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Small gold nanoparticles can mimic dehydrogenase activity to catalyze estradiol (E2) oxidation to estrone (E1), extending the range of
nanozyme catalysis to environmentally and biologically important substrates.
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ABSTRACT

substrates, while environmentally and biologically important compounds need to be tested to advance the field. In this work, we studied oxidation of estradiol
(E2) in the presence of various nanomaterials including gold nanoparticles (AuNPs), nanoceria (CeO,), Fe;04, Fe,03, MNO, and Mn,03, and found that AUNPs
had a dehydrogenase-mimicking activity to convert E2 to estrone (E1). This conversion was monitored using HPLC. The reaction was faster at higher pH and
reached saturation at pH 8. Smaller AuNPs had a higher catalytic efficiency and 5 nm AuNPs were 4.8-fold faster than 13 nm at the same total surface area.
Finally, we tried 17a-ethinylestradiol (EE2) as a substrate and found that 5 nm AuNPs can catalyze EE2 oxidation in the presence of H,O,. This work indicated
that some nanomaterials can affect environmentally important hormones via oxidation reactions, and this study has expanded the scope of substrate of
nanozymes
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Estrogens are the primary female sex hormones that play critical roles in reproductive systems and secondary sex characteristics
[1,2]. For example, estradiol (E2), the major estrogenic compound, is responsible for the regulation of estrous and menstrual cycles [3].
However, accumulation of environmental estrogens due to wastewater effluents and pharmaceuticals discharges has raised prominent



concerns [4,5]. For example, estrogens from municipal wastewater were reported to feminization of wild fish [6]. Exposure to low
concentrations of environmental estrogens interferes with human endocrine systems [7].

To minimize the hazard, many methods have been developed to degrade estrogens through water treatment by using microorganism
[8], ozone [9], ultrasound [10], UV and hydrogen peroxide or their combinations [11]. Photocatalysis was also reported to be capable
of estrogen degradation [12]. For example, estradiol (E2) was degraded using TiO2 combined with UV light [13]. Although effective,
these methods are complicated, high-cost, or need energy input.

Many inorganic nanomaterials have enzyme-like activities under ambient conditions, and they are called nanozymes [14-18]. For
example, gold nanoparticles (AuNPs) have glucose oxidase activity [19,20], iron oxide nanoparticles have peroxidase activity [21], and
nanoceria has oxidase and other types of redox activities [22,23]. With the advantages of high stability and low cost, nanozymes are
attractive in various applications ranging from biosensor development [24-26] to nanomedicine [27-30]. So far, most nanozymes have
focused on some model chromogenic and fluorogenic substrates [31-37], while their conversion of environmentally and biologically
important substrates is much less explored [38-40]. For example, nanozymes have not yet been tested for estrogen-based substrates.
Part of the difficulty is associated with the detection. Without an optical signal change, more advanced techniques have to be used for
the analysis.

In the present study, we screened six common nanozymes using estrogen compounds as substrates to determine the potential
catalytic activity. We found that AuNPs can catalyze E2 oxidation to E1 in a simple aqueous solution without the need of extra
chemicals or energy input. Therefore, the AuNPs showed a dehydrogenase-like activity in this case.

Five common estrogen compounds were tested (Fig. 1A), including three natural estrogens: estrone (E1), 178-estradiol (E2) and
estriol (E3) (named as the number of hydroxyl group contained), and two synthetic estrogens 17a-ethinylestradiol (EE2) and bisphenol
A (BPA). Since E2 is the most potent estrogen, we first screened the nanomaterials with E2. AuNPs, nanoceria (CeO2), FesOa, Fe20s,
MnO: and Mn.Os nanoparticles were chosen for screening. These nanomaterials were spherical and their sizes ranged from ~5 nm to
50 nm, with nanoceria being the smallest of ~5 nm and Mn2Os being the largest one of ~50 nm [41]. These nanoparticles were
respectively incubated with E2. Then after centrifugation to precipitate the nanoparticles, the supernatants were quantitatively
measured by using LC-MS. To determine the retention time of each estrogen in the LC-MS spectra, a set of standards containing all
these estrogens were also added to each sample before analysis, and these peaks can be observed from the control sample without any
nanomaterial added (red trace, Fig. 1B). For the nanomaterial treated samples, only the AuNP added sample produced a new peak (at ~
8.3 min retention time), suggesting that it could convert E2 to another compound.

Since only the AuNPs showed activity, we focused our study on it. The AuNPs used here were ~13 nm in diameter (Fig. 2A). From
the retention time of each estrogen on the control spectra by running the standard samples (Fig. 1B) [42,43], E2 had a peak at ~7.8 min
and the converted product at ~8.3 min was identified to be E1. The production of E1 was also confirmed from the mass spectrometry
(MS) data (Fig. S1 in Supporting information). Other estrogens with small peaks were only from the standards (Fig. 1B). Therefore, the
AuNPs catalyzed the conversion of E2 to E1 (Fig. 2B).

To determine the reaction rate, we then measured the kinetics by plotting the converted E1 as a function a reaction time (red trace,
Fig. 2C). The reaction was very fast, since the converted E1 reached to the maximum of ~2.0 mg/L within just 10 min, and the first-
order rate constant was calculated to be 0.22 min*. At the same time, no E1 was measured for the samples without AuNPs, confirming
the high catalytic activity of AuNPs (black trace, Fig. 2C).

The 175-OH group in E2 was converted to a keto in E1 (Fig. 2B), and this is a typical dehydrogenation reaction (a type of oxidation).
This oxidation mechanism has been well studied in the AuNPs catalyzed alcohol oxidation [44]. For example, AuNPs catalyze primary
alcohol oxidation to carboxylic acid and convert secondary alcohol to be ketones [45]. AuNPs can also catalyze glucose oxidation to
gluconate [19,20]. In these reactions, AuNPs are mimics of oxidases with ability of transporting electrons from reducing substrates (e.g.
glucose and E2) to the oxidizing agent, oxygen. E2 also has a phenol hydroxyl group at the C3 position, and this group was retained
during the reaction (Fig. 2B). This fast conversion of E2 to E1 may have significant environmental implications. Since E1 has a far
weaker activity as estrogen relative to E2 [46], this study provides an effective method for E2 detoxification in aqueous by simply
using AuNPs.

In the metabolic pathway, E2 oxidation to E1 is usually catalyzed by 17-hydroxysteroid dehydrogenases (175-HSD) [46]. Since
174-HSD is an isoenzyme complex containing both reductases and dehydrogenases, the reaction is reversible [47], i.e. oxidation from
E2 to E1 and reduction from E1 to E2. To test whether the AUNPs have such reversible activity, we then mixed E1 with the AuNPs and
analyzed the products in the same method (Fig. 2D). From the LC-MS spectra, aside from the added E1 with peaks at ~8.3 min, no E2
or other compounds were identified (the small peaks were from the standards). Therefore, the AuNPs worked only as an oxidase
(dehydrogenase) mimic for E2 degradation and the reaction is irreversible (Fig. 2B).

To further optimize and understand the reaction, we then mixed the AuNPs with E2 in different pH conditions and the results are
summarized in the Fig. 3A. The yield of E2 oxidation product was higher at high pH. The maximum production of E1 was obtained at
pH 8 reaching ~2.7 mg/L. As controls, basically no E1 was measured for all of the samples without AuNPs. We also tested the reaction
in phosphate buffers of different pH and a higher activity was still observed at higher pH (Fig. 3B). If tested in different buffers but all



at pH 7, the activities were similar (Fig. 3C). Therefore, the oxidation was mainly affected by pH and the type of buffer was not
important.

We reason that the reaction of E2 oxidation released protons so that producing E1 was favored at alkaline conditions. This
phenomenon was also observed by using manganese oxide to catalyze E2 oxidation in soil [48]. In human metabolic pathway,
dehydrogenase catalyzing E2 oxidation to E1 also produces protons that are taken by the enzyme cofactor NADP [49,50]. An
interesting comparison can be made is glucose oxidation catalyzed by AuNPs, where the AuNPs are mimics of glucose oxidase [20]. In
this reaction, the oxidation rate is also higher at higher pH. Protons were produced during the reaction and the decrease of pH inhibited
the activity [51]. Electrostatic force may be favorable for the catalysis, since E2 has a pKa of ~10.7 and it is positive charged in pH
range [52], while the AuNPs are negative charged [53,54]. Previous mechanism studies suggested that more active species were on
gold surfaces compared with other metal nanomaterials. The reaction might follow the Eley—Rideal mechanism that the adsorbed E2 on
the surface reacts with oxygen in the solution [20,55].

The concentration of the AuNPs was 5 nmol/L. With a yield of 2.7 mg/L of E1 (10 umol/L), each AuNP converted 2000 E2 to E1
during this reaction time of 20 min. Therefore, this is a quite efficient multi-turnover nanozyme. The AuNPs can be reused for multiple
catalysis cycles by simple centrifugation and re-dispersion (Fig. 3D).

In general, smaller nanoparticles are more active due to larger specific surface area. In addition, smaller particles are more prone to
form defect sites and these sites are often more catalytically active. We then used smaller AuNPs of 5 nm (Fig. S2 in Supporting
information for TEM) to catalyze E2 oxidation and compared it with the 13 nm AuNPs. With same molar concentration (5 nmol/L), 5
nm AuNPs converted ~1.4 mg/mL of E1, which was slightly less than that of 13 nm AuNPs of ~2 mg/mL (Fig. 4A). Since the surface
area of 5 nm AuNP is 6.7-fold smaller than that of a 13 nm AuNP, when comparing them based on same surface area, the oxidation
yield of 5 nm AuNPs was ~4.8-fold higher than that of 13 nm AuNPs (Fig. 4B). Therefore, 5 nm AuNP is a more effective catalyst for
E2 degradation likely due to it has a higher active site density.

After confirming E2 oxidation catalyzed by the AuNPs, we then wanted to try EE2. We chose EE2 since it is a synthetic derivative
of E2 and wildly used as estrogen medication. EE2 was mixed with the AuNPs for reaction and the products were analyzed by LC-MS
in the same method (Fig. 5A). However, no products were observed indicating that EE2 did not degrade. Compared to E2, the carbon
has an additional 17a-ethynyl group (Fig. 1A), making it a tertiary alcohol and more difficult to oxidize [46]. Next, we added H202to
the reaction. From the spectra (Fig. 5B), we found only a trace amount of E1 was produced with by 5 nm AuNPs while not for the 13
nm AuNPs. No E1 was found when only added H20> without AuNPs (Fig. S3 in Supporting information). In this case, the AuNPs were
mimics of peroxidase activity in the reaction. Besides EE2, we also tried E3 and BPA as substrates for oxidation. However, no
oxidation products were detected (Fig. S4 in Supporting information).

In conclusion, with more and more nanomaterials being produced for various applications, their environmental impact will have to
be carefully studied. In this work, we screened six commonly used inorganic nanomaterials for reaction with the E2 estrogens. AuNPs
were found capable of catalyzing E2 oxidation by simply mixing in aqueous solutions, while the tested metal oxide nanoparticles had
no activity. The reaction has higher oxidation rate in alkaline conditions since the produced proton during oxidation. The AuNPs are
mimics of dehydrogenases in human metabolic pathway for E2 degradation. The smaller size of AuNPs (e.g. 5 nm) has more effective
catalytic activity due to its larger surface area for substrates accessibility. This work has expanded the scope of the nanozyme field by
testing a new set of environmental substrates. The reaction may also be extended to some signal transduction mechanisms for biosensor
development [56, 57]. We expect more developments in this front to show practical environmental and biological applications of
nanozymes in the near future.
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Fig. 2. (A) A TEM photo of 13 nm AuNPs. (B) AuNPs catalyze oxidation of E2 to E1 and the reaction is irreversible. The red circled group of E2 is 174-OH. (C)
Kinetics of the converted E1 from E2 oxidation with or without AUNPs. (D) The LC-MS spectra of E1 with or without mixed with AuNPs for 1 h. The small

peaks of E2 and E3 were from the spiked standards to assign the peaks. E2 or E1 (0.1 mmol/L) and 13 nm AuNPs (5 nmol/L) were used for the reactions in
HEPES buffer (20 mmol/L, pH 7) at room temperature.
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