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ARTICLE INFO ABSTRACT
Keywords: ZIF-67, as a typical MOF material, is considered a new type of high-potential adsorbent due to its ample surface
ZIF-67 area and tunable surface chemistry, which has the potential to interact with other contaminants in unforeseen
Bisphenol compounds ways, resulting in combined toxicity. To further elucidate this possibility, we chose typical bisphenol compound

Co-exposure
DFT
Toxicity mechanism

(BP) which is widely used in commercial manufacturing, to explore the combined toxicity with MOF. MOF
showed a high adsorption capacity for BPAF (> 80 %) and the weakest adsorption capacity for BPA (< 10 %),
and DFT confirmed the different interaction strengths of MOF for BPs. The difference in adsorption capacity for
BPs resulted in different amounts of free BPs, contributing to combined toxicity. Based on flow cytometry and
TEM, the results showed that membrane damage was reduced and the ability of ZIF-67 to enter the cell was
decreased in the low-concentration ZIF-67 mixing group, and the ability of ZIF-67 to enter the cell was increased
in the high-concentration ZIF-67 mixing group, and the membranes were severely damaged. RT-PCR and
biochemical indicators measurements helped to explain the underlying toxicity mechanism. This study is of
practical significance for the development of environmental guidelines for mixed contaminant effects and ac-
curate risk assessments.
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1. Introduction

Metal-organic framework (MOF), an ordered three-dimensional
structure formed by self-assembly of metal ions and organic ligands,
has developed fast and has attracted considerable attention [1-4]. In the
last two decades, the total number of publications associated with MOF
has increased 66-fold from 147 to nearly 10,000 indexed by Web of
Science Core Collection. More than 20,000 MOFs have already been
synthesized, with the promise of widespread application [5]. In terms of
marketing applications, it is reported that MOF market will reach over
$8.9 billion in 2023 and is estimated to reach $27.3 billion in 2032.

Due to the adequate surface area and tunable surface chemistry,
MOFs are considered a potential adsorbent widely used for the adsorp-
tive removal of different pollutants [6-8]. This has led to a significant
increase in the potential of MOF to come into contact with other pol-
lutants, among which it is worth mentioning the co-exposure scenarios
of MOF with bisphenol compounds (BPs). Ahsan et al. synthesized two
modified Cu-MOFs (GO-modified Cu-MOFs and CNT-modified
Cu-MOFs) to remove the BPA in water. The results showed that the
adsorption capacities of the two nanomaterials for BPA were 182.2 and
164.1 mg/g, respectively, which were much higher than the adsorption
capacity of Cu-MOF [9]. Yu et al. introduced the porphyrin unit struc-
ture into Zr-based MOF using an ultrasonic method and synthesized
Zr-based porphyrins MOF-505 and MOF-545, both exhibited excellent
high efficiency and high rate of adsorption for BPA [10]. The application
of MOF for the detection and degradation of BPA has also been more
thoroughly studied. Arul et al. synthesized the Ni-MOF onto amino
acid-functionalized graphene nanosheets, showing high sensitivity and
stability for BPA [11]. A novel boron and nitrogen-modified perox-
ymonosulfate activated carbon catalyst (Fe@BPC-XBN) prepared with
an iron-based metal-organic skeleton (Fe-MOF) showed promising
application prospects by removing 93.3 % of BPA within 90 min [12].
All these developments will inevitably lead to the encounter of MOF and
BPs, which may be exposed to organisms and pose a threat to environ-
mental safety.

Bisphenol compounds (BPs) are one of the vital raw materials for
synthesizing polymer materials [13]. A large number of studies have
revealed that BPs can be detected in food, house dust, environmental
samples, human urine, blood and consumer products [14,15]. The most
well-known BPs is bisphenol A (BPA). BPA has been identified as a weak
estrogenic chemical that binds to estrogen receptors and alters endo-
crine function in organisms, causing adverse reactions [16]. Many
countries have banned the use of BPA as a food utensil additive.
Bisphenol S (BPS) and Bisphenol F (BPF) are widely used as alternatives
to BPA. Some studies have determined the toxic effects of BPs and
evaluated the risks of use [17-20].

More studies have been performed on the toxicity of nanomaterials
co-exposure to other pollutants, while there is still a gap in the investi-
gation of the combined toxic effects of MOF and BPs. For example, Liu
et al. used the human colorectal mucosal cells to investigate the com-
bined effect of biochars and Cr/As, they found that redox-induced
chemical speciation determined the combined toxicity [21]. The large
specific surface area and high surface reactivity of nanomaterials make
adsorption the most common physicochemical process when nano-
materials are co-exposed with other pollutants. The combined effect of
graphene oxide (GO) and Cd>" was studied on Chlorella vulgaris, and the
results showed that Cd*>" was absorbed on the GO surface and the
combined toxicity enhanced when two co-exposure [22]. In addition to
facilitating the uptake of other pollutants after direct adsorption, it has
been found that GO can shift the valence state of arsenic, which in turn
increased its toxicity to wheat (Triticum aestivum L.) [23]. It can be seen
that most nanomaterials do not have a similar toxicity effect after
co-exposure with other pollutants due to different physicochemical
properties, and there is no universal conclusion that can directly guide
toxicity assessments.

In this study, we chose typical cobalt-based MOF (ZIF-67) and three
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common BPs (BPA, BPS and BPAF) as representative pollutants to
explore the combined toxicity effect and toxicity mechanism. The ab-
sorption capacities of ZIF-67 to three BPs were experimentally explored
and the conclusions were verified based on DFT. The toxicity values of
the test group were determined using luminescent bacteria acute
toxicity test, a commercially available toxicity test method with sensi-
tivity comparable to the 96-hour acute toxicity test on fish [24,25].
Based on these toxicity data, the content of ZIF-67 and BPs entering the
cell were determined, and the toxic contribution of each component in
the combined toxicity was clarified. Moreover, flow cytometry and TEM
were conducted to evaluate intracellular damage. With the help of
quantitative data of typical biochemical indicators and relevant
expression of core-related genes, the potential combined toxicity
mechanism of ZIF-67 and typical BPs was revealed.

2. Materials and methods
2.1. Materials and bacteria

Sources of chemicals are detailed in the supporting information (Text
S1). According to the previous research, ZIF-67 (200 nm, recorded as
D200) was prepared [26]. The stock solutions of BPA, BPS, BPF, BPAF,
BPB and tetrabromobisphenol A (TBBPA) were prepared in 2 % DMSO
solution and stored in —20°C. A certain amount of the above BPs was
dissolved in the 3 % NaCl solution and sonicated for 2 min, and the
concentrations were set as 100, 50, 25, 10 and 1 mg/L.

The luminescent bacteria Photobacterium phosphoreum T3 strain was
purchased from China General Microbiological Culture Collection Cen-
ter (Beijing, China).

2.2. Cell cultivation and toxicity assay

The culture medium and cell cultivation process of T3 strain were
according to the previous study [26]. The final cell density of T3 strain in
PBS for toxicity assay was 1.5 x 107 CFU/mL. The cells were exposed to
the desired test samples and incubated for 15 min. The bioluminescence
intensity was determined with a Modulus™ Single Tube Multimode
Reader (Turner Biosystems, USA). The Luminescence inhibition rate
(LIR) can be calculated and the toxic level estimation was shown as ICs,
the calculation methods of LIR and the ICsy values obtained by the
Weibull function model were according to the previous study [26].

2.3. Adsorption capacity of ZIF-67 for BPs

Different concentrations of ZIF-67 and BPs were prepared according
to the experimental design, and the solvent contained DMSO (2 %, v/v).
ZIF-67 was mixed with BPs for 15 min, afterwards the mixture solution
was filtered by polyethersulfone membrane (0.22 um). Only the BPs not
adsorbed by ZIF-67 were retained in the filtrates. The filtrate was
collected and the concentration of BPs in the filtrate was determined by
HPLC-MS (iChrom 5100, Elite, China). The chromatographic conditions
are detailed in the Text S2. On the basis of adsorption experiment re-
sults, the interactions between ZIF-67 and three BPs were explored by
Density Functional Theory (DFT). The detailed methodology is
described in Text S3.

2.4. Adsorption and separation experiment of intracellular materials

2.4.1. Intracellular adsorption amount of ZIF-67

After the toxicity assay, the T3 strain in the test sample was collected
by centrifugation and washed with PBS three times. Then the T3 strain
was digested with HNO3 (65 %, v/v) for 24 h. The concentration of
HNOs in the sample was diluted to 5 % (v/v), and the intracellular cobalt
content of T3 strain was determined by ICP-OES (ICPE-9000, Shimadzu,
Japan).
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2.4.2. Intracellular distribution of absorbed ZIF-67

The effects of ZIF-67 on cell morphology were observed by trans-
mission electron microscope (TEM, HT7800, Hitachi, Japan). After co-
exposure with ZIF and BPs for 30 min, the precipitate was washed
with PBS and centrifuged to collect. The procedure for the preparation of
test samples was described in previous studies.

2.4.3. The adsorption capacity of intracellular ZIF-67 on BPs

Detailed separation methods are described in Text S4. After 15 min of
exposure to T3 strain, the mixture solution containing the T3 strain was
filtrated by 0.22 um filter membrane, collecting the cells on the mem-
brane and the filtrate, respectively. The cells were washed with sterile
water and stored at —20°C. The filtrate obtained by filtration was
denoted as solution B.

The collected cells were lysed by a freeze-thaw method. After
repeated freezing and thawing for 3 times, the bacteria lysed and
released the BPs absorbed by bacteria, ZIF-67 absorbed by bacteria and
ZIF-67 containing adsorbed BPs absorbed by bacteria. Then, the above
mixture solution was filtered with a 0.22 pm filter membrane to remove
ZIF-67 (containing ZIF-67 adsorbed with BPs), and the filtrate was
collected and denoted as solution A. Solution A only contained intra-
cellular BPs which are not adsorbed by ZIF-67. The BPs content in so-
lution A was determined by HPLC-MS.

BPs not absorbed by bacteria, ZIF-67 not absorbed by bacteria and
ZIF-67 containing adsorbed BPs not absorbed by bacteria were all pre-
sent in solution B. ZIF-67 in solution B was removed by adding HNO3
and the BPs adsorbed by ZIF-67 were released at the same time. The
content of BPs in solution B was determined by HPLC-MS. The amount of
the BPs is the total content of the BPs that have not entered the bacteria.

Subtract the content of the BPs measured in solution A from the total
BPs content, and then subtract the content of the BPs measured in so-
lution B to obtain the intracellular content of the BPs adsorbed by ZIF-
67.

2.5. Determination of the biochemical biomarkers

After the toxicity assay, the collected bacteria were homogenized in
NP 40 lysis buffer with sonic treatment for 20 min in an ice bath. The
supernatants were stored at —80°C for the following tests. The FMN and
NADH content in the sample were measured using the enzyme-linked
immunosorbent assay (ELISA) kits (Ruifan, Shanghai, China) following
the manufacturer’s instructions. The intracellular ROS production was
measured by ELISA kits (Ruifan, Shanghai, China). The Reduced
Glutathione (GSH) content and the total antioxidant capacity (T-AOC) in
samples were detected using the GSH Colorimetric Assay Kit E-BC-K030-
M (Elabscience, China) and T-AOC kit (Beyotime, China), respectively.
The lactate dehydrogenase (LDH) activity was measured to reflect the
extent of membrane damage using the LDH cytotoxicity assay kit
(Beyotime, China), following the manufacturer’s instructions.

2.6. Analysis of the percentage of live/dead bacteria

Bacteria were collected by centrifugation after 15 min of exposure to
the test material, and the final concentration of bacteria was approxi-
mately 1.5 x 107 CFU/mL. The dyeing cell process was followed by our
previous work [27]. The two stains, SYTO-9 and propidium iodide (PI),
were used to discriminate living and dead bacteria (LIVE/DEAD Bac-
Light Bacterial Viability, Thermo Fisher, USA). In particular, SYTO-9
could stain and label all bacteria. The PI dye, a cytosolic fluorescent
dye similar to ethidium bromide, can only penetrate
membrane-damaged bacteria, decreasing SYTO-9 stain fluorescence
when both dyes are present. The percentage of live/dead bacteria was
analyzed using the self-contained program on the flow cytometer
(CytoFLEX, Keyi, China) to classify the bacteria into P3 and P4 zones,
where P3 zones are membrane-damaged cells and P4 zones are intact
live cells. Data analysis was processed by flow cytometry software.
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2.7. Real-time quantitative PCR (RT-PCR) analysis

RT-PCR was used to determine the transcription levels of the luxA
and [uxB after exposure to the treatment groups. The two genes, luxA
and luxB, are encoded in luciferase, vital to the luminescence process
[28]. The primer sequences of the selected gene are shown in Table S1.
All RT-PCR measurements were according to the previous research [26].

2.8. Statistical analysis

Data were analyzed with GraphPad Prism (Ver. 7.0; GraphPad
Software, California, USA) and presented as the mean + standard de-
viation based on triplicate results from three independent experiments.
Differences between the control and treated groups were analyzed using
the Student’s t-test. p < 0.01 were denoted significance.

3. Results and discussion
3.1. The single toxicity of ZIF-67 and BPs

The common physicochemical properties and their molecular
structure of six BPs (BPA, BPAF, BPF, BPS, BPB and TBBPA) are shown in
Table S2 and Fig. S1. By use of the Weibull function fitting, the ICsq
values for TBBPA, BPAF, BPB, BPS, BPF and BPA were 8.81, 10.02,
11.58, 18.77, 18.38 and 39.04 mg/L (Table S3). The biotoxicity of
TBBPA was the highest, followed by BPAF and BPB, the ICs5( value of
BPA was 10 times lower than that of TBBPA. Similar results were found
in the study of Tisler et al. They found that the ICsq of BPS (2.1 mg/L)
was lower than that of BPF (4.2 mg/L) based on luminescent bacteria
V. fischeri, indicating that BPS was more toxic than BPF [29]. The
different single toxicity of BPs may be related to their structural varia-
tion and molecular weight [30].

The IC5¢ value for ZIF-67 (200 nm) estimated in our previous
investigation, was 4.58 mg/L [26]. Based on the single biotoxicity re-
sults and relative molecular weight of six BPs, BPA, BPS and BPAF were
selected to investigate the combined effects with ZIF-67. According to
the Weibull function fitting, the toxicity order of three BPs was BPAF >
BPS > BPA.

3.2. Toxicity assay of ZIF-67 co-exposure with BPs

The test concentrations of BPs are selected based on a concentration
corresponding to LIR of about 35-40 %. The 25, 5 and 1 mg/L were
determined as the test concentrations for BPA, BPS and BPAF, respec-
tively. In terms of ZIF-67, high (10 mg/L) and low (2 mg/L) concen-
trations of ZIF-67 (corresponding to the LIR of 75 % and 40 %,
respectively) were selected to explore the combined toxicity with the
three BPs. Experimental groups are denominated by concentration and
compound name. For example, the experimental group of 25 mg/L BPA
was recorded as 25 BPA. The nomenclatures of all experimental groups
are shown in Table S4.

The results of single and combined toxicity of ZIF-67 (2 mg/L and 10
mg/L) and fixed concentrations of BPs are shown in Fig. 1. The LIRs of
BPA and ZIF-67 were 37.9 % and 40.8 % at concentrations of 25 mg/L
and 2 mg/L, respectively. The LIR of the mixture of BPA and ZIF-67 was
55.5 %, significantly higher than that of a single compound. BPA (25
mg/L) mixed with higher concentrations of ZIF-67 (10 mg/L) showed
synergistic effects, with the LIR was 99.33 %. Similarly, the same trend
was found in the mixed group of BPS and ZIF-67, the combined toxicity
of the mixture was higher than that of the single compound (p < 0.01).
The results of BPAF and ZIF-67 differ from those of the binary mixture
mentioned above. The LIRs of BPAF (1 mg/L) and ZIF-67 (2 mg/L) are
35.1 % and 40.8 %, respectively, while the LIR of the mixture is 26.3 %,
the combined toxicity is lower than that of the single compound,
showing antagonism effect. When the test concentration of ZIF-67
increased to 10 mg/L, the LIR was 76.7 %, and that of the 1 BPAF-10
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Fig. 1. Cytotoxicity of single and binary mixed group on T3 strain. (a)single and binary mixed toxicity of ZIF-67 and BPA, (b) single and binary mixed toxicity of ZIF-
67 and BPS, (c) single and binary mixed toxicity of ZIF-67 and BPAF. (* p < 0.01 is compared with control, #p < 0.01 is compared withBPs group).

D200 group was 75.4 %, which was considered to be equivalent to the
LIR of ZIF-67 (10 mg/L). The results showed that the toxicity effect of
ZIF-67 and BPs were not the same, the combined effect of ZIF-67 and
BPA, ZIF-67 and BPS showed mainly synergistic, while the ZIF-67 and
BPAF were primarily antagonistic. Chen et al. found the antagonistic
effect was the main effect in the Zn-based nanomaterials (ZnO-NPs and
ZIF-8) on Cd,2+ The high concentration of Zn-based nanomaterials (16
mg/L) and Cd%" co-exposed to Cd*" decreased bacterial activity and
increased toxicity. However, co-exposure of Zn-based nanomaterials at a
low concentration (4 mg/L) with Cd?* resulted in detoxification and
reduced toxicity [31].

3.3. Intracellular adsorption and distribution of ZIF-67 and BPs after co-
exposure

3.3.1. Adsorption capacity of BPs on ZIF-67

The adsorption rate represented the percentage of the content of BPs
adsorbed by ZIF-67 at fixed concentrations (Fig. 2). ZIF-67 had the
lowest adsorption capacity for BPA, the adsorption rates of 2 mg/L and
10 mg/L ZIF-67 for 25 mg/L BPA were 8.68 % and 7.45 % respectively,
which were lower than 10 %. The adsorption rate of ZIF-67 (2 mg/L) on
BPS (5 mg/L) reaches 56.67 %, and the adsorption rate increased when
the concentration of ZIF-67 increased. Among the three BPs, ZIF-67
adsorbed the largest amount of BPAF, with the adsorption rate of
1 mg/L of BPAF by 2mg/L of ZIF-67 reaching 81.67 %, and the
adsorption rate increased to 83.71 % at 10 mg/L of ZIF-67. As can be
seen, the adsorption capacity of ZIF-67 for BPA, BPS and BPAF was
different within 15 min. The adsorption capacity of ZIF-67 for BPAF
reached 80 %, followed by BPS, and BPA was the lowest, with an
adsorption rate of less than 10 %. Other researchers have also reported
that the same material’s adsorption ability for different BPs differs. Li
et al. synthesized a magnetic layered bilge-shaped adsorbent (Fe3O4
@Co/Ni-LDH), which can adsorb BPA, BPS and BPAF at pH 7. The core-
shell adsorbent has the best adsorption capacity for BPAF. It is also
considered that high pH and salinity are unfavorable to removing BPs
[32].

In order to further investigate the adsorption properties of ZIF-67 for
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Fig. 2. Adsorption rate of ZIF-67 and bisphenol compounds. The initial con-
centrations of ZIF-67 were fixed at 2 and 10 mg/L, and the concentrations of
BPA, BPS and BPAF were fixed at 25, 5and 1 mg/L, respectively. The initial pH
was 6.5 and the temperature was 25 °C.

three BPs, the adsorption mechanism was clarified by DFT (Fig. 3). It is
showed that when the ZIF-67 configuration is fixed, the cobalt ion forms
an electrostatic interaction with the benzene ring of BPA, an imidazole
ring and a benzene ring can form an incomplete n-n stacking interaction,
while the methyl group in BPA cannot participate in the interaction
between the two molecules due to steric hindrance effect. The n-n
stacking of the imidazole ring and benzene ring is dominant between
BPS and ZIF-67, the interaction between cobalt and benzene ring is
weak, while the sulfhydryl group in BPS formed a certain van der Waals
force with cobalt ion due to strong electronegativity. BPAF has the
fluorine-containing group with the strongest electronegativity, fluorine
element and cobalt ion, forming the strong van der Waals force among
the three BPs. In addition, cobalt interacted with benzene ring positively
in the opposite direction. According to the diagram of interaction
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Fig. 3. DFT calculation results. Front view of (a) ZIF-67 and BPA, (d) ZIF-67 and BPS, and (j) ZIF-67 and BPAF, side view of (b) ZIF-67 and BPA, (e) ZIF-67 and BPS,
and (h) ZIF-67 and BPAF. The weak interaction between ZIF-67 and BPs was reflected by the interaction region indicator (IRI), (c) the IRI of ZIF-67 and BPA, (f) the

IRI of ZIF-67 and BPS, and (i) the IRI of ZIF-67 and BPAF.

strength, it can be determined that the interaction between BPAF and
ZIF-67 is the strongest, followed by BPS and ZIF-67, and the interaction
between BPA and ZIF-67 is the weakest. This result is in agreement with
the analysis of the maximum site resistance induced by the two methyl
groups and the maximum interaction force of fluorine. The DFT results
are in concordance with the results of the adsorption tests.

3.3.2. Adsorption of BPs by intracellular ZIF-67

3.3.2.1. No difference in particle size between treatment groups after co-
exposure. Studies related to the effect of particle size on the toxicity of
nanomaterials have confirmed that particle size is one of the important
factors affecting the toxicity of nanomaterials [33-35]. Therefore, the
particle size variation after adsorption of ZIF-67 and BPs was investi-
gated. In order to avoid agglomeration of nanomaterials at high con-
centrations, a low concentration of ZIF-67 (2 mg/L) was selected to
investigate the change in particle size after the adsorption of BPs
(Fig. S2). It can be found that the particle size distribution of BPA and
ZIF-67 group is 140 nm, that of BPS and ZIF-67 group is 145 nm, and
that of BPAF and ZIF-67 is 156 nm, indicating that there is no significant
change in the particle size after the adsorption of ZIF-67 with the three
BPs.

Previous studies have suggested that ZIF-67 with a particle size of
less than 400 nm may enter the cell and cause biotoxicity [26]. Com-
bined with this conclusion, it is assumed that the particle size of ZIF-67
adsorbed to BPs is less than 200 nm, which may enter the cells and cause
toxic effects. Therefore, the intracellular levels of ZIF-67 and BPs after
co-exposure were determined.

3.3.2.2. Determination and isolation of intracellular components. After
the separation of ZIF-67 and BPs with dilute nitric acid, the content of
intracellular BPs, the content of BPs adsorbed by intracellular ZIF-67,
and the content of intracellular cobalt contained in the cells were
determined by HPLC-MS, are shown in Table 1.

The content of intracellular BPs varied inT3 after 15 min of exposure,
with the BPAF having a higher content of 29.12 %, followed by BPA
(18.11 %) and BPS (15.07 %), indicating that the three BPs have
different ability to enter the cell. The BPs reduced the firmness and
hardness of monolayers, weakening the interaction between membrane-
forming molecules [36]. The strength of action of BPA on cell mem-
branes is greater than that of BPS, and it was speculated that BPA tends
to aggregate into clusters at high concentrations, leading to the extrac-
tion of lipids from the bilayer and the eventual formation of voids, which
caused cell membrane damage [37].

Our previous studies have demonstrated that the intracellular cobalt
content after 15 min of treatment can reflect the amount of ZIF-67
entering the cell [26]. As shown in Table 1, the intracellular cobalt
content after ZIF-67 (2 mg/L) treatment was 85.2 %, while the intra-
cellular cobalt content of ZIF-67 mixed with BPs group decreased. The
intracellular cobalt content was 47-52 % after mixing 2 mg/L of ZIF-67
with BPs, whereas the intracellular cobalt content decreased after
combining ZIF-67 with BPs at a high concentration (10 mg/L). There
was no significant difference in the percentage of cobalt content in the
high-concentration ZIF-67 mixed with BPs, which was about 20-21 %. It
is speculated that agglomerates of ZIF-67 in high concentrations are
more difficult to enter cells [38].

Although the percentage of intracellular cobalt content in high-
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Table 1

Determination of intracellular components.
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Group Intracellular free BPs Intracellular BPs adsorbed by ZIF-67 Intracellular Co

Content (fg per cell) Proportion (wWt%) Content (fg per cell) Proportion (wt%) Content (fg per cell) Proportion (wWt%)
2 D200 75.24 + 6.42 85.2 4+ 3.05
10 D200 - - 215.4 +9.18 46.7 +1.08
25 BPA 20.65 + 0.87 18.11 £+ 2.38 - -
5 BPS 3.75+0.31 15.07 £+ 1.47 -
1 BPAF 1.46 + 0.66 29.12 + 1.57 - - - -
25 BPA—2 D200 1.86 + 0.51 2.38 +0.26 5.18 + 0.43 4.04 +0.43 52.18 + 6.42 51.20 + 2.11
25 BPA—-10 D200 10.67 +£ 0.72 8.47 £0.27 24.15 + 0.93 19.18 £ 0.72 96.74 + 5.91 20.97 +1.53
5 BPS—2 D200 0.34 + 0.07 1.57 +0.14 1.32 £+ 0.08 6.09 + 0.34 53.18 + 2.07 47.53 +£1.37
5 BPS—10 D200 1.57 + 0.40 7.26 + 0.31 5.17 + 0.42 23.85 £ 0.75 95.08 + 3.39 20.26 + 0.92
1 BPAF —2 D200 0.01 £ 0.01 0.27 £0.01 0.41 £0.21 8.11 £ 0.40 54.31 +£8.10 51.58 +1.18
1 BPAF —10 D200 0.22 £ 0.04 4.39 £ 0.82 2.63 + 0.58 52.02 +0.23 97.22 + 4.90 21.53 £ 0.21

concentration ZIF-67mixed groups was lower than in the low-
concentration group, the absolute amount of intracellular cobalt con-
tent increased, suggesting that co-exposure to high concentrations of
ZIF-67 and BPs increases the ability of ZIF-67 to enter cells. The above
results showed that the ability of ZIF-67 to enter the cell after co-
exposure with three BPs was decreased compared to the ability of a
single ZIF-67 to enter the cell, suggesting that ZIF-67 adsorbed with BPs
is less likely to enter the cell and cause accumulation. However, there
was no significant change in the ability of ZIF-67 to enter cells between
the binary mixed groups, and this result is consistent with the fact that
there was no significant difference in the change in particle size after co-
exposure of ZIF-67 with three BPs. Although there was no significant
difference in intracellular cobalt content in the binary mixed group at
the same ZIF-67 concentration, the intracellular content of BPs was not
the same due to the different adsorption capacities of ZIF-67 on the three
BPs, and the intracellular BPs content increased with the increase of ZIF-
67 concentration.

Compared with the BPA-D200 and BPS-D200 groups, the BPAF-D200
group had the highest BPAF adsorbed into the cell by ZIF-67. In the 25
BPA-2 D200 group, the percentage of BPA content adsorbed to ZIF-67
co-entering the cell was 4.04 %, and the intracellular free BPA content
was 2.38 %. In the 25 BPA-10 D200 group, the BPA adsorbed to ZIF-67
co-entering the cell was 19.18 %, and the intracellular free BPA content
was 8.47 %. Differently, in the 25 BPAF-2 D200 group, the percentage of
BPAF adsorbed to ZIF-67 co-entering into the cell was 8.11 %; with the
increase of ZIF-67 concentration to 10 mg/L, the content of BPS adsor-
bed to ZIF-67 co-entering the intracellular increased to 52.02 %. The
adsorption capacity of ZIF-67 on BPA was weaker, the content of BPA in
the cell after adsorption was lower, and the content of free BPA in the
cell was higher. ZIF-67 had the strongest adsorption capacity on BPAF,
which caused the content of intracellular BPAF to be lower than that of
BPA and BPS. After adsorption of the three BPs, the intracellular content
of free BPs was in the order of BPA > BPS > BPAF. Presumably, in the
binary mixing group with low concentrations of ZIF-67, the ability of
ZIF-67 to enter the cell is decreased when adsorbed with BPs. In the
mixing group with a high concentration of ZIF-67, the ability of ZIF-67
to enter the cell was increased, probably because the high concentration
of ZIF-67 caused more severe membrane damage. The intracellular
adsorption experiments showed that in the mixed group with a low
concentration of ZIF-67, the content of BPAF adsorbed by ZIF-67 was
higher in the mixed group of BPAF-D200 compared to that of BPA-D200
and BPS-D200. The intracellular content of free BPs, showed the order of
BPA > BPS > BPAF, it is speculated that free BPs may contribute to
toxicity. Due to the technical limitations, there are no direct methods to
demonstrate the process by which ZIF-67 entered the cell. With the help
of TEM, we explored the intracellular distribution of the after the co-
exposure of ZIF-67 and three BPs (Fig. S3). Bacteria in the control
were round or oval-shaped, with no accumulation of exogenous material
in the cell with clear cell membranes. In treatment groups, ZIF-67 could
be seen interacting with the membrane, and some of the membranes

appeared to be wrinkled, and nanomaterials accumulated in the cell.
This result supports the speculation that ZIF-67 adsorbed BPs and co-
entered the cell.

3.3.2.3. Toxicity contribution analysis. To further clarify the toxicity
contribution, the LIRs of each component were converted based on the
concentration-effect relation and the data in Table 1 (Fig. 4a). The
toxicity contribution of ZIF-67 was much greater than that of free
intracellular BPs, showed a higher toxicity contribution. The predicted
LIR of intracellular BPs was higher in the mixed groups ofBPA-D200 and
BPS-D200 than in the BPAF-D200 group, with the predicted LIR of BPs in
the 25 BPA-2 D200 group being 6.47 %, and being as high as 18.14 % in
the 25 BPA-10 D200 group. The predicted LIR of free intracellular BPs in
the BPAF-D200 mixed group were all lower than 0.001 %, which can be
considered no toxicological contribution. This result further supports
the conclusion that the high adsorption capacity of ZIF-67 for BPAF
leads to a decrease in the intracellular free BPAF content and a lower
contribution to combined toxicity.

From the factor correlation analysis in Fig. 4b, the four factors, the
intracellular BPs content, intracellular ZIF-67 adsorbed BPs content,
intracellular ZIF-67 content and LIR showed a strong positive correla-
tion. It can be concluded that the combined toxicity of BPs and ZIF-67 is
not caused by the single component, which is the result of the individual
action of the components and interaction.

3.4. The toxicity mechanism of ZIF-67 co-exposure to BPs

3.4.1. Cell membranes damage after co-exposure

The analysis of the percentage of live and dead bacteria in the single
and mixed groups are shown in Fig. 5. The percentage of dead bacteria in
the control was 4.89 % and the live bacteria was 93.73 %. The per-
centage of dead bacteria for three BPs, BPA (25 mg/L), BPS (5 mg/L),
BPAF (1 mg/L), were 15.23 %, 10.94 %, and 10.40 %, respectively. The
percentage of dead bacteria for 2 mg/L of ZIF-67 was 8.42 %, and that
for 10 mg/L of ZIF-67 was 24.85 %. In the binary mixture group, the
percentage of dead bacteria in the 25 BPA-2 D200 was 22.18 %, which
was significantly higher than that of the single compounds of the two,
indicating that the mixture of BPA and ZIF-67 caused cell membrane
damage, which resulted in a significant increase in the number of dead
bacteria, and showed synergistic effects. The same trend was observed as
the concentration of ZIF-67 in the mixed group was increased to 10 mg/
L. Similarly, the BPS-D200 mixture group showed a trend of a higher
percentage of dead cells in the binary mixture group than that of the
single compound, in which the percentage of dead bacteria in the 5 BPS
—2 D200 group was 20.95 %, the percentage of dead bacteria in the 5
BPS and 2 D200 were 10.94 % and 8.42 %, respectively, showing syn-
ergistic effect. The results of the mixed group of BPAF and ZIF-67 were
different from the above test groups. The percentage of dead bacteria in
the 1 BPAF-2 D200 group was 5.71 %, which was much lower than the
number of dead bacteria in the single compounds of the two (10.40 %
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and 8.42 %, respectively), suggesting that the mixture would reduce the
damage to the cell membrane, which showed the antagonistic effect.
When the concentration of ZIF-67 in the mixed group was increased to
10 mg/L, the percentage of dead bacteria in the 1 BPAF-10 D200 group
gradually increased to 24.03 %, the percentage of dead bacteria in the
mixed group was still relatively low compared with that in the 5 BPA
—10 D200 and 5 BPS —10 D200 groups.

The above results of the live/dead bacterial percentage of ZIF-67 and
the three BPs indicate that cell membrane damage correlates with
toxicity, the more severe the cell membrane damage, the greater the
toxicity. Moreover, the cell membrane damage in the mixed group with
a high concentration of ZIF-67 (10 mg/L) was more severe compared to
that in the mixed group with a low concentration of ZIF-67 (2 mg/L),
which verified the speculation above that the high concentration of ZIF-
67 is prone to aggregation, and thus may produce more significant
damage to the cell membrane.

3.4.2. Oxidative damage analysis

Oxidative damage in the combined group was explored using four
indicators: intracellular ROS content, GSH content, total antioxidant
activity and LDH activity. Due to the high toxicity of 10 mg/L of ZIF-67,
which tends to contribute too much to the combined toxicity and neglect
the toxicity contribution of BPs, 2 mg/L was chosen as the concentration
of ZIF-67 in the mixture to investigate the oxidative damage.

Under the normal natural state of cells, ROS are natural by-products
of oxygenation during normal metabolism, and intracellular oxidation
reactions are in dynamic balance. However, external stimuli interfering
with cellular structure and function can cause a dramatic rise in intra-
cellular ROS, undesirable ROS becoming a product and triggering toxic
effects [39]. As seen in Fig. 6a, the ROS content of T3 strain after 15 min
exposure to 2 % DMSO was employed as a control of 60 U/mL. The ROS
contents in all test groups were significantly higher than in control
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(p < 0.01). The ROS content in the BPA and ZIF-67 was 145 and
158 U/mL, while the ROS content in the mixed group was 232 U/mL,
which was 37.5 % and 31.9 % higher compared with the ROS genera-
tion of the two single components. Similarly, the single ROS generation
of 5mg/L of BPS and 2 mg/L of ZIF-67 was 113 and 158 U/mL,
respectively, whereas that of the combined group of the two was
184 U/mL, which was higher than the ROS content produced by BPS and
ZIF-67 single component (p < 0.01). Although the ROS content of the
mixed test group was higher than that of the single component, it was
still lower than that of the single component summed ROS content.
Combined with the adsorption results, this may be due to the strong
adsorption capacity of ZIF-67 on BPA and BPS, which led to the reduc-
tion of the free BPA and BPS that entered into the intracellular through
the cell membrane, which was finally manifested as the ROS generation
of the mixed group was lower than that of the single component summed
ROS generation.

In contrast to the results of these two mixed groups, the ROS gen-
eration of 105 U/mL in the mixed group of BPAF and ZIF-67 was
significantly higher than that of the single component (p < 0.01). The
decrease in ROS generation indicates a reduction in intracellular
oxidative stress compared to the single component. The results suggest
that the ROS content is correlated with the combined toxicity. When the
combined toxicity was synergistic, the ROS content of the mixed group
was higher than that of the single-component group. When the com-
bined toxicity was antagonistic, the ROS content of the mixed group was
lower than that of the single-component group.

Several studies have shown that ROS generation is accompanied by
intracellular detoxification. Glutathione (GSH), which consists of
glutamate, cysteine and glycine, as an essential regulator of metabolism,
will participate in the tricarboxylic acid cycle and glucose metabolism
pathways in vivo to promote metabolism and is an important detoxi-
fying agent [40-42]. Therefore, changes in GSH content reflect the
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Fig. 6. Oxidative damage investigation in single and binary mixtures of ZIF-67 and BPs. (a) ROS content, (b) GSH content, (c) Total antioxidant activity and (d) LDH
activity. (* p < 0.01 compared with the control, #p < 0.01 compared with the BP in the group, p < 0.01 compared with the ZIF-67).
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degree of intracellular oxidative stress [14]. All treatment groups
showed a significant decrease in GSH content compared to the control
(p < 0.01). As shown in Fig. 6b, the mixture group of ZIF-67 and
BPA/BPS showed similar results, with significantly lower GSH content
in the mixture group compared to the single component (p < 0.01).
However, the GSH content of the BPAF and ZIF-67 mixture group did not
show a significant reduction (p > 0.01) compared to that of the two
components, where the GSH content of the single-component BPAF
(1 mg/L) experimental group was about 20.4 pM/L and that of the other
components, ZIF-67 (2 mg/L), was about 18.6 pM/L. The GSH content
of the mixed group was about 20.7 pM/L, which was slightly higher than
that of the single component. The results indicated that the intracellular
production of ROS was lower in the BPAF-D200 mixed group, which
resulted in higher intracellular GSH content. The results of GSH content
indicated that GSH was involved in the detoxification mechanism of
intracellular oxidative stress. The balance of ROS and GSH is required to
clear the normal physiological activities, and redox homeostasis is
maintained through the production of GSH. The disruption of the bal-
ance of ROS/GSH will destroy the ROS/GSH homeostasis. Disruption of
the GSH balance leads to undesirable oxidation and chemical modifi-
cation of biomolecules, resulting in cell cycle arrest, inhibition of pro-
liferation, and ultimately inducing cell death. It has been suggested that
the imbalance of intracellular ROS and GSH can regulate cell prolifer-
ation, differentiation, and death through specific signal pathways [43,
44].

The change in total antioxidant activity (T-AOC) is a more intuitive
indication of the level of intracellular oxidative stress. When intracel-
lular oxidized free radicals accumulate, the activity of antioxidant en-
zymes will be significantly elevated, using redox to convert peroxides
into less toxic or harmless substances, reducing the level of intracellular
oxidative stress and decreasing the toxicity [45-47]. As shown in Fig. 6c,
T-AOC was increased in all test groups compared to the control group
(p < 0.01). The most significant increase in T-AOC compared to a single
component was in the mixed group of ZIF-67 and BPA, followed by the
mixed group of ZIF-67 and BPS. The trend of change was different is the
BPAF and ZIF-67 test group, and there was a slight increase in T-AOC in
the mixed group compared to the T-AOC of the component BPAF
(1 mg/L) and a 17 % decrease in T-AOC compared to that of the
component ZIF-67 (2 mg/L) (p > 0.01). Combined with the results of
GSH content and T-AOC measurements, it indicated that the level of
oxidative stress was lower in the mixed group of BPAF and D200, and
thus it can be assumed that intracellular oxidative stress is one of the
reasons for the toxicity.

LDH activity can characterize the extent of membrane damage [48],
and the results are shown in Fig. 6d. LDH activity was significantly
increased in all tested groups compared to the control (p < 0.01). The
most highly increased of the mixed groups was the BPA-D200 mixture
group, which showed a 62.8 % increase in LDH activity over the
component BPA group (10 mg/L) and a 24 % increase over ZIF-67
(2 mg/L). Similarly, LDH activity was elevated in the BPS-D200 mixed
group compared to the single component. The reduced LDH activity in
the mixed group was in the BPAF-D200 group, with a measured LDH
activity of 632.8 mU/mL in the mixed group, which was significantly
lower compared with the LDH activities of component BPAF (1 mg/L)
and component ZIF-67 (2 mg/L), 803.9 and 962.8 mU/mL, which were
consistent with the results measured by flow cytometry, suggesting that
the mixed group of BPAF and D200 showed reduced damage to the cell
membrane compared to the single component. The above results are
consistent with the results measured by flow cytometry, indicating that
the degree of damage decreased in the BPAF -D200 group and increased
in the BPAF -D200 and BPS-D200 mixed group. Considering the results
that the levels of intracellular ZIF-67 and intracellular ZIF-67 adsorbed
BPAF were low compared to the remaining two groups, it is assumed
that the ability of ZIF-67 and BPAF to enter the cell after co-exposure
was reduced, resulting in less damage to the cell membrane. It has
been suggested that cell membranes contain a lipid bilayer that is
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susceptible to ROS attack. ROS activate oxidative stress, leading to lipid
peroxidation and cell membrane damage. Cell membrane damage cau-
ses more extensive damage to the cell, ultimately leading to cell death
[49]. In addition, we speculate that excess nanomaterial is attached to
the cell membrane, interfering with the normal function of ion channels
in the membrane and causing cell membrane damage [50].

The results of the above measurements of intracellular ROS content,
GSH content, T-AOC and LDH activity indicated that the mixed groups of
ZIF-67 and BPA, and ZIF-67 and BPS induced a dramatic increase in
ROS, which led to a decrease in intracellular GSH and an increase in the
activity of total antioxidant enzymes in response to oxidative damage.

3.4.3. Luminescence damage analysis

The FMN content, NADH content, and the relative expression of
mRNAs encoding luxA and luxB were used to analyze the luminescence
damage caused by ZIF-67 and BPs on T3 strain.

3.4.3.1. FMN content. FMN (Flavin mononucleotide) is a cofactor of
flavin protein and can play an important role in electron transfer during
luminescence [51,52]. As shown in Fig. 7a, all test groups showed a
significant reduction in FMN content compared to the control group
(p < 0.01). The highest decrease was observed in the BPA-D200 group,
with a 64 % reduction compared to the control. The FMN content of this
mixed group was also significantly lower than that of the single com-
ponents BPA and ZIF-67, with the FMN content of BPA (25 mg/L) being
145.5 ng/mL and that of ZIF-67 (2 mg/L) being 129.0 ng/mL. The FMN
content of the ZIF-67 and BPS mixed group was significantly lower
(p < 0.01) than that of the single components ZIF-67 and BPS. There was
no significant change in the FMN content of the components ZIF-67 and
BPS, FMN content of the mixed test group of ZIF-67 and BPAF was
increased compared to that of the single components ZIF-67 and BPAF
(p < 0.01). Fig. 8.

3.4.3.2. NADH content. NADH and NAD" act as a redox pair in the cell,
with NADH acting as a hydrogen and electron donor and NAD ™ acceptor
involved in various redox reactions [53]. As seen in Fig. 7b, compared to
the control, all test groups showed a significant decrease in NADH
content (p < 0.01). The most significant decrease in NADH content was
in the BPA-D200 group, which was reduced by 84 % compared to the
control. Similarly, the NADH content of the BPS-D200 mixed group was
also reduced compared to the single components BPS and ZIF-67. NADH
content of the BPAF and D200 mixed groups did not change significantly
compared to the single components.

Variations in the FMN and NADH contents of the mixed and single
component test groups were generally consistent with the changes in
toxicity. It has been reported that an imbalance in the ratio of NADH and
NAD" produces ROS, and NADH and FMN are two critical energetic
substrates. More studies have been conducted on FMN and NADH con-
tent to characterize the toxicity mechanism. It was found that while 1-
alkyl-3-methylimidazoles had a toxic stimulatory effect on lumines-
cent bacteria, the compounds greatly stimulated the production of FMN
and NADH, suggesting that the stimulation of luminescence may be
accompanied by an increase in the content of FMN and NADH [54]. By
exploring the effect of carbon nanomaterials on the coupled enzyme
system of luminescent bacteria: NAD(P)H:FMN-oxidoreductase and
luciferase, Esimbekova et al. found that the soluble coupled enzyme
system showed high sensitivity to MWCNT and SWCNT, and the inhib-
itory activity of carbon nanomaterial correlated with the toxicity of
luminescent bacteria [55]. Mo et al. also used the FMN and NADH in-
dicators to explore the time-dependent toxic stimulatory effects of four
quinolone antibiotics, singly and in binary mixtures on Vibrio qing-
haiensissp. Q67 [52].

3.4.3.3. Relative mRNA expression of core luminescent genes luxA and
[uxB. The expression of the core luminescent genes in the treatment
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Fig. 8. Diagram of the potential toxicity of ZIF-67 and bisphenol compounds.

groups of ZIF-67 and BPs was explored by RT-PCR (Fig. 7c). The lumi-
nescent genes luxA and luxB are derived from the lux operon, which are
two vital genes to encode luciferase and related to the luminescence
intensity [56]. Mallevre et al. prepared a switch-off luminescent Pseu-
domonas putida BS566::1uxCDABE bioreporter, which contained a com-
plete Iux operon from Photorhabdus luminescens, to investigate the
toxicity effects of model OECD nanoparticles (Ag, ZnO and TiOs). The
results showed the toxicity results were associated with differences in

10

agglomeration status and dissolution rate of nanoparticles [57]. The
relative mRNA expression of luxA and [uxB decreased in treatment
groups. Compared to luxA, luxB has a significant decrease, indicating
that luxB was more sensitive than luxA in response to external stress
[58]. The lowest relative mRNA expression of luxA and luxB was in the
BPA-D200 group, followed by the BPS-D200 group and BPAF-D200
group. The results were in good agreement with the toxicity results,
indicating that all mixed groups inhibited the luminescence process by
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inhibiting the expression of the core genes, leading to luminescence
damage.

3.5. Potential toxicity mechanism

In this study, the combined toxicity of ZIF-67 and BPs (BPA, BPS,
BPAF) was investigated, and the results showed that the different
adsorption capacities of ZIF-67 on different BPs affected their combined
toxicity effects. ZIF-67 had a stronger adsorption capacity for BPAF, and
the co-exposure showed antagonistic effects; ZIF-67 showed weaker
adsorption capacity for BPA and BPS, and combined toxicity showed
synergistic effects, the potential toxicity mechanisms are shown in
Fig. 6. At low concentrations of ZIF-67, the ability of ZIF-67 with
adsorbed BPs to enter the cell was reduced, but still causing the cell
membrane damage during the transmembrane process. In addition, due
to the different adsorption capacities of ZIF-67 for BPs, the amount of
free BPs detected in the cell showed an order of BPA > BPS > BPAF. In
comparison, a smaller amount of free BPAF produced less ROS.
Furthermore, the mutual repulsion of the most electronegative fluorine
in BPAF and negatively charged cellular membrane also reduced cell
membrane damage. The above reasons resulted in the antagonistic effect
of co-exposure of BPAF and ZIF-67. At a high concentration, ZIF-67
aggregates caused large pores in the cell membrane, leading to more
severe cell membrane damage while increasing the transmembrane ca-
pacity of ZIF-67 and BPs to enter the cell. The expression of luminescent
genes luxA and luxB was inhibited, interfered with luciferase synthesis,
and ultimately manifested as luminescence decrease.

4. Conclusion

In this study, the results of the acute toxicity assay of Photobacterium
phosphoreum T3 showed that the combined toxicity of ZIF-67 and BPA,
ZIF and BPS was mainly synergistic, the combined toxicity of ZIF-67 and
BPAF was mainly antagonistic. In the mixed group of a low concentra-
tion of ZIF-67 and BPs, the ability of ZIF-67 adsorbed with BPs to enter
the cell decreased compared to that of ZIF-67. Significant differences in
the intracellular amount of BPs adsorbed by ZIF-67 due to differences in
adsorption capacity led to significant differences in the intracellular
amount of free BPs, which contributed to toxicity. There was no sig-
nificant change in the particle size of ZIF-67 after the adsorption of
different biphenolic compounds, and ZIF-67 acted as a transporter to
carry the bisphenol compounds to enter the cell, causing oxidative
damage and luminescence damage. Considerably more work need to be
done to dynamically explore the interaction and intracellular entry of
ZIF-67 and bisphenol compounds. These findings will contribute to more
realistic environmental risk assessments of co-exposure to nano-
materials and other contaminants.

Environmental implication

Due to the adequate surface area and tunable surface chemistry,
MOFs are considered a potential adsorbent widely used for the adsorp-
tive removal of bisphenol compounds (BPs). The combined effects of
typical zinc-based MOF (ZIF-67) and three BPs were investigated, and
the adsorption properties of ZIF-67 on BPs were also explored, ulti-
mately elucidating the mechanism of combined toxicity. This study
provides new insights into the safety of MOF and other environmental
contaminations and lays a theoretical foundation for the safe application
and emission of nanomaterials.
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