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Abstract

We report an effective and environmentally sustainable water treatment approach using enzymes 

encapsulated in biogenic vault nanoparticles. Manganese peroxidase (MnP), whose stability 

was remarkably extended by encapsulating into vaults, rapidly catalyzed the biotransformation 

of endocrine-disrupting compounds, including bisphenol A (BPA), bisphenol F (BPF), and 

bisphenol AP (BPAP). The vault-encapsulated MnP (vMnP) treatment removed 80–95% of each 

of the tested bisphenols (BPs) at lower enzyme dosage, while free native MnP (nMnP) only 

resulted in a 19–36% removal, over a 24-h period. Treatment by vMnP and nMnP resulted 

in considerable disparities in product species and abundance, which were consistent with the 

observed changes in the estrogenic activities of BPs. To test if vMnP-catalyzed transformations 

generated toxic intermediates, we assessed biological hallmarks of BP toxicity, namely, the ability 

to disrupt reproductive processes. The toxicity of vMnP-treated samples, as measured in the 
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model organism, Caenorhabditis elegans, was dramatically reduced for all three BPs, including the 

reproductive indicators of BPA exposure such as reduced fertility and increased germ cell death. 

Collectively, our results indicate that the vMnP system represents an efficient and safe approach 

for the removal of BPs and promise the development of vault-encapsulated customized enzymes 

for treating other targeted organic compounds in contaminated waters.

Graphical Abstract
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INTRODUCTION

Enzymatic bioremediation, which utilizes enzymatic catalysis to degrade or transform 

contaminants in the environment, has been explored for several decades.1–4 Benefiting from 

high efficiency and specificity of enzymes, enzymatic treatment is therefore considered 

effective and, because of its reduced chemical and energy use, congruent with the principles 

of environmental sustainability.1,4,5 However, as many enzymes are not stable outside 

living cells, and can be inactivated by heat, cocontaminants, and products formed by their 

own activities, the use of enzymes in water treatment requires high dosage and frequent 

replenishment, which raises the cost and limits their applications in large scale systems.1 

A potential solution is to entrap enzymes in solid supports, such as alginate beads, hollow 

fiber membranes, and magnetic particles,1 to lower dosage and prevent inactivation, thus 

reducing the cost. But entrapped enzymes usually become less active due to substrate 

diffusion resistance caused by the solid supports.1,5,6 Recent advances in nanotechnology 

have provided a wide variety of nanomaterials that are potential alternatives to conventional 

entrapment supports. Owing to their small dimensions, substrate diffusion problems 

can be minimized in nanoimmoblization, which benefit enzyme catalytic efficiency.5,6 

However, many of these materials, such as carbon nanotubes, polymeric nanoparticles, 

and mesoporous metal oxides, require harsh synthesis conditions and complex support 

preparation and immobilization protocols and also cause cytotoxicity and possess potential 

human health risks, which limit their use in environmental applications, particularly in water 

treatment.6
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The use of bionanomaterials in enzyme stabilization is gaining more attention, as they 

are more biocompatible and synthesized under physiological conditions.7 We recently 

reported a protein scaffold based stabilization approach by encapsulating enzymes in vault 

nanoparticles.8 Vaults are the largest natural ribonucleoprotein particles with dimensions 

of 41 × 41 × 72.5 nm, which are synthesized in humans and most other eukaryotes.9 

Each native vault consists of 78 copies of major vault protein (MVP), which assemble 

into the outer shell of the particle, and several copies of two different vault-associated 

proteins and small untranslated RNAs.9 Synthesized from heterologously expressed MVP in 

insect or yeast cells, recombinant vaults are empty protein shells that are morphologically 

identical to native vault particles with core cavities of around 3.87 × 104 nm3 (Figure 

S1).10,11 Such large scaffolds not only protect encapsulated proteins from deactivators but 

also allow free enzyme conformational changes that are required for proper catalytic cycles, 

enabling vaults to be plausible carriers for immobilizing and stabilizing enzymes.7 The 

INT domain, a protein sequence that was derived from one of the vault-associated proteins, 

has a strong noncovalent interaction with vault interior binding sites and is used to direct 

fusion proteins into vaults.12 Due to such specific interaction, INT-tagged enzymes can be 

selectively taken up by vaults from complex matrix materials, which potentially obviates 

the need of pre-enzyme purification and concentration prior to immobilization and provide 

a simple and low-cost immobilization methodology. Our recent study demonstrated that the 

vault-encapsulated manganese peroxidase (MnP) exhibited better storage stability and higher 

resistance against heat inactivation than free MnP,8,11 whereas the effectiveness of vault 

encapsulation toward enhancing enzymatic treatment of various water contaminants is still 

unknown.

Bisphenol A (BPA, Table S1), a chemical commonly used in plastic, paper, and food 

packaging industries, is one of the most prevalent endocrine disrupting compounds (EDCs) 

in the environment.13 A large number of studies have epidemiologically and mechanistically 

linked BPA exposure to a variety of significant adverse health effects including, most 

notably, a strong impact on reproduction and fertility.14 In recent years, these health risk 

concerns associated with its exposure have led to a substitution of BPA with its structural 

analogues (Table S1), such as bisphenol F (BPF), bisphenol S (BPS), and bisphenol AP 

(BPAP). BPF shares the highest structural relationship with BPA and shows a similar 

octanol–water partition coefficient (KOW), pKa, and water solubility.15 The more hydrophilic 

BPS exhibits more than 3 times higher water solubility than BPA, and lower KOW and 

pKa.16 BPAP, the BPA analogue with a phenyl substituted for the methyl group at the 

quaternary α-carbon, has more than 100 times lower water solubility and higher KOW.17 

These analogues are now being used in numerous commercial products, and consequently, 

they are now also found in surface water,18 wastewater,19 and sediments.13 However, due 

to their high degree of structural similarities with BPA, many of these substitutes have been 

shown to possess similar endocrine disrupting activity and reproductive toxicity as BPA.20,21

Several oxidative enzymes, such MnP, horseradish peroxidase, and laccase, have been 

demonstrated to mediate transformation of BPA via coupling reactions or scission 

reactions.2,22 However, similar to many other oxidation processes, enzymatic catalysis does 

not completely mineralize bisphenols (BPs), leaving a wide range of intermediates.2,23,24 

Since their chemical structure is similar to that of their parent compounds, such 
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intermediates are also likely to pose health risks, especially reproductive effects, which 

are considered signatures of BPs’ toxicity.20,25–30 Several studies have assessed the toxicity 

of BPA oxidative transformation products but focused on acute toxicity only.23,24 Evaluation 

of the reproductive toxicity of such intermediates will provide deeper understanding of 

detoxification processes of BPs and inform the assessment of various remediation strategies.

The aim of this study was to develop a vault-encapsulated enzymatic system as an effective 

and sustainable approach toward contaminants removal and detoxification. We investigated 

the transformation of BPA and its analogues BPS, BPF, and BPAP by vault-encapsulated 

MnP (hereafter vMnP) at low enzyme dosage, and compared it with unencapsulated MnPs. 

Then, a combination of in vitro and in vivo assays was used to assess whether the 

degradation of the parent compound led to the production of transformation products that 

caused lower estrogenic and reproductive effects.

EXPERIMENTAL SECTION

Preparation and Characterization of vMnP.

Vaults and recombinant MnP-INT (rMnP) were expressed in Spodoptera frugiperda (Sf9) 

insect cells infected with baculoviruses encoding either human MVP or rMnP as previously 

described.8 The rMnP was encapsulated in vaults and purified following standard vault 

processing protocols.8,31 In brief, cell-free culture media containing secreted rMnP was 

mixed with empty vault particles and incubated on ice for 30 min. Due to the dynamic 

structure of vaults and the strong affinity between their interior binding sites and the 

INT domain, vaults can selectively internalize INT tagged components (rMnP; Figure 

S2).9 Subsequently, vMnP was separated from matrix materials and negative stain rMnP 

through ultracentrifugation. Purified vMnP was fractionated on a 4–15% SDS-PAGE gel 

and analyzed by Coomassie staining and Western blotting using primary rabbit anti-INT 

antibody and secondary goat antirabbit IgG (H+L) (IRDye 800CW, LI-COR). Negative-stain 

transmission electron microscopy (TEM) was then performed to confirm the intactness, 

shape, and size of encapsulated vault particles. Number-based particle size distributions and 

zeta potentials of empty and encapsulated vaults were determined using PALS (ZetaPALS, 

Brookhaven Instruments).

Transformation of BPs.

All BP removal reactions were performed at 25 °C in a shaking incubator at 250 rpm. 

For each BP, the reactions were performed in pH 4.5 50 mM malonate buffer with 

native MnP (nMnP), rMnP, or vMnP; 1.5 mM MnCl2; 300 μM H2O2; and 150 μM BP. 

MnP enzyme was dosed at 19.3, 15.3, 23.3, and 23.3 U/L for BPA, BPS, BPF, and 

BPAP reactions, respectively. The enzyme activity assays were carried out in a pH 4.5 

50 mM malonate buffer containing 2 mM MnCl2, 400 μM H2O2, and 100 μM 2,2′-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). Absorbance increases at 420 nm were 

recorded for 30 s with a 2 s interval for calculating initial ABTS oxidation rates. Enzyme 

free conditions were included to correct for any nonenzymatic losses of BPs. To evaluate 

the contribution of adsorption on vaults to the removal of BPs, vault-only conditions with 

final concentrations of 1 mg/mL vaults were also tested. At each prespecified time point, 
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triplicate samples were terminated by adding three volumes of methanol, followed by 

filtration through 0.2 μm syringe filters. The residual BP concentrations were measured 

using an HPLC as described in the SI. BPA removal was also tested at pH values ranging 

from 4.0 to 5.5 with a gradient of pH 0.5. Reaction mixtures were set up as described above 

in 50 mM malonate buffers at various pH’s, each with an initial enzyme activity of 15.3 U/L. 

Triplicate samples were collected at 0 and 24 h and analyzed using HPLC.

Characterization of Products.

Eleven-milliliter reactions in pH 4.5 50 mM malonate buffers, containing 4.97 × 10−2 μM 

MnP (vMnP or nMnP), 1.5 mM MnCl2, 300 μM H2O2, and 150 μM BP (BPA, BPF, or 

BPAP), were incubated at 25 °C and at 250 rpm. Matrix tests containing all components 

except for MnP and BPs were performed as background negative controls, and enzyme-free 

assays containing all components except for MnP were performed as positive controls. 

Recoveries of BPA, BPF, and BPAP were also evaluated in the system only containing 

malonate buffer and 150 μM of BP (Table S2). After a 24-h reaction, 1 mL of solution 

was collected from each sample and mixed with 2 mL of methanol, and stored prior to 

determining residual BP concentrations using HPLC. The remaining 10 mL of solution 

was subjected to solid-phase extraction (SPE) and processed as described in the SI. The 

final concentrated SPE eluate in 10 μL of ethanol was used for product characterization, 

estrogen receptor binding assays, and toxicity tests. Two microliters of the final concentrated 

SPE eluate was diluted in 50 μL of methanol and then subjected to UPLC/MS analyses to 

characterize and identify transformation products (details in SI). Qualitative and quantitative 

analyses of UPLC/MS data were carried out using MZmine 2. Detailed data processing 

methods and parameters are listed in Table S3.

Estrogen Receptor Competitive Binding Assay.

The binding affinities of enzymatically treated BPs toward estrogen receptors α and β were 

examined using a time-resolved Förster resonance energy transfer (TR-FRET) based ER 

competitive binding assay at serial dilutions of the materials according to the manufacturer’s 

instructions (ThermoFisher Scientific). Briefly, BPs or their metabolites compete with a 

fluorescent ER ligand (tracer) for binding to the human ER α or β. The displacement of 

the tracer from the ER reduces fluorescent signal emission triggered by the excitation of 

conjugated terbium on the receptor. On the basis of the fluorescence loss, a dose–response 

curve was generated for each treated BP, and the half maximal inhibitory concentration 

(IC50) was then calculated.

Nematode Chemical Exposure.

Caenorhabditis elegans nematodes were exposed to numbered and blinded samples of BPA, 

BPF, and BPAP as well as their degradation products following the protocol described 

previously.32 Briefly, worm embryos were collected from the sensitized strain carrying the 

yIs34[Pxol-1::GFP, rol-6] reporter construct32 by hypochlorite sodium treatment followed 

by L1 synchronization. L4 stage larvae were then transferred to M9 liquid culture buffer 

mixed with 100 μM of each BP or their degradation products for 24 h for a germline 

apoptosis assay (peak of germline morphology and function), and 48 h for fertility 

assessment (to maximize the number of impacted germ cells becoming embryos). Worms 
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were cultured with heat-inactivated bacteria as food in order to avoid potential bacterial 

metabolism of the compounds. New concentrated heat-inactivated bacteria were added at 24 

h during the 48-h exposure to prevent food depletion.

Germline Apoptosis Assay.

After 24 h of exposure, as described above, worms were incubated with 25 μg/mL of 

acridine orange in M9 solution at room temperature for 2 h to stain the apoptotic nuclei 

in the germline as described previously.33 After staining, the worms were transferred to 

new nematode growth media (NGM) plates for a 30 min recovery, and healthy worms were 

selected for microscopic examination. The total number of apoptotic nuclei in the posterior 

gonad of each worm was counted by fluorescence microscopy.

Fertility Assessment.

After 48 h of exposure, worms from each treatment group were individually transferred to 

new NGM plates without cholesterol and transferred every 12 h to a new plate. The numbers 

of eggs laid by each worm, larvae hatched from these eggs (i.e., embryonic lethality), and 

larvae successfully reaching adulthood (i.e., larval lethality) were tallied in the 3 days after 

exposure.

RESULTS

Characterization of vMnP.

The formation of rMnP and the vault complex was confirmed by Coomassie staining and 

Western blot analysis (Figure 1A). While by Coomassie staining vaults showed a clear band 

around 100 kDa, which is the size of MVP peptides forming vaults’ shell, only rMnP was 

detectable by Western blot. Further examination with negative stain TEM revealed vMnP 

had identical morphology (Figure 1B) to the previously reported empty or INT bound 

vault nanoparticles.12 The zeta potentials of empty vaults and vMnP were not significantly 

different (−20.50 ± 1.29 mV for empty vaults vs −18.65 ± 2.45 mV for vMnP, Figure 

1C), indicating the incorporation of rMnP did not alter vaults’ electrokinetic properties. 

The hydrodynamic diameters of empty and encapsulated vaults are both centered at 50 nm 

(Figure 1D), but more distribution at larger diameters was observed for vaults containing 

rMnP, implying the encapsulation of rMnP slightly up-shifted vault particles’ hydrodynamic 

sizes. Additionally, the narrow distribution (45–65 nm) of both vaults also suggests that vault 

particles were uniformly dispersed.

Transformation of BPA.

Several 24-h time-course removal tests were performed using vMnP, rMnP, and nMnP, each 

with a low initial enzyme dosage at 19.3 U/L, which is 10–100 times lower than the dosage 

employed in previous peroxidase-catalyzed degradation studies.2,22 As shown in Figure 2A, 

BPA concentration quickly dropped by 20–38% in the first 30 min. Afterward, nMnP and 

rMnP mediated BPA conversion stopped, and no further significant removal was observed. 

In contrast, BPA transformation under vMnP catalysis lasted for at least another 4 h. After 

24 h, vMnP achieved approximately 96% removal of BPA, with negligible adsorption of 
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BPA on vaults, whereas only 42% and 25% BPA removals were observed for rMnP and 

nMnP, respectively (Figures 2A and S3).

BPA conversion mediated by vMnP followed pseudo-first-order kinetics for the first 4 h 

(Figure 2B), indicating there was no significant enzyme activity loss during this period. 

Between 4 and 24 h, the concentration of BPA further decreased from 10% to 4% of 

the initial concentration, indicating that vMnP still maintained activity. However, reactions 

no longer followed the pseudo-first-order kinetics. The alteration of BPA transformation 

kinetics was probably due to the competitive inhibition of vMnP by products formed by 

its activities, as over 90% of BPA was converted after 4 h and the resulting products were 

also favorable substrates of MnP enzymes.2 For rMnP and nMnP, the pseudo-first-order 

conversion of BPA was only maintained for 30 min or less (Figure 2B insert). Figure 

2C shows the change of nMnP mediated BPA conversion rates, which are calculated by 

normalizing concentration decreases to the intervals between two time points over the 

24-h testing period. The rate peaked in the first 10 min to 113.0 μM/h and then rapidly 

decreased to near zero in 2 h. Similar results were also observed for rMnP, suggesting that 

both unencapsulated enzymes quickly lost their activities after initiating reactions and had 

significantly shorter lives under experimental conditions.

Next, we compared the performance of the three MnPs for removing BPA at different pHs 

in 24 h (Figure 2D). The results indicate that vMnP consistently showed better performance 

than unencapsulated rMnP and nMnP at pH 4.0, 4.5, and 5.0. However, due to fact that 

optimum pH for MnP is around 4, very low BPA removal was observed at pH 5.5. 

Therefore, these results validate that vMnP has longer functional longevity than nMnP and 

can still efficiently remove BPA at low enzyme dosage.

Transformation of BPA Analogues.

Although BPA has been progressively replaced in some commercial products, most of its 

substitutes are bisphenolic analogues that share a high degree of structural similarities, 

suggesting these alternatives may also be treatable by peroxidases. Therefore, we evaluated 

the effectiveness of vMnP for removing three widely used BPA analogues including BPS, 

BPF, and BPAP.13

Significant BPF and BPAP degradation was observed in the presence of each type of MnP 

tested, with BPF following very similar degradation kinetics compared to BPA (Figure 

S4A). After 24 h of reaction, the concentration of BPF decreased to 10.4% of its initial 

concentration for the vMnP treatment with no observed adsorption on vaults (Figure S3), 

while it only reached 53.7% and 64.4% after rMnP and nMnP treatments, respectively. For 

unencapsulated MnPs, most of the BPF removal occurred in the first hour, and no further 

concentration decrease was seen between 1 and 24 h, while vMnP-mediated BPF conversion 

increased from 50.2% to 64.8% between 1 and 3 h and finally reached 89.6% at 24 h. In the 

case of BPAP, only 19.0% degradation occurred by nMnP treatment, which is much lower 

than that of BPA and BPF, the rMnP mediated BPAP degradation reached 85.1% in 24 h 

(Figure S4B). Interestingly, vMnP exhibited slower BPAP conversion than rMnP in the first 

6 h. About 81.0% BPAP removal was observed for rMnP after a 6-h reaction, while only 

43.5% BPAP degradation was observed for vMnP. Due to its low solubility, BPAP forms 
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small aggregates when added into reaction solutions. These aggregates did not adsorb on 

vaults’ surfaces (Figure S3) and had limited diffusion, thus the concentration of BPAP inside 

of the vaults was lower than in solution, and a very limited amount of BPAP was accessible 

to vMnP. Consistent with the lower diffusion of BPAP, we observed that over a longer 

incubation period (beyond 6 h) 74.7% removal was achieved. For rMnP, the degradation rate 

only increased by 4.1% between 6 and 24 h, indicating most of the enzyme activity was lost 

after a 6-h reaction. BPS was not degraded by any of the three MnPs within 24 h (Figure 

S5). Thus, the results of BPF and BPAP degradation further demonstrate that encapsulation 

of MnP in vaults significantly extends enzyme life in reactions and improves contaminant 

transformation efficiency.

Enzymatic Transformation Product Profiles.

Since vMnP and rMnP exhibited different degradation kinetics, we next characterized and 

compared the product profiles after vMnP and nMnP treatments for each BP. After SPE 

concentration, recoveries of parental bisphenolic compounds were over 90%, whereas high-

molecular weight products (e.g., oligomers of bisphenolic compounds) may be recovered 

in lower yields because of their relatively lower solubility.22 Concentrated products were 

then separated and analyzed by their retention times and mass-to-charge ratios (Figure 

3) using UPLC/MS. This preliminary analysis indicates that vMnP and nMnP treatments 

generated significantly different product species as the reactions progressed. Referring to 

previously reported mechanisms of peroxidase catalyzed BPA transformation as well as 

products identified in this study,2,22 the proposed MnP mediated reaction pathways for BPA, 

BPF, and BPAP are presented in Figures S6, S7, and S8, respectively. In general, the parent 

BPs undergo scission reactions that breakdown BPs to small-mass products, followed by 

coupling reactions that generate oligomeric BPs.

In the case of BPA, 17 and 24 products were detected after vMnP and nMnP treatments, 

respectively (Figure 3, left panel), most of which were not found in proposed MnP mediated 

BPA transformation (Figure S6). The encapsulated and unencapsulated forms of MnP 

enzyme shared only four common products. Among the 17 species identified for vMnP 

treatment, four (Figure S6, species A1–A4) were generated from proposed MnP catalysis, 

making up about 43.6% of the total MS response. For nMnP treatment, 24 species were 

identified, two of which were from the MnP catalyzed reaction (Figure S6, species A1 and 

A3), and accounted for only 9.1% of total MS response. The ion 133, which is the first 

intermediate in the proposed pathway, was reported at an abundance of 13.1% of the total 

MS response for vMnP as opposed to only 3.3% for nMnP. The next species in the pathway 

(Figure S6 species A2) was only found in the sample from vMnP treatment. BPA trimers or 

oligomers (Figure S6, species A4), which are formed at the end of the proposed pathway, 

exhibited an abundance of 10.1% of total MS response for vMnP, while those were not 

detected in the samples from rMnP treatment.

For BPF (Figure 3, middle panel), vMnP and nMnP treatments yielded more similar product 

profiles. Sixteen species were detected in the sample from vMnP treatment, five of which 

(Figure S7, species F1–F5) were from proposed MnP-mediated reactions and constituted 

about 81.0% of total MS response. For nMnP treatment, 23 species were identified, which 
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shared seven species with the vMnP treatment, four of which (Figure S7, species F1, F2, 

F3, and F4) were found in proposed enzymatic pathways and were about 60.0% of the total 

MS response. Product F2 (4-hydroxybenzaldehyde), which is the second product in MnP 

catalyzed BPF transformation pathways, was the most abundant species in both treatments, 

suggesting the subsequent reactions converting F2 may not be favored. Although species F1 

and F2 were very abundant in both conditions, they still exhibited higher percentagesin the 

sample from vMnP treatment.

Finally, the product profiles of BPAP were more complex than those of BPA and BPF 

(Figure 3, right panel). Twenty-nine and thirty-two product species were identified for vMnP 

and nMnP treatments respectively, only six of which were shared between two enzymes. 

Five species (Figure S8, P1–P5) in the proposed enzymatic pathway were found from vMnP 

treatment, which accounted for about 33.8% of the total MS response, while only three were 

identified from nMnP treatment, making up for less than 8% of total MS response, which 

agrees with the findings for BPA and BPF. Together, these results imply that treatments by 

vMnP and nMnP resulted in significantly different product profiles, and transformation of 

BPs by vMnP fitted with proposed MnP-mediated pathways better than the transformation 

by nMnP.

Reduction in BPs’ Toxicity.

Exposure to BPA has been associated with a variety of toxic responses including strong 

reproductive effects across a variety of organisms through mechanisms that are sometimes 

distinct from its weak affinity for the estrogen receptor (ER).34–36 BPA’s reproductive 

effects can be considered hallmarksof its toxicity as BPA exposure leads to a decrease 

in fertility that correlates with a decreased viability of germ cells in a great number 

of animal species examined to date, including humans and well-established laboratory 

model organisms such as mouse, rat, zebrafish, drosophila, and C. elegans worms.25–30,37 

The mechanisms underlying BPA’s reproductive effects are also well conserved as BPA 

exposure was shown to cause an increase in germ cell death by apoptosis and an increase 

in chromosome errors and lethality in mouse and C. elegans early embryos.25,27,30 In 

C. elegans, these findings were extended to the BPA analogue BPS, suggesting that the 

similarity in chemical structure imparts comparable effects on germ cells.20 The remarkable 

conservation of reproductive toxicity outcomes caused by BPA exposure was leveraged here 

to examine whether MnP-mediated degradation of BPA and its analogues decreases their 

associated toxicity by monitoring the model organism C. elegans.

Following a single-blind protocol, we first examined the induction of germline apoptosis 

in the midpoint of the C. elegans gonad via acridine orange staining. Following exposure 

to BPA and BPF at a reference concentration of 100 μM for 24 h spanning the onset of 

reproduction (L4 to adult), we observed a significant 40% to 60% increase in the number 

of apoptotic nuclei when compared to the 0.1% ethanol vehicle control (P ≤ 0.05, Student’s 

t test; Figure 4). A similar significant increase was observed in the enzyme-free/mock 

treatment group. In contrast, vMnP treatment dramatically reduced the BPA, BPF, and 

BPAP-mediated germline apoptosis effect to levels indistinguishable from controls. The 
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results were more variable for the nMnP as BPA and BPF degradation did not reduce their 

impacts on germline apoptosis while it did for the BPAP group.

Next, we assessed the impactsof the various treatments on BPA, BPF, and BPAP-induced 

embryonic lethality (Figure 5). Compared to the control, both BPA and BPAP exposure 

significantly increased the embryonic lethality by 48% and 38%, respectively (P ≤ 0.05, 

student’s t test), while BPF exposure induced a 19% increase but failed to reach a statistical 

significance. Among all treatment groups—enzyme free/mock, nMnP, and vMnP—only 

the latter led to a reduction in embryonic lethality to a level comparable to controls. The 

stronger reduction in germline apoptosis compared to embryonic lethality can be explained 

by the fact that the solvent using 0.1% ethanol alone causes some degree of embryonic 

lethality and therefore increased the baseline of the lethality assay (Figure S9). However, the 

embryonic results are particularly significant considering that no effect of any of the BPs 

was detected on later stages of the nematode’s development as measured by larval survival 

assay (Figure S10).

The dramatic decrease in the BPs’ reproductive toxicity after vMnP treatment could be due 

to a reduction in their estrogenic activity. To test this possibility, we assessed the ability 

of nMnP and vMnP to decrease the association of BPA, BPF, and BPAP with the estrogen 

receptors α and β following treatment using a fluorescence displacement assay. After 24 h, 

both nMnP- and vMnP-mediated transformation products showed a decreased ability to bind 

the ERs for all tested BPs (Figure S11). Interestingly, vMnP exhibited better performance 

toward reducing BPAP ER binding while nMnP displayed a preference toward BPA and 

BPF. However, taken together, these results highlight the successful detoxification of BPA, 

BPF, and BPAP by vMnP.

DISCUSSION

Application of white-rot fungi for removing organic micro-contaminants in water is 

becoming increasingly feasible.3 As one of the major components in the extracellular 

enzymatic machinery of white-rot fungi, MnP is capable of degrading a wide variety of 

contaminants and has great potential in water treatment. By encapsulating MnP into vault 

nanoparticles, we observed significant improvement of BPA, BPF, and BPAP removal and a 

remarkable decrease in reproductive toxicity of degradation products.

The removal efficiencies of four tested BPs were ranked as BPA ≈ BPF > BPAP ≫ BPS, 

and vMnP showed higher removal rates than nMnP for all compounds except for BPS. The 

absence of BPS degradation was somewhat unexpected since it has two phenolic hydroxyl 

groups that are appropriate targets for MnP. However, similar results were also reported 

in a study testing natural attenuation of BPS in seawater,38 which showed significant 

biodegradation of BPA and BPF but not of BPS. One possible explanation is that the 

sulfonyl group that connects two phenol functional groups makes BPS more electronegative 

(Table S1), thus BPS tends to serve as an electron acceptor rather than donor. It is 

supported by a study comparing biodegradation of various BPs under aerobic and anaerobic 

conditions, which showed that BPS was highly tolerant against aerobic biodegradation but 

was more susceptible to anaerobic biodegradation.39
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Comparing vMnP to nMnP in removing BPA, BPF, and BPAP, vMnP exhibited significantly 

higher transformation rates and extended functional longevity. To reduce the cost of enzyme 

usage and provide a cost-effective enzymatic treatment approach, we employed 10–100 

times lower enzyme dosage than other studies,2,22 thus limited removal was observed using 

nMnP. It only lasted 0.5–1 h in reactions, which was notably shorter than its storage life. 

This result is in good agreement with a previous study on BPA removal by free horseradish 

peroxidase,22 which showed that BPA concentration decreased rapidly in the first 3–5 min 

and then gradually leveled off between 5 and 30 min. The rapid enzyme inactivation can 

be attributed to the attack from H2O2,1,40 heme disruption caused by phenolic radicals,41 

or heat inactivation.8 By encapsulating in vaults, enzymatic longevity in reactions was 

substantially improved (at least five folds during BPA degradation), which attests that vault 

encapsulation not only stabilizes enzymes during storage8 but also protects them from H2O2 

and radical attack. The mechanism is not clear, but one possible way is to prevent heme 

release by hindering enzymatic conformation change upon attack.4

The distinct production of transformation products of each BP between vMnP and nMnP 

treatments is also attributed to their different stability in reactions. With enhanced functional 

longevity, vMnP-mediated BPs transformation accorded more closely with proposed MnP 

catalytic mechanism (Figures S6, S7, and S8), while the less stable nMnP resulted in 

different products, the majority of which were not mapped to proposed MnP-mediated 

pathways. It is possible that BP transformation intermediates that were formed by MnP 

activities were chemically transformed by oxidizing agents in the system, such as H2O2, 

which also contributed to the final product pool. For nMnP, the enzyme only survived long 

enough to convert BPA, BPF, and BPAP to the initial intermediates, as it was inactivated 

rapidly in the reactions. Afterward, these initial intermediates were transformed mostly via 

chemical reactions, forming the majority of the detected products, which are not in the 

general enzymatic transformation pathways (Figures S6, S7, and S8). For instance, in nMnP 

mediated BPA transformation, the species with an m/z of 181 is probably a product from 

chemical oxidation of A1 (Figure S6) at the phenoxy group.42 In contrast, vMnP lasted 

much longer in the reactions, which allowed the continued transformation to downstream 

products, such as BPA trimers or oligomers, which are relatively inert to chemical reactions 

and less toxic as discussed in detail below. Additionally, vMnP catalyzed reactions also 

consumed H2O2 and, thus, further reduced the likelihood of direct chemical oxidation.

Finally, vMnP treatment significantly reduced the toxicity of the BPs tested, unlike nMnP 

treatment. For this purpose, we used the nematode C. elegans because of its tractability, 

short reproductive period, conservation of reproductive pathways, and of reprotoxicity 

response to BPA.20,25 Interestingly, we found that the ability of BPA and BPF to increase 

the germline apoptosis was eliminated by vMnP treatment but not by nMnP. As compared 

to nMnP, vMnP was more efficient in reducing the fertility impact of BPA and BPAP on 

nematodes. These results corroborate that vMnP not only efficiently removes the parent 

BPs from solution but also leads to the production of reaction intermediates and final 

products that are altogether less reprotoxic than the parent compounds. Divergence between 

vMnP and nMnP in decreasing estrogenic activity of BPs was also noted. We attribute 

these differences to the distinct enzymatic kinetics with differing final product profiles. The 

partial overlap between the reprotoxicity assays and the ER binding assay is supported by 
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the literature on BPA which shows that BPA-induced reproductive effects only partially 

correlate with its described weak estrogenic affinity.34–36 Altogether, these experiments 

highlight the utility and sensitivity of the reproductive end points in C. elegans, which can 

therefore serve to assess the efficacy of various water treatment strategies.

Previous studies on advanced oxidation of BPA showed that the product toxicity is 

highest at earlier time points, which was attributed to the accumulation of initial oxidation 

intermediates.23,24 It is believed that these initial intermediates are more toxic, while higher-

molecular weight intermediates such as BPA dimers, trimers, or oligomers are relatively less 

toxic. In this study, although very low amounts of initial intermediates in the enzymatic 

pathway were detected for nMnP, it is possible that these compounds were chemically 

converted to structurally similar compounds, which still possess reproductive toxicity. 

For the vMnP system, a significant amount of BP oligomers was detected, indicating 

the conversion of initial intermediates to less toxic polymeric products via the enzymatic 

pathway. Thus, our results imply that this difference in product profiles might underlie the 

remarkable amelioration of BPs’ toxicity following vMnP treatment.

This study evaluated the use of vault nanoparticle-encapsulated MnP enzymes as an effective 

water treatment approach and assessed the health risk of treatment products using a 

combination of in vivo and in vitro assays. It was demonstrated that vault encapsulation 

enhances enzymatic functional longevity in reactions and lowers the enzyme dosage 

requirement for effective removal of bisphenolic water contaminants. The reduction in 

BPA, BPF, and BPAP’s reproductive toxicity in the nematode C. elegans following vMnP 

treatment aligns with their efficient removal after 24 h and confirms that the process 

does not generate significant amounts of degradation products that also carry reproductive 

toxicity. Therefore, enzyme stabilization in vault nanoparticles combined with rigorous 

assessment of product toxicity opens up an exciting perspective toward the application of 

safe and sustainable enzymatic systems for the treatment of BPs in water. Co-encapsulation 

of multiple enzymes involved in transformation of several contaminants will expand the 

applicability of the vault-encapsulated enzyme systems for removing a suite of contaminants 

in natural and engineered systems. Furthermore, the vault particle provides a manipulation 

platform that can be readily embedded in membrane reactors or filtration units, which allows 

easy reuse of the encapsulated enzymes and facilitates their applications in water treatment 

processes and point-of-use devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of vMnP. (A) vMnP was fractionated on a 4–15% SDS-PAGE and analyzed 

by Coomassie staining (lane 1) and Western blotting using anti-INT antibody (lane 2). MVP 

and rMnP bands are indicated by arrows. (B) Negative-stained TEM image of vMnP. (C) 

Comparison of aeta potentials of empty vaults and vMnP. Error bars represent one standard 

error of the mean (n = 10). (D) Number-based distribution of hydrodynamic diameters of 

empty vaults and vMnP.
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Figure 2. 
Enhanced BPA removal by vMnP. (A) Removal of BPA mediated by vMnP, rMnP, and 

nMnP. In 24 h, vMnP degraded nearly 100% of BPA, as compared with only 30–40% 

BPA degradation by rMnP and nMnP enzymes. (B) Pseudo-first-order kinetics of BPA 

transformation. vMnP mediated BPA transformation followed pseudo-first-order kinetics in 

the first 4 h, but nMnP- and rMnP-driven BPA conversion only obeyed the kinetics for the 

first 30 min. (C) nMnP mediated BPA conversion rates. The rate of nMnP-catalyzed BPA 

removal immediately decreased after initiating reaction. (D) Vault encapsulation enhanced 

BPA removal at various pHs. Error bars represent one standard error of the mean (n = 3).
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Figure 3. 
Comparison of product profiles among vMnP and nMnP treatments for BPA, BPF, and 

BPAP. Products were separated and named by their UPLC retention time and mass-to-charge 

ratios (m/z) and plotted based on their relative abundance. Treatments by vMnP and nMnP 

generated significant different products. Gray color indicates that the ion was not detected in 

the sample.
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Figure 4. 
Germline apoptosis of worms exposed to BPs and their biodegradation products. As 

compared to vehicle control (0.1% ethanol), 24 h exposure to 100 μM of BPA (A), BPF 

(B), or BPAP (C) significantly increased apoptotic germline nuclei numbers by 66%, 64%, 

and 38%, respectively. The increase in germline apoptosis was also observed in the mock 

BPs groups with no treatment (Enzyme Free), as well as the nMnP treated BPA and BPF 

groups. In contrast, biodegradation mediated by vMnP completely removed the ability of 

BPA, BPF, and BPAP to induce germline apoptosis compared to the Matrix control (no 

chemical). Student’s t test performed for the comparison between the control and each 100 

μM bisphenol group. One way-ANOVA with posthoc Tukey HSD test performed for the 

comparison among all BPs treatment groups. *P < 0.05 and **P < 0.01. N = 4.
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Figure 5. 
Embryonic lethality of BPs and their biodegradation products. Embryonic lethality is 

calculated as the percentage of unhatched eggs in all the eggs laid by each worm. Compared 

with the vehicle control (0.1% ethanol), exposure to 100 μM BPA (A) or BPAP (C) 

significantly increases the embryonic lethality by 48% and 38%, respectively, while 100 

μM BPF (B) showed a 22% increase but failed to reach statistical significance. After 

the biodegradation reaction, vMnP, but not nMnP, BP treatment led to a reduction in 

embryonic lethality to a level comparable to the buffer control group (Matrix). Student’s 

t test performed for the comparison between the control and each 100 μM bisphenol group. 

One way-ANOVA with posthoc Tukey HSD test performed for the comparison among all 

BPs treatment groups. *P < 0.05. N = 10–13.
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