EA HBA
c3 50.91 0.83 0.83 I;EA HBA
C4 50.91 0.00 0.00 HBA RA
?lodegradatlon comprehenswe effects pharmacophore model s 50.91 002 077 HBA HBA
in marine and freshwater environment RA
[€9) 50.91 0.00 0.00 :[B(]A HBA
c7 50.91 0.02 0.78 HBA HBA
c8 50.91 0.00 0.00 HBA HBA
c9 50.91 0.02 0.83 HBA HBA
Configuration cost: 16.15 Fixed  33.64 Null 50.91
cost: cost:
M1 50.71 0.04 095 I;EA HBA
M2 50.71 0.00 0.00 HBA HBA
H
M3 5073 006 085 HBAHBA
H
M4 50.71 0.00 0.00 HBA HBA
RA
Biodegradation singel effects pharmacophore model in marine M5 5073 007 081 IF—:EA HBA
environment M6 5071 000 000 HBAHBA
H
M7 50.73 0.07 0.78 HBA HBA
HBA
M8 50.71 0.00 0.00 HBA HBA
RA
M9 50.73 0.07 0.81 HBA HBA
Configuration cost: 1595 Fixed  33.64 Null 50.74
cost: cost:
F1 48.80 0.04 0.86 EEA HBA
F2 48.79 0.00 0.00 HBA HBA
RA
F3 48.80 0.04 0.84 HBA HBA
RA
2 F4 48.79 0.00 0.00 HBA HBA
g 6452 ! ;\315 H
Biodegradation single effects pharmacophore model in fresh- / -——ei———d 2 F5 4880 0.04 0.86 HBA HBA
water environment <7J RA
) F6 48.79 0.00 0.00 HBA HBA
F7 48.80 0.04 0.79 HBA HBA
F8 48.79 0.00 0.00 HBA HBA
RA
F9 48.80 0.04 0.83 HBA HBA
H
Configuration cost: 1403 Fixed 33.64 Null 48.80
cost: cost:
[a] Hydrogen Bond Acceptor. [b] Aromatic Ring [c] Hydrophobic.

between Hypo C1 and the four PAE molecules in the test set M1 and Hypo F1, respectively) was also performed; the

were found to be good with error values of less than 2 (Table 2),
which is within the allowable error range and indicates that it

has stable prediction ability for PAE molecules.*? Therefore, we  ability.
used the force field information that the PAE comprehensive

biodegradation effects pharmacophore model Hypo

played to modify the target PAE molecules. In addition,

C1 dis-
the test

set evaluation of the PAE single biodegradation effect pharma-
cophore models for marine and freshwater environments (Hypo
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statistical data of the test results are listed in Table 2. The results
show that they also have good robustness and predictive
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Table 2. Comprehensive biodegradation effect values and predictions of PAEs in the test set with model Hypo 1.
PAEs Fit value Estimate Activ. Error
Hypo C1 BMPP 5.84 1.80 2.89 —1.60

DIDP 5.73 232 1.23 1.89

DIPP 5.52 3.81 2.01 1.90

BBP 5.93 1.46 1.62 —-1.10
Hypo M1 DEP 5.82 2.54 1.99 1.28

BBP 5.78 1.85 2.108 —-1.13

DIHP 5.78 1.86 1.90 —1.02

DINP 5.76 2.16 2.03 1.07
Hypo F1 DEP 5.85 261 1.88 1.38

DIHP 5.79 2.15 2.14 1.00

DINP 5.93 1.93 2.07 —-1.07

BBP 5.90 1.75 1.90 —1.09

2.3. PAE Molecular Modification for Low Comprehensive
Biodegradation Effect Values

As mentioned previously, the ideal comprehensive biodegrada-
tion effect value (binding free energy) of a PAE molecule in
marine and freshwater environments is the smallest; the lower
the binding free energy, the higher the biodegradability of
PAEs. Therefore, the purpose of this research was to reduce the
value of the comprehensive dual biodegradation effect for PAE
molecules in marine and freshwater environments. We selected
three representative superior control PAE molecules: dibutyl
phthalate (DBP), di-2-ethylhexyl phthalate (DEHP), and diisonon-
yl phthalate (DINP) to conduct molecular design experiments to
obtain low comprehensive biodegradation effect values. The
model Hypo C1 was used to analyze the various force fields
generated by DBP, DEHP, and DINP molecules to determine the
modified sites and substituent groups of PAE molecules.

DBP DEHP DINP

Figure 1. A 3D congruent map of Hypo C1 and DBP, DEHP, and DINP.

DBP DEHP

DINP

Figure 2. Schematic diagrams of the substitution positions affecting the
comprehensive biodegradation effect values of DBP, DEHP, and DINP.
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2.3.1. Selection of PAE Molecular Modification Substitution
Positions for Low Comprehensive Biodegradation Effect Values

The PAE hydrogen bond acceptor (HBA) positions can be
determined on the 3D congruent map of Hypo C1 and DBP,
DEHP, and DINP in Figure 1; the information for Hypo C1 can be
integrated into the molecular planar structure diagram in the
3D congruent map regardless of the position of the green
(HBAs) covering the PAE common framework structure position
11'22'33'44'55'66' as shown in Figure 2. It can be seen that the
HBA groups are all distributed at the connecting positions
where the carboxyl oxygen atoms of the DBP, DEHP, and DINP
molecules are connected to the branch chain (position 7),
indicating that the introduction of HBA groups at this position
in DBP, DEHP, and DINP can affect the comprehensive
biodegradation effect value (the positions of the introduced
substitution groups in the DMP, DBP and DNOP molecules are
shown in Figure 2). This provides a theoretical basis for further
design and modification of the PAE molecules.

2.3.2. Selection of PAE Molecular Modification Substitution
Groups for Low Comprehensive Biodegradation Effect Values

It can be seen in Figure 1 that the HBA groups act at site 7 in
the DBP, DEHP, and DINP molecules, thus the introduction of
HBA or hydrogen bond donor (HBD) groups can affect the
comprehensive biodegradation effect value of a PAE. Therefore,
HBD groups can be introduced at site 7 of DBP, DEHP, and DINP
molecules to reduce the comprehensive biodegradation effect
value of target molecules. 11 HBD groups were selected as
substitution groups, including hydroxyl (—OH), carboxyl
(—COOH), amino (—NH,), amide (—CONH,), nitro (—NO,), and
aldehyde group (—CHO), chloro (—Cl), bromine (—Br), fluoro (—F),
carbonyl (—COCH,), methoxy (—OCH,). Pharmacophore model
Hypo C1 was used to perform single-site substitution reactions
in DBP, DEHP, and DINP. A total of 33 mono-substituted
derivative molecules were designed, of which 25 had reduced
comprehensive biodegradation effect values; the predicted
comprehensive biodegradation effect values are reported in
Table 3. The fit values of the PAE derivative molecules were
relatively high, indicating that they were well matched by the
Hypo C1 model; the comprehensive dual biodegradation effect

© 2020 The Authors. Published by Wiley-VCH GmbH
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values of DEP—Cl, DEHP—NH,, and DINP—COCH; were reduced
by 26.38%, 17.61%, and 15.63% compared with the target
molecule, respectively, and so the modification effect appears
to have been significant.

2.4. Assessment of Modified PAE Derivative Molecules via
Biodegradation Effects Pharmacophore Models

Prediction of the biodegradability of PAE derivative molecules
in marine and freshwater environments and the validity of the
comprehensive biodegradation effects pharmacophore model
for both environments were carried out with the single
biodegradation effect pharmacophore models for each environ-
ment. The values predicted by the single biodegradation effect
pharmacophore models were compared with the comprehen-
sive biodegradation effects value; the verification results are
summarized in Table 3.

According to Table 3, 33 biodegradation effects values of
the target DBP, DEHP, DINP derivative molecules had varying
degrees of change. Among them, there were 12 comprehensive
biodegradation effects predicted values (DBP—CONH,, DBP—Br,
DBP—COCH,, DBP-CI, DBP-F, DBP—OCH,;, DBP—COOH,
DBP—CHO, DBP—OH, DEHP—CHO, DINP—NH,, and DINP—NO,)
that were improved (reduced) compared to the single biode-
gradation effect predicted values. Except for the comprehensive
biodegradation effect values of DBP—NH, and DBP—NO,, which
were higher than the original values of their target molecules,
the comprehensive biodegradation effect values of the other 9
DBP derivative molecules were reduced by varying degrees (the
lower the biodegradation effect predicted value, the better the
degradability). The prediction results of the single biodegrada-
tion effect model values of all DBP derivative molecules in
marine and freshwater environments were reduced, which is
consistent with the trend of comprehensive biodegradation
effects values. There were relatively poor results in reducing the
single biodegradation effect predicted values of DEHP and DINP
molecules after modification. The comprehensive biodegrada-
tion effect values of DEHP derivative molecules increased by
50%, and the predicted values of the single biodegradation
effect models also increased. Moreover, the comprehensive
biodegradation effects value of the DINP derivative molecules
(except for DINP—CONH,) decreased; the results show that
nearly 50% of the predicted single biodegradation effect values
of the DINP derivative molecules did not improve.

As mentioned earlier, when calculating the comprehensive
biodegradation effects value of PAE, the weights of biodegrad-
ability in marine and freshwater environments are both set at
50%. Based on the PAE prediction results using the single
biodegradation effect models for the marine and freshwater
environments (Table 3), the weight distribution of the predicted
reduction of the same derivative molecule’s single biodegrada-
tion effect basically concordant with 50%: 50% was found for
DBP—Br, DBP—CI, DBP—OCH,;, DBP—COOH, DBP—CHO, DBP—OH,
DEHP—CHO, DINP—NH,, and DINP—NO.,.
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2.5. Evaluation of the Environmental Friendliness of the PAE
Derivative Molecules

Environmental hazardousness (biotoxicity, estrogen toxicity,
bioconcentration, persistence, and migration), UV photodegrad-
ability, and biodegradation intermediate product toxicity are
used as indicators to characterize the environmental friend-
liness of PAEs before and after molecular modification. The PAE
derivative molecules simultaneous demonstrating low environ-
mental hazardousness, strong UV photodegradability, and low
toxicity of biodegradation intermediate products are identified
as being environmentally friendly.

2.5.1. Evaluation of the Environmental Hazardousness of the
PAE Derivative Molecules

We used the PAE molecular toxicity, persistence, bioaccumula-
tion, and migration models constructed by Qiu etal”® to
predict the environmental friendliness of the previously men-
tioned 12 PAE derivative molecules, and we calculated the
energy gap values, energy values, and frequencies of 12 PAE
derivative molecules as functional evaluation factors. Finally,
five environmentally friendly PAE derivative molecules with
functional considerations were screened out (Table 4).
According to the prediction results from the PAE biotoxicity
models, we know that except for the decrease of the LCs, value
of DBP-CONH2 (1.99%), those of the remaining 11 modified
PAE derivative molecules all increased to a large extent (5.81-
1516.65 %), indicating that the overall reduction in toxicity was
significant. The prediction results from the estrogenic-toxicity
model show that the ECs, values of DBP—F and DBP—OCH,
decreased greatly (25.10% and 20.43 %, respectively), indicating
that the estrogen toxicity was enhanced and so the molecules
do not meet the environmentally friendly requirements. Mean-
while, the estrogen toxicity of the remaining PAE derivative
molecules was greatly reduced. In the prediction of PAE
bioaccumulation model, the logBCF values of the PAE derivative
molecules decreased by varying degrees and with values of less
than 3, which indicates that their bioaccumulation is suitably
low and can be ignored.™ The persistence model indicated
that the logt,,, values of DBP—CONH,, DBP—COCH,, DBP—CI, and
DEHP—CHO were all significantly increased, and so it is
speculated that they can exist in the environment for a long
period and thus do not meet the environmental friendly
requirements. The migration model results show that except for
DEHP—CHO, the migration ability of the other PAE derivative
molecules presented a downward trend, with a decrease
ranging from 9.77% to 63.33%, thus indicating that they are
suitable candidates. Although compared with the figures that
can show the changes of toxicity directly in the study of Xu
etal. and Chen etal,”* the toxicity of new designed PAE
derivatives was still belongs to “Toxic”, while the toxicity
predicted by the single effect model by Qiu etal. has been
reduced by 9.77 % to 63.33 %, indicating that the toxicity of the
derivative molecules has been significantly reduced compared

© 2020 The Authors. Published by Wiley-VCH GmbH
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ethylhexyl) phthalate is cleaved under attack by *OH to form
intermediate phthalic acid. In the end, phthalic acid is trans-
formed into intermediate benzoic acid under the action of *OH.
The degradation products of branched chains may be recom-
bined to produce linear diols and linear carboxylic acids, and
eventually mineralize to CO, and H,0.5**® In addition, various
studies have shown that the UV photodegradation reactions of
DBP molecules start from the *OH attacking on its branched
chains.®**”" According to the above-mentioned UV photodegra-
dation pathway of DEHP catalyzed by H,O, the UV photo-
degradation pathway of the target molecule DBP and the
modified DBP derivative molecule DBP—OH is simulated and
inferred (route Il in red) in Figure 3.

In addition, *OH was more probably to form addition
products according to the previous studies on PAEs (DEP)
degradation, and the stable intermediate mono-(2-ethylhexyl)
phthalate may also be generated through hydrolysis, which was
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Figure 3. Schematic diagram of the UV photodegradation pathway simu-
lation of DBP (a) and DBP-OH (b).
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related to solution pH.”®*® Thus, according the above research,
we simulated the other two possible photodegradation paths
of DEP (route | and lll). To further study the degree of difficulty
before and after modification of UV photodegradation of DBP
molecules, the energy barriers of UV photodegradation reac-
tions of DBP and DBP-OH were calculated (route Il in red). The
energy barriers of each degradation reaction are marked at the
corresponding positions in Figure 3; the lower the barrier, the
more likely the occurrence of the photolysis reaction.”
According to the degradation pathway of the DEHP ultraviolet
light degradation catalyzed by H,0,, *OH first attacks the alkoxy
bond and the O—OH bond on the side chain of the DBP and
DBP—OH molecules, respectively, which is the key step in the
UV photodegradation reaction of DBP molecules and their
derivatives. In this step, the O—OH bond of the DBP—OH
molecule is broken and produces *OH after the hydroxyl group
has been removed. By calculating the reaction energy barriers
required for the entire photodegradation reaction of the DBP
molecule and its derivatives, we found that the energy barriers
of cleavage reaction of alkoxy bond or O—OH are different only
when °OH attacks the side chain at the first step. Compared
with the alkoxy bond cleavage reaction energy barrier of target
molecule DBP before modification (AE=213.8436 kcal/mol), the
reaction energy barrier of the modified derivative molecule
DBP—OH (AE=209.2638 kcal/mol) decreased by 4.5798 kcal/
mol, indicating that the modified PAE derivative molecule DBP-
OH can effectively reduce the energy barrier of the O—OH
cleavage reaction during the photodegradation process and
can form *OH that provides free radicals for the photodegrada-
tion of microplastics, thereby potentially promoting the photo-
degradation reaction of microplastics under natural light
irradiation .’

2.5.3. Evaluation of the Biodegradation Products Toxicity of the
PAE Derivative Molecules

Due to the long natural decay process of PAEs, biodegradation
is more likely to be the most important and effective way to
remove them from aquatic and terrestrial environments.*'*?
Bacteria, fungi (even yeast), and algae can effectively degrade
PAE under aerobic and anaerobic conditions.**** In a study of
DEHP-degrading bacteria in the activated sludge from a
petrochemical plant, it was found that intracellular degrading
esterase is mainly responsible for the DEHP degradation.”””
DEHP can be further degraded into benzoic acid and p-
hydroxybenzoic acid after reacting with degrading esterase to
generate phthalate monoesters and phthalic acid, and finally
converted into CO, and H,0. Li and Gu studied the aerobic
microbial degradation of PAEs (such as dimethyl phthalate
(DMP) and DBP) and found that the ester bond hydrolysis of
PAEs is a common initial step and that the degradation of the
intermediate product phthalic acid is a key step in the microbial
degradation process.

In this research, DBP-CHO with the greatest comprehensive
improvement in environmental hazardousness was selected
from among five environmentally friendly PAE derivative
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molecules (DBP—COOH, DBP—CHO, DBP—OH, DINP—NH,, and
DINP—NO,) to explore its biodegradation mechanism. Studies
have shown that the way microbes degrade PAEs is different
according to whether the bacteria are Gram-negative or Gram-
positive,®*®) and based on this, the biodegradation path
simulations of DBP—CHO were performed for both Gram-
negative and Gram-positive bacteria (Figure 4). Based on the
calculation results of reaction energy barriers, the path of
environmental transformation which is more likely to occur is
inferred.

As shown in Figure 4, DBP—CHO mainly undergoes hydrol-
ysis, oxidation, dehydrogenation, and decarboxylation reactions
during microbial degradation.® The ester bond of DBP—CHO is
first cleaved under the action of microbial esterases to undergo
a hydrolysis reaction and form phthalate monoesters (Il) and is
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Figure 4. Schematic diagram of the aerobic biodegradation pathway simu-
lation of DBP-CHO (A: biodegradation pathway by Gram-negative bacteria, B:
biodegradation pathway by Gram-positive bacteria, I. DBP-CHO, II. phthalate
monoesters, lll. phthalic acid, IV. cis-3,4- dihydroxy —3,4- dihydrogen p-
phenyl sulfonic acid; V. 3,4-dihydroxy phthalic acid, VI. cis-4,5-dihydroxy-4,5-
dihydrophthalic acid, VII. 4,5- dihydroxy phthalic acid, VIII. protocatechuate).

then further hydrolyzed to form phthalic acid (lll). There are
usually two ways for micro-organisms to degrade phthalic acid:
(A) Gram-negative bacteria oxidize positions 3 and 4 of phthalic
acid () through the action of intracellular dioxygenase, which
is dehydrogenated to generate 3,4-dihydroxy phthalic acid (V)
and finally, transformation to protocatechuate (VIll) by decar-
boxylation.

Meanwhile, in the biodegradation pathway of Gram-positive
bacteria, phthalic acid (Ill) oxidative dehydrogenation at posi-
tions 4 and 5 generates dihydroxy phthalic acid (VIl), which is
transformed to protocatechuate (VII) by decarboxylation.
After the organic acids form protocatechuate, the tricarboxylic
acid cycle finally degrades it into CO, and H,0.°? It can be seen
in Figure 4 that the total energy barrier required by Gram-
positive bacteria to degrade phthalic acid (Ill) (2933.23 kcal/mol)
is lower than in the Gram-negative bacteria degradation path-
way (3094.59 kcal/mol), thus path B is more likely to occur in
the aerobic biodegradation of DBP—CHO. The PAEs biotoxicity
and estrogen toxicity pharmacophore model®” was used to
predict the biotoxicity and estrogen toxicity of the trans-
formation products produced by pathway B and these were
compared with those for the precursor molecule DBP—CHO. The
prediction results are shown in Table 5.

Except for Il (phthalate monoesters), the LCs, and ECs, values
of the other transformation products of biodegradation path-
way by Gram-positive bacteria were increased by 2-4 orders of
magnitude, indicating that 1l (phthalate monoesters), |llI
(phthalic acid), VI (cis-4,5-dihydroxy-4,5-dihydrophthalic acid),
VIl (4,5- dihydroxy phthalic acid), and VIl (protocatechuate)
have significantly reduced biotoxicity and estrogen toxicity and
thus meet the environmentally friendly requirements.

Studies on the environmental behavior of PAEs in vivo and
in vitro show that when some of the metabolites of the PAEs
exist in the form of monoesters, their toxicity can be higher
than their precursor molecules,*” which may have potential
risks to the ecological environment and human health. This is
consistent with the conclusion that the biotoxicity and estrogen
toxicity values of compound Il are higher than those of
DBP—CHO.

2.6. Universal Analysis of the Biodegradation of PAE
Derivative Molecules

In addition to manganese peroxidase and catalase that can
degrade PAEs in marine and freshwater environments, respec-
tively, other possible PAE degradation enzymes (serine hydro-

Table 5. Biotoxicity and estrogen toxicity predictive results of PAE derivative DBP-CHO and the products of its biodegradation by Gram-positive bacteria.
Compd. Bio-toxicity LCs Change rate (%) Estrogen toxicity ECso Change rate (%)

| 0.66 - 0.41 -

1l 0.60 —8.93 0.18 —55.79

1] 55.99 8411.13 38.37 9160.95

Vi 55.37 8316.08 38.02 9076.95

Vil 6,134.79 932433.07 37.70 8998.42

Vil 44412 67410.10 391.41 94370.39
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lase from Pseudomonas aeruginosa PAO1, PDB ID: 4F0J;'®"
serine hydrolase from Pestalotiopsis microspore, PDB ID:
1YCD;"""? lipase from Rhizopus arrizus, PDB ID: 6AQW;%7374
cutinase from Fusarium solani, PDB ID: 5AJH,”>’® a biodegrada-
tion enzyme from Burkholderia cepacia, PDB ID:2nw6;°*’” and a
biodegradation enzyme from Ochrobactrum sp. Jdc-41, PDB ID:
1EI5,7%7% were selected for molecular docking with the five PAE
derivative molecules that be screened by environmentally
friendly evaluation to evaluate the adaption ability of PAEs
derivative molecules to a variety of degrading bacteria (degrad-
ing enzymes). These strains come from different environments,
including constructed wetland soil, WWTPs, marine sediment,
shallow aquifer sediment, marine, and river sludge. The
molecular docking results are shown in Figure 5.

The scoring function of the molecular docking between the
target molecules (DBP and DINP) and their degradation
enzymes in five environments were used as the reference
values (shown as a horizontal line in the middle of the
background image of six circular environments in Figure 5). A
bar graph above the horizontal line indicates that the scoring
function of the molecular docking between a PAE derivative
molecule and the degradation enzyme in the environment is
higher than that of the PAE target molecule (a PAE derivative
molecule above the horizontal line has better biodegradability).
Meanwhile, a bar graph below the horizontal line indicates that
the scoring function of the molecular docking between the PAE
derivative molecule and the degradation enzyme is lower than
that of the target molecule. The length of the bar graph clearly
shows the increased and decreased amplitude of the biode-
gradability changes of the PAE derivative molecules in the
environment.

From Figure 5, it can be seen intuitively that compared with
the target molecules DBP and DINP, the biodegradability of all
five PAE derivative molecules was improved in one-three
different environments; DBP—COOH had an increased proba-
bility of biodegradation in constructed wetland soils, shallow
aquifer sediments, and marine environments, indicating that it
may have good biodegradability in a variety of environments.

DBP-COOH
DBP-OH

DBP-CHO

DINP-NH;

DINP-NO;

Cutinase
PDB 1D: 5AJH

Serine hydrolase
PDB ID: 4F0J

Hydrolase
PDB ID: 2NW6

Serine hydrolase Lipase
PDBID: 1YCD  PDB ID: BAOW

Hydrolase
PDB ID: 1EI5

Shallow aquifer

Marine environmen
sediment sl

Constructed wetland soil  WWTPs Marine sediment River sludge
The binding affinity to the degrading enzyme of the PAEs derivative molecule is higher than

that of the target molecule.

The binding affinity to the degrading enzyme of the PAEs derivative molecule is lower than
that of the target molecule.
Il one-n,

Il ospPcoor DBP-OH Il ose-cHo DINP-NO;

Figure 5. Schematic diagram of the biodegradability evaluation of PAE
derivative molecules in various environments.
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In addition, it was also found that the binding affinity of the
five PAE derivative molecules with the enzymes in shallow
aquifer sediments were all improved to some degree. It can be
speculated that the designed environmentally friendly PAE
derivative molecules have good biodegradability in shallow
aquifer sediment, wetland soil, and marine environments.

3. Conclusions

The ratio normalization method was used to construct a 3D-
QSAR comprehensive effects pharmacophore model that takes
into account the comprehensive biodegradation effects values
and structural parameters of PAEs in marine and freshwater
environments, as verified by 3D-QSAR biodegradable single
effect pharmacophore models of PAE molecules in each
environment. Based on this, five PAE derivative molecules
(DBP—COOH, DBP—CHO, DBP—OH, DINP—NH,, and DINP—NO,),
which are both functional and environmentally friendly, were
designed. It was found that the conversion products of
DBP—CHO showed the lowest toxicity during the biodegrada-
tion process. Besides, DBP—OH produced °*OH during the
photodegradation process which can provide free radicals for
the photodegradation of microplastics and potential promote
the photodissociation process of microplastics, thereby slowing
down the environmental pollution of microplastics to a certain
extent.

Experimental Section

Calculation of the Biodegradability of PAEs in Marine and
Freshwater Environments - the Molecular Dynamics Method

The biodegradability of PAEs in marine and freshwater environ-
ments is represented by combining the free energy of PAEs and
their degradation by manganese peroxidase from the bacterium
Phanerochaete chrysosporium and catalase from the fungus
Aspergillus  niger in marine and freshwater environments,
respectively.”>”>®# The density functional theory (DFT) B3LYP/6-
31G (d) in the Gaussian 09 software was used to optimize the
structures of the PAE molecules and their derivatives. With the
optimal structures, the binding free energy of 19 PAE molecules
and their receptor proteins were calculated in marine and fresh-
water environments, the results of which are reported in Table 6.

The calculation of the binding free energy values of manganese
peroxidase and catalase with PAE molecules is based on the
molecular dynamics simulation module of the Gromacs software on
a Dell PowerEdge R7425 server. The composite systems of
manganese peroxidase and catalase with PAE molecules were
placed in a cube with a side length of 8.3 nm, respectively, the
GROMOS96 43a1 force field was used for molecular restraint, and
Na* ions were added to neutralize the system charge. The
composite system was set up as a group and the energy
minimization simulation based on the steepest gradient method
was performed with the number of simulation steps set to 100,000.
The heat bath and pressure bath simulation times of the composite
system were both 100 ps, the pressure bath was set to a constant
standard atmospheric pressure of 1 bar, and the dynamic simu-
lation calculation time of each level group is set to 200 ps.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 6. Comprehensive biodegradation effect values of PAE molecules in marine and freshwater environments.
PAEs® Freshwater Environment pDF @ Marine Environment pDM®! Comprehensive Evaluation Value
AGyng [kJ/mol] AGynqg [kJ/mol]
BMPP —41.33 1.62 —81.20 1.91 2.89
DBP —101.05 2.00 —95.94 1.98 1.52
DEHP —134.94 213 —90.53 1.96 1.34
DEP —76.56 1.88 —97.44 1.99 1.79
DIDP —135.17 213 —107.54 2.03 1.23
DINP —118.00 2.07 —105.96 2.03 1.33
DIPP —95.96 1.98 —57.06 1.76 2.01
DIPrP —48.23 1.68 —75.61 1.88 2.65
DMP —71.34 1.85 —92.18 1.96 1.91
DNOP —114.22 2.06 —85.67 1.93 1.50
DIHP —139.13 2.14 —79.91 1.90 141
DUP —17.87 1.25 —58.92 1.77 5.97
DTDP —175.23 224 —76.58 1.88 1.32
BBP —78.56 1.90 —125.31 2.10 1.62
DAP —103.14 2.01 —100.76 2.00 1.47
DIHXP —99.80 2.00 —74.16 1.87 1.72
DMEP —86.50 1.94 —99.27 2.00 1.64
DPP —78.38 1.89 —75.82 1.88 1.94
DPrP —80.28 1.90 —123.79 2.09 1.60
[a] pDF represents the negative logarithm of the PAE binding free energy in the freshwater environment. [b] pDM represents the negative logarithm of the
PAE binding free energy in the marine environment.

Characterization of the Comprehensive Biodegradation
Effects of PAEs in Marine and Freshwater Environments - the
Ratio Normalization Method

The ratio normalization method has an important indicator
(indicator bearing). The measurement may be different when the
selected indicator tends to be a larger value (larger-the-better, LTB),
a smaller value (smaller-the-better, STB), or an ideal value (distance-
to-ideal, DTI).®? The ratio normalization method was used to
characterize the biodegradation effect values of PAEs in the marine
and freshwater environments (the biodegradation effect character-
ized by the binding free energy). The actual biodegradation effect
values of PAEs in the two environments were converted into the
dimensionless efficacy coefficient R; (Equation (1)). Next, C (Equa-
tion (2)), which represents the comprehensive dual biodegradation
effects of PAEs based on the weighted relationship of the PAE
molecules, was applied (Table 6). The ideal biodegradability effect
value of a PAE molecule in marine and freshwater environments
tends to be small.

Equation (1), in which the indicator bearing tends to be STB in the
ratio normalization method, is used to convert the comprehensive
biodegradation effects value of the dual biodegradation of PAE
molecules in the marine and freshwater environment into a
dimensionless value Rg;:

*
min{x }
Rs ;= —X;e—, (1

where x* = {x,*,x,,...,x,*} represents the single effect value of
the binding free energy of the PAE molecule binding to its
degrading enzyme in either the marine or freshwater environment
and x;* is the binding free energy effect value of the jth PAE
molecule binding to its degrading enzyme.

The purpose of this research is to improve the biodegradability of
PAE molecules in the marine and freshwater environment indis-
criminately. Therefore, the biodegradation effect weights (w) in the
marine and freshwater environments are both selected to be 50%.
According to the set comprehensive biodegradation effects weight,

ChemistryOpen 2020, 9, 1033 -1045 www.chemistryopen.org

the comprehensive biodegradation effects value for PAE molecules
in both the marine and freshwater environments is calculated
based on Equation (2), and the comprehensive biodegradation
effect value of a PAE molecule in both environments is evaluated as

C:W'R51'j+W'R52,j1 (2)

where Rg; ; and Rs, ; represent the dimensionless value of the
biodegradation effect of PAE molecules in the marine and fresh-
water environments, respectively, after being transformed by the
ratio normalization method.

Functional Characteristics and Environmentally Friendly
Characterization Methods of the PAE Derivatives

The functional characteristics of PAE molecules before and after
modification are evaluated using the energy gap (eV), total energy
(a.u), and positive frequency value*? The energy gap value
representing insulativity refers to the energy difference between
the highest occupied orbit and the lowest occupied orbit; the larger
the energy gap value is, the weaker the conductivity is. The values
of total energy and positive frequency represent the stability of the
molecule in the environment. Using Gaussian 09 software, the DFT
(B3LYP), 6-31G * basis set is used to calculate the PAE molecular
energy gap value, total energy, and positive frequency before and
after modification.

The environmental friendliness of PAEs before and after molecular
modification can be characterized in terms of environmental
hazardousness (biotoxicity, estrogen toxicity, bioconcentration,
persistence, and migration), biodegradability, and UV photodegra-
dation. If the modified PAE derivative molecules have lower
environmental hazards than before modification, the biodegrada-
tion conversion product has lower toxicity and can generate *OH in
the UV photodegradation process to provide free radicals from
microplastics. Hence, we consider that the modified PAE derivative
molecule has better environmental friendliness.

The 3D-QSAR pharmacophore model concerning biotoxicity, estro-
gen toxicity, bioconcentration, persistence, and migration models
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for PAE molecules constructed by Qiu et al.“” was used to predict
the environmental hazards of PAEs before and after modification:
the median lethal concentration (LCg) to fish was used as an
indicator of biotoxicity, the median effect concentration (ECs,) was
used as an indicator of estrogen toxicity, the logarithm of the
bioconcentration factor (logBCF) represents the bioconcentration,
the logarithm of the half-life (log t,,,) expresses the persistence, and
the long-range mobility is expressed by the negative logarithm of
vapor pressure (—logP, is pP). In addition, according to the
biodegradation and UV photodegradation pathways of PAE mole-
cules, the reaction energy barriers of the biodegradation and UV
photodegradation pathways of PAE derivative molecules before
and after modification were calculated. With the aid of the Gaussian
09 software,® the structures of the reactants and products in the
degradation reactions of the PAE target molecules and its derivative
molecules were optimized at the B3LYP/6-31G * basis set level, and
the transition state (TS) and reaction energy barrier (4E) of the PAE
derivative molecules were calculated for biodegradation and UV
photodegradation reactions at the same base set level, respectively.
The calculation of the degradation reaction energy barrier is as
follows:

AE = E (TS) — 3E (Reactant). (3)

Furthermore, the simple resonance frequency of the PAE derivative
molecule was calculated. TS has only one virtual frequency, the
intermediate has no virtual frequency, and the intrinsic reaction
coordinate verification of TS was performed.

Universal Adaptability Verification of the Biodegradation of
PAE Derivatives in Marine and Freshwater Environments -
the Molecular Docking Method

The universal biodegradation adaptation of the PAE derivative
molecules in different environments were verified after being
screened for evaluation of comprehensive dual biodegradation
effects pharmacophore model, environmental friendliness and
functionality. That is to say, the degrading enzymes of PAEs from
various micro-organisms in different environments were used to
conduct molecular docking with the modified PAE derivative
molecules via a scoring function to characterize the binding affinity
of the degrading enzyme and the modified PAE derivative
molecules. Based on this, the universal biodegradation adaptation
of PAE derivative molecules for a variety of degrading enzymes in
micro-organisms was investigated.

We selected PAE-degrading bacteria from constructed wetland soil,
wastewater treatment plants (WWTP), marine sediment, shallow
aquifer sediment, marine, and river sludge environments and
determined their corresponding degradation enzymes. We ob-
tained the protein molecular structure of these degradation
enzymes from the Protein Data Bank (PDB, http://www.rcsb.org/
pdb). Using the Dock-Ligands (Libdock) module in the Discovery
Studio software, we conducted molecular docking in semi-flexible
docking mode to simulate the binding of ligand molecules to the
binding cavities of receptor proteins.
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