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ABSTRACT: We herein report a design of artificial enzymes by incorporating a synthetic cop-

per complex into non-catalytic bovine serum albumin (Cu-BSA) to carry out stereoselective oxi-

dation. This Cu-BSA catalyst with stably bound Cu complex as a co-factor shows peroxidase-

like activity to catalyze epoxidation of styrene with high chiral selectivity (>99%) to R-styrene 

epoxide. With electrochemical conversion of Cu2+ to Cu+, Cu-BSA also exhibits oxidase-like ac-

tivity to selectively reduce oxygen to hydrogen peroxide (H2O2), which can be combined with its 

peroxidase function to drive oxidation of C=C bonds using air. This artificial enzymatic system 

holds promise for chiral-selective transformations of non-natural substances and highlights the 

versatility of non-catalytic proteins in artificial enzyme design.  



 

1. Introduction 

Metalloenzymes are biological catalysts that use metal ions as cofactors to drive chemical 

reactions.1, 2 Examples include iron-heme-enzymes, such as cytochrome P450s (cyt P450s) and 

peroxidases that are among the best oxidation catalysts for C-H bond activation.3-7 Cyt P450s par-

ticularly are involved in metabolism of about 75% of existing drugs and are of significant interest 

to chemists designing synthetic chiral oxidations.4, 5, 8, 9 While metalloenzymes excel in their bio-

catalyst functions, they are not optimized to catalyze chemical transformations of non-natural sub-

strates.10, 11 Directed evolution of enzymes, by which enzymes are genetically engineered to im-

prove desirable functions, has been demonstrated to enhance kinetics and introduce new function-

alities beyond their native functions.12-18 In a recent study by Yang et al.,17 a serine-ligated variant 

of Bacillus megaterium P450 (CYP102A1) was used to catalyze the radical addition step of atom 

transfer radical addition (ATRA) through dehalogenation. Although native CYP102A1 can cata-

lyze intramolecular ATRA non-stereoselectively, engineered enzymes showed an improved enan-

tioselectivity of >90% for a number of non-natural lactams. Despite being highly regio- and stereo-

selective, extensive use of natural metalloenzymes or engineered enzymes is still limited. Most 

enzymes are expensive and time-consuming to isolate and purify.19 While cyt P450s can be used 

in partially purified lipid constructs such as supersomes and bacteriosomes,17 these are still quite 

expansive for scaleup applications. In addition, the use of coenzymes in many enzymatic reactions 

also increases the cost substantially. Cyt P450s, as an example, need coenzymes like nicotinamide 

adenine dinucleotide phosphate (NAPDH) and cytochrome P450 reductase (CPR) as electron and 

proton donors to activate oxygen.  

There have been extensive efforts to design artificial enzymes that combine a synthetic 

metal cofactor in a protein scaffold where the protein binding pocket provides a well-defined ge-

ometry to host catalytic metal site(s) and specific affinity to activate reactions.20-25 Among these, 

apoenzymes equipped with non-natural metal cofactors can significantly improve activity over 

natural metalloenzymes and simultaneously retain stereoselectivity.21, 26-31 Early studies from 

Yamamura et al. demonstrated that the Zn2+ co-factor of carboxypeptidase A could be replaced 

with a redox active Cu2+ co-factor and Cu2+ carboxypeptidase A showed typical oxidase activity, 

e.g., oxidation of ascorbate with kcat of 6 min-1.32 Additionally, artificial enzymes can also be de-

signed from inexpensive, non-catalytic natural proteins into which synthetic metal complexes are 

incorporated as active sites. For example, amphiphilic -pyrroles can bind noncovalently with 



 

human serum albumin (HSA).33, 34 While HSA is not catalytically active, it provides a chiral envi-

ronment to drive the stereoselective oxidization catalyzed by bound co-factor, Fe- and Mn-con-

taining -pyrroles. Those hybrid catalysts were stereoselective for the oxidation of aryl methyl 

sulfides with an enantiomeric excess up to 70%. In a similar context, bovine serum albumin (BSA), 

a serum albumin protein derived from cows, also possesses multiple binding sites capable of bind-

ing hydrophilic and hydrophobic metal complexes.35, 36 Water soluble amphiphilic tetrasulfonate 

phthalocyanine–copper complex can interact with BSA to catalyze the Diels–Alder reaction of 

azachalcones with cyclopentadiene. The enantiomeric excess of those cycloaddition is up to 

93%.36 While incorporating soluble synthetic metal complexes within albumins can produce active 

“enzymes”, those artificial enzymes are not as selective as metalloenzymes. A possible mechanism 

is the presence of weakly bound metal complexes at their secondary binding sites, mostly on the 

surface of the protein, where the catalytic microenvironment becomes heterogeneous.33 In conven-

tional wisdom, hydrophobic metal complexes are not possible to be included in the design of those 

artificial enzymes, because they have limited solubility in water and form aggregates.  

We herein report a new design of artificial enzymes using non-catalytic serum albumins, 

into which hydrophobic, insoluble copper tetraaza-29H,31H-phthalocyanine (CuTPC) complex is 

incorporated as a catalytic site. The hydrophobic nature of CuTPC limits its weak interaction with 

albumins and provides an intact, single protein-ligand complex. Despite its low solubility, the bal-

ance of CuTPC(s) ⇌ CuTPC(aq) ⇌ BSA-CuTPC(aq) allows the encapsulation of CuTPC in BSA 

by simply stirring a large excess of particulate CuTPC with an aqueous solution of BSA overtime 

to form 1:1 adducts as Cu-BSA. CuTPC bound to BSA shows typical circular dichroism (CD) 

spectroscopic features, indicating a specific and identical binding site for all Cu complexes. The 

bound CuTPC acts as a cofactor of Cu-BSA, to drive oxidase- and peroxidase-like activities. We 

show that Cu-BSA, upon activation by H2O2, can catalyze stereoselective epoxidation of styrene 

with >99% chiral selectivity to R-styrene epoxide. This high stereoselectivity arises from the chiral 

environment of BSA, whereas the denaturation of proteins would decrease stereoselectivity. Using 

electrochemically accessible Cu2+-to-Cu+ conversion, Cu-BSA also reduces oxygen selectively to 

hydrogen peroxide (H2O2) with a selectivity of 82-98% at a potential window of -0.55 V to -1.2 V 

vs. saturated calomel electrode (SCE). The oxygenase- and peroxidase-like activities of Cu-BSA 

can also be coupled to drive epoxidation of styrene using oxygen directly in which immobilized 

Cu-BSA on an electrode catalyzes the conversion of oxygen to peroxide, and dissolved Cu-BSA 



 

in an electrolyte drives the epoxidation of styrene. Our approach to combine non-enzymatic pro-

teins with hydrophobic synthetic metal complexes, therefore, provides a cost-effective way to de-

sign artificial enzymes for chiral-selective conversion of non-natural substances. 

 

 

Figure 1. Formation of Cu-BSA complexes: (a) UV-vis at different feeding; (b,c) plotting feeding 

ratio of Cu/BSA (b) and docked Cu per BSA (c) using the absorbance at 622 nm. 

 

2. Methods and Materials  

2.1 Materials  

CuTPC, horseradish peroxidase (HRP, 25,000 units), styrene, (S)-(-)-styrene oxide (enan-

tiomer excess: 98%), (R) (+)-styrene oxide (enantiomer excess: 97%), and microemulsion compo-

nents (see below) were purchased from Sigma-Aldrich and used as received. Bovine serum albu-

min (BSA) BAH66 Fatty Acid Free from Heat Shock was obtained from Equitech-bio, Inc. Bi-

oMag®Plus carboxyl magnetic nanoparticles (1 μm diameter, 20 mg particles/mL) were procured 

from Polysciences, Inc. A water/oil bicontinuous microemulsion of cetyltrimethylammonium bro-

mide (CTAB) was prepared with CTAB, 1-pentanol, tetradecane, and water (17.5:35:12.5:35, 

wt%) in accordance with previously published literature.37 

 



 

2.2 Characterization 

The UV-vis spectra were recorded using a Cary 60 UV-Vis spectrophotometer, and the 

fluorescence spectra were measured on a Varian Cary Eclipse fluorescence spectrophotometer. 

The circular dichroism (CD) spectra were obtained using a Jasco J-710 CD spectrometer with a 

0.05 cm path length quartz cuvette. The electron paramagnetic resonance (EPR) spectroscopy was 

performed using a Bruker EMX CW microspectrometer at room temperature. The electrochemical 

experiments were conducted using a single-compartment 3-electrode cell with a CH Instrument 

660 electrochemical system. Platinum wire served as the counter electrode, and a saturated calomel 

electrode (SCE) was used as the reference electrode. The details on oxygen reduction and electro-

chemical synthesis are described in supporting information.  

 

2.3 Coordination of CuTPC with BSA 

We dispersed CuTPC with BSA in water at different molar ratios. The mixture was stirred 

over two days at room temperature. The solution was separated to remove insoluble CuTPC com-

plex through centrifugation (10,000 rpm for 30 min). To determine the optimal binding of CuTPC 

with BSA, we examined the UV spectra at different loadings ranging from 1:1 to 8:1 (Cu: BSA, 

mol). Before centrifugation, there was a broad peak at ~800 nm, from insoluble CuTPC. We quan-

tified the amount of CuTPC from 0 to 66 µM in acetic acid buffer at pH 4. We established the 

linear range of CuTPC to determine the stoichiometry of CuTPC-to-BSA. We calculated the Cu 

to BSA docking ratio using the Beer-Lambert law (Figure S1c). CuTPC has fluorescence in water, 

with a maximum emission peak at 685 nm as depicted in Figure S2a.  

 

2.4 Peroxidase activity and analysis 

The peroxidase-like activity was assessed using styrene epoxidation. Styrene was con-

verted to styrene epoxide with H2O2 as an oxidant. The reaction was typically done by adding Cu-

BSA (40 µM) to a CTAB microemulsion solution containing H2O2 (8 mM) and styrene (4 mM) 

under mixing. The reaction was then incubated at 50°C for 120 min.  

 

Before performing gas chromatography-mass spectrometry (GC-MS) and gas chromato-

graph-flame ionization detection (GC-FID) analysis, the reaction mixtures were purified using 

solid phase extraction on a silica column to remove surfactants. Styrene epoxide was confirmed 



 

through GC-MS on an Agilent 7820 A GC system with a 5975 MSD series and a 12 m×200 

μm×0.33 μm Restek column. To quantify the products, standards of R- and S-styrene epoxide were 

used to calibrate the GC. For GC analysis, 1 µL of the solution was injected into the GC-MS 

system. The oven was operated using argon as the carrier gas, starting at 50 °C for 2 min, then 

ramping up to 240 °C at a rate of 10 °C/min, and finally running for 5 minutes at the highest oven 

temperature of 325 °C. From the mass spectrum, it was confirmed styrene epoxide as the only 

product. 

 

For chiral GC chromatogram, the initial oven temperature was set at 100 °C for 8 min, 

followed by an increase to 180 °C at a rate of 4.0 °C/min over 20 min, resulting in a total run time 

of 28 min. Throughout the analyses, the injection and detector temperatures were consistently 

maintained at 220 °C and 250 °C, respectively. Chiral gas chromatography separation was per-

formed using an HP 5890 gas chromatograph equipped with a flame ionization detector and a J&W 

Chiral CYCLODEX-B column with dimensions of 30 m, 0.25 mm, and 0.25 µm. Ultra-high purity 

nitrogen was used as the carrier gas, and ultra-high purity hydrogen and air were used to produce 

flames for the GC-FID. The calibration curves of styrene and styrene epoxide were also prepared 

with the internal standard, anisole. By plotting the peak intensities in relative to internal standard 

anisole, the molar concentration of substrates and products was determined using the relative peak 

areas in chromatograms. 

 

3. Results and Discussion  

BSA is a transport protein with discrete binding sites for various hydrophobic substances, 

including iron-heme,38, 39 and other molecules.40-42 Unlike water-soluble metal complexes,33, 34, 43 

the key challenge is the heterogenous protein-ligand binding due to the limited solubility. Our 

synthesis simply uses the strong shearing activation of CuTPC to continuously promote the solu-

bilization and the formation of Cu-BSA complexes.44 Excess CuTPC was first mixed with BSA at 

molar ratio of 5.5:1 (see SI for details). After stirring at room temperature for 48 h, CuTPC was 

slowly solubilized through non-covalent interactions with BSA. With a large excess of particulate 

CuTPC in the mixture, the equilibrium processes of CuTPC(s) ⇌ CuTPC(aq) ⇌ BSA-CuTPC(aq) 

likely promotes the binding of CuTPC to BSA. The shearing activation has previously proven to 

be effective even for graphite exfoliation.44 This mixture was centrifuged to remove undissolved 



 

CuTPC and the supernatant was collected as a light blue solution. UV-Vis spectroscopy reveals 

two absorption peaks at 622 and 695 nm, assigning to the Q band of CuTPC (Figure 1a).45 Our 

synthetic method can also be extended to other phthalocyanine complexes similarly. To confirm 

the optimal feeding ratio, we varied the concentration of CuTPC from 1:1 to 8:1 (mol, relative to 

BSA). The peak intensity of the Q band increased with the feeding ratio of CuTPC almost linearly 

and saturated at 5.5:1 (mol, Figure 1b). Using the standard curve of CuTPC in acetic buffer (pH 4, 

see Figure S1b), the binding ratio of CuTPC to BSA calculated from a Job’s plot (Figure 1c), to 

be ~1.1, suggesting that BSA has a discrete binding pocket for CuTPC. This is different from the 

amphiphilic metal complexes with multiple binding sites (strong and weak binding models),33 

simply because of the limited solubility of phthalocyanine complexes in water. 

The formation of Cu-BSA was studied by mass spectroscopy (Figure 2a) and electron para-

magnetic resonance (EPR) spectroscopy (Figure S2). Pristine BSA had an average molecular 

weight of 66.5 kDa, in good agreement with the reported value.35 For Cu-BSA, the mass spectrum 

reveals two sets of peaks across the charge distribution. The most prominent peaks are from intact 

BSA protein. The Cu-BSA complex has a m/z 8.5 higher than that of BSA, a difference that cor-

relates with CuTPC hosted in BSA. Docking analysis confirmed that CuTPC is located in between 

site-I (more inclined towards domain-II A and domain-I B, Figures 2c and S3) and site-II (domain 

III A). CuTPC has proximity to Ser-192 of 2.79 Aº and His-145 of 3.85 Aº of site-I. Using fluo-

rescence emission from CuTPC, we titrated Cu-BSA with warfarin and ibuprofen as probes whose 

primary binding site to BSA are known and referred to as site-I and site-II, respectively (Figure 

S3). There was a fast decrease of fluorescence intensity by titration with warfarin (see Figure S4 

for details), while no changes were observed with the titration of ibuprofen. Those results confirm 

that CuTPC most likely leans towards site-I, in consistence with the docking result.46  

 



 

 

Figure 2. Formation of Cu-BSA complexes: (a) MS spectra of BSA (black, bottom) and Cu-BSA 

(red, top). (b-c) Docking analysis of Cu-BSA. 

 

Figure 3a shows the circular dichroism (CD) spectra of BSA and Cu-BSA in the range of 

200-300 nm. Overlapping of the two curves indicates an identical secondary structure of BSA and 

Cu-BSA. The structural integrity of BSA was also confirmed by agarose gel electrophoresis at pH 

8 (Figure S5). After loading with CuTPC, negatively charged Cu-BSA shows only one sharp band 

very close to that of BSA. On the other hand, Cu-BSA has distinct induced CD bands in the visible 

region (Figure 3b).42 CD peak of Cu-BSA also increased linearly with the feeding ratio of CuTPC 

before saturation. The ellipticity saturated after all BSA was bound with Cu-BSA (Figure 3c). 

These CD spectra indicate that CuTPC is strongly bound with BSA in a chiral environment, similar 

to co-factors in natural metalloproteins.47 At pH 7, the Zeta potential of BSA is 29.4 mV and that 



 

of Cu-BSA is 25.1 mV (Figure 3d), respectively. Both BSA and Cu-BSA have an isoelectric point 

at pH 4.7, confirming structural integrity of BSA as do the CD results.  

 

 

Figure 3. Secondary structure of BSA with/without CuTPC: (a-b) CD of BSA and Cu-BSA at 

different feeding and docking ratios of CuTPC in BSA; (c) ellipticity at different ratios of Cu/BSA; 

and (d) Zeta potential of BSA and Cu-BSA.  

 

We examined peroxidase activity of Cu-BSA. Using styrene epoxidation as a model (Fig-

ure 4), the reaction was carried out in a bicontinuous microemulsion of cetyltrimethylammonium 

bromide (CTAB and see SI for details) to provides solubility to styrene.37, 48 In a typical reaction, 

8 mM of H2O2 and 4 mM of styrene were mixed with 40 µM of Cu-BSA at 50 ºC. Styrene epoxide 

is the only product as confirmed by GC-MS (Figure S6). The chirality of reaction products was 

analyzed by gas chromatography (GC) using a chiral column (JW Chiral CYCLODEX-B), with 



 

anisole as an internal standard. A racemic standard mixture of styrene epoxide (R/S) gave two 

well-separated peaks at 12.7 and 12.9 min (Figure 4), assigning to R- and S-styrene epoxide, re-

spectively. After 2 h, the conversion to styrene oxide reached ~100% with chiral selectivity >99% 

to the R enantiomer. The reaction kinetics was samples at an interval of 20 min. Regardless of the 

styrene conversion, R-styrene epoxide is the only product (Figure 5a).  

 

 

Figure 4. Styrene epoxidation catalyzed by Cu-BSA in CTAB microemulsion at 50 οC. Chiral GC 

elution curves of standards (bottom), reaction mixtures collected every 20 min interval.  

 

The reaction fits well as first-order with a rate constant (k) of 0.03 min-1 (Figure 5b). En-

zymatic kinetics was also used to analyze through Michaelis-Menten model where the initial rate 

was measured for the first 35 min by quenching the reaction on silica gel column (Figure 5c). The 

initial rate was fitted using the product concentration (R-styrene epoxide) vs. reaction time. Figure 

5d shows the fitting of the rate against the concentration of styrene. There is a quick saturation of 



 

the rate against the concentration of styrene suggesting a high catalytic efficiency of Cu-BSA (also 

see Table S1). The turnover number kcat of Cu-BSA was 4.2×10-2 s-1. 49, 50 This activity is about 

four orders of magnitude greater than reported for horseradish peroxide (HRP) for styrene epoxi-

dation in water.51 We note that, styrene monooxygenases (SMOs) are the most prominent biocat-

alysts for styrene epoxidation with kcat of 0.27-60 s-1 as reported previously; however, their stere-

oselectivity is only for S-styrene epoxide (>99% ee, Table S1).52 Recently, the first natural SMO 

to synthesis R-styrene epoxide ( 91% ee) was identified from the genome of Streptomyces sp. 

NRRL S-31.53 Other monooxygenases,49-51, 54-58 including cyt P450s, have been reported with cat-

alytic selectivity to R-styrene epoxide (Table S1). However, those enzymatic cycles require the 

use of co-enzymes including nicotinamide adenine dinucleotide phosphate (NAPDH) and cyto-

chrome P450 reductase (CPR) as electron donors. Thus, our design by combining inexpensive 

proteins with insoluble synthetic metal complexes as an artificial peroxidase is unique and valuable 

to achieve high R-enantioselectivity only with H2O2.  

 

 

Figure 5. (a) Styrene conversion and selectivity of R-styrene epoxide vs. reaction time. (b) First-

order reaction kinetics of Cu-BSA. (c) Initial rate measurement at styrene concentration of 0.4 mM 

(black) and 60 mM (red). (d) Michaelis-Menten plot on styrene epoxidation.  



 

 

Control experiments confirmed the reaction selectivity. First, self-oxidation of styrene using 

H2O2 in absence of BSA and CuTPC led to racemic mixture of the epoxide (Run 13/14 in Table 

1). In absence of BSA, CuTPC is catalytically active where 60% of styrene conversion was seen 

with a selectivity of R isomer, ~68% (Figure S6c). Second, no stereoselectivity was seen with 

denatured BSA. BSA lost its secondary structure at 80 oC (Figure S7). Denatured Cu-BSA had a 

conversion of 6.8% and a selectivity of R isomer, ~67% (Run 2), comparable to that of pure 

CuTPC. Similar results were observed with denatured BSA without CuTPC. With BSA, the self-

oxidation of styrene had a conversion of 6% but its stereoselectivity is up to 98% (Table 1). The 

stereoselectivity is, therefore, a result of the chiral environment provided for CuTPC by BSA. We 

also note that, Cu-BSA as metal-protein complexes provides a key difference between studies to 

use BSA as a water-soluble ligand in organic synthesis.59 The high stereoselectivity even at 100% 

conversion benefits largely from the identical chiral microenvironment of individual Cu site. The 

Cu-catalyzed epoxidation utilizing H₂O₂ can undergo a reactive •OH radical intermediate by cy-

cling Cu²⁺/Cu+ 60 or, in some cases, Cu3⁺-O• intermediate.61 Since the stereoselectivity was also 

observed in self-oxidation of styrene with pristine BSA, the catalytic epoxidation is likely medi-

ated by •OH radicals with styrene bound to BSA. The molecular docking analysis confirmed that 

styrene favors docking at site IA close to Ala 525 (Figure S8), in proximity to CuTPC where the 

catalytic decomposition of H₂O₂ occurs.  

 

Table 1. Summarization of styrene epoxidation under various conditions. d 

No. Catalysts [St]/[BSA] 

(mol) 

H2O2 

(mM) 

T 

(oC) 

Conversion 

(%) 

Selectivity 

to R* (%) 

1 Cu-BSA 100:1 8 mM  50 99 99 

2 Cu-BSA a 100:1 8 mM  50 6.8 67 

3 Cu-BSA 100:1 8 mM  10  30 76 

4 Cu-BSA 100:1 8 mM  20  59 86 

5 Cu-BSA 100:1 8 mM  30  66 94 

6 Cu-BSA 100:1 8 mM  40  78 99 

7 Cu-BSA 100:1 8 mM  60  80 96 

8 Cu-BSA 100:1 8 mM  70  60 84 

9 Cu-BSA 100:1 0 mM 50 0 - 

10 Cu-BSA, HRP b 25:1 96.5 M 50 92 99   

11 Cu-BSA, Cu-BSA b 25:1 96.5 M 50 99 99 

12 BSA 100:1 8 mM  50 6 98 



 

13 - catalyst-free 8 mM  50 5.7 58 

14 CuTPC c 25:1 8 mM  50 60 68 

15 BSAa 100:1 8 mM  50 5 57 

Note: a BSA is denatured at 80 oC. b Reactions carried out under electrochemically produced H2O2. 

c CuTPC dissolved at pH 4. d Reaction time: 2 h. 

 

Enantioselectivity of Cu-BSA catalysis shows an interesting temperature-dependence. While 

reactivity decreased with temperature in a typical Arrhenius-behavior, there was a clear drop in 

selectivity for the R isomer. At 10 ºC, the conversion was only 30% with enantioselectivity of 76% 

for R-styrene epoxide. Such temperature-dependent selectivity may be caused by decrease in con-

formational flexibility of the protein where the accessibility and binding of substrates could be 

limited, as reported previously.62, 63 Increasing reaction temperature would improve the catalytic 

activity and selectivity simultaneously. At 50 ºC, reaction was completed in 2 h with >99% enan-

tioselectivity. Further increase in temperature disrupts the secondary structure of BSA, decreasing 

selectivity (Table 1).  

The Cu sites hosted in BSA can further be immobilized on electrodes and they are electro-

chemically accessible as metalloenzymes. Cu-BSA can electro-catalyze oxygen reduction to H2O2 

by oxygenase-like activity (Figure 6a). To examine electrocatalytic activity, negatively charged 

Cu-BSA was assembled on a pyrolytic graphite electrode with a positive polycation poly(diallyl-

dimethyl ammonium chloride) in an layer-by-layer (LbL) film.37 Figure 6a shows cyclic voltam-

metry (CV) of Cu-BSA in N2 saturated PBS buffer at 50 mV/s. A pair of reversible peaks were 

seen at -0.62 V (cathodic) vs. SCE, assigning to reduction of Cu2+ to Cu+.64, 65 After saturation with 

O2, a cathodic catalytic peak for O2 reduction was found at -0.59 V. The control bare electrode 

shows almost no reduction peak for O2. The oxygen reduction reaction (ORR) kinetics were in-

vestigated using ring disk voltammetry (RDV, Figures S9-10) and rotating ring-disk voltammetry 

(RRDV, Figure 6b). The number of electrons transferred (n) is close to 2 at potentials from -0.6 to 

-0.8 V. The yield of H2O2 measured by RRDV is 82-98% at potentials of -0.55 V to -1.2 V. Figure 

6d shows constant-potential electrolysis at -0.6 V in the absence of styrene. The steady state current 

of Cu-BSA to produce H2O2 is very stable.H2O2 concentration was also measured using a colori-

metric leuco crystal violet assay (see SI and Figure S11d).66 Figure 6c shows that the concentration 

of H2O2 increased linearly with electrolysis time to 96.5 µM after 1 h at -0.6 V in PBS. The Fara-

daic efficiency (FE) to produce H2O2 was >85%.  



 

 

Figure 6. Oxidase activity of Cu-BSA. (a) Reaction scheme. (b) CVs of bare electrode (in O2 

saturated, black), and Cu-BSA at 50 mV/s in the N2 (red) and O2 (blue) saturated 0.1 M PBS buffer 

(pH 7). (c) Number of electron transfer and H2O2 efficiency of Cu-BSA measured from RRDV. 

(d) i-t curve of Cu-BSA for H2O2 production at -0.6 V. (e) H2O2 yield and FE of Cu-BSA towards 

H2O2 at -0.6 V using a colorimetry assay. (f,g) Plotting conversion/selectivity and kinetics through 

the cascade reaction of Cu-BSA.  

 

We further combined the oxygenase- and peroxidase-like activities of Cu-BSA to drive 

epoxidation of styrene using oxygen directly (Figure 6g). A working electrode with Cu-BSA as-

sembled on a screen-printed electrode (1×1 cm2) (see the setup in SI). Peroxidation was done in 

the CTAB microemulsion containing free Cu-BSA, with activation by H2O2 ORR product. After 

adding styrene, electrosynthesis of H2O2 was further coupled with the peroxidase-like Cu-BSA 

enzymes dispersed in the microemulsion. Using chiral CG, this coupled oxidation system had en-

antioselectivity of >99% to R-styrene epoxide with a yield as high as 92% after electrolysis for 2 



 

h (Figure 6e). Figure 6f shows the first-order kinetic analysis. The rate constant was estimated to 

be 0.016 min -1, about half of chemical epoxidation rate driven by H2O2. The rate is likely limited 

by the formation rate of H2O2, since the ratio of enzyme-to-substrate dispersed in microemulsion 

is higher to that in Figure 4. As a control, we measured the catalytic conversion by coupling Cu-

BSA (as oxygenase) with HRP (as peroxidase) (Figures S11-S12 and Run 10 in Table 1). The two 

systems showed very similar efficiency. 

 

4. Conclusion  

In summary, the use of BSA as a cost-effective, non-catalytic protein scaffold in conjunc-

tion with synthetic CuTPC presents a promising approach for the development of artificial en-

zymes. Spectroscopic results suggested that CuTPC forms 1:1 adducts with BSA without disrupt-

ing the secondary structures of the protein. In the presence of H2O2, Cu-BSA catalyzed styrene 

epoxidation with >99% enantioselectivity to R-styrene epoxide. The kcat of Cu-BSA reached 

4.2×10-2 s-1, comparable to other natural peroxidases. Structural integrity and dynamics of the pro-

tein framework was found to be critical for the stereoselectivity of Cu-BSA. Denaturation of BSA 

would be detrimental to the selectivity of Cu-BSA. In addition to peroxidase-like activity, Cu-BSA 

also acted as an oxidase to activate molecular oxygen through electrocatalytic cycles of Cu+/Cu2+. 

At -0.6 V, Cu-BSA reduced oxygen to produce H2O2 with a selectivity >85%. The dual function-

ality of Cu-BSA was coupled for in situ reduction of oxygen to H2O2 and further use of H2O2 to 

drive epoxidation of styrene in a one-pot reaction. These findings demonstrate the versatility of 

Cu-BSA as an artificial enzyme with reactivity to catalyze oxygen activation and stereoselective 

epoxidation with high efficiency. This artificial enzyme system capitalizes on the affordability and 

broad availability of BSA, offering a valuable and inexpensive method for chiral-selective oxida-

tion using either oxygen or H2O2 as an oxidant. This new approach will be useful for other non-

catalytic natural proteins and synthetic metal complexes with high potential for low-cost green 

syntheses.  

 

SUPPORTING INFORMATION  

Oxygen reduction, chromatography methods, electrocatalytic synthesis, and more spectroscopic 

results. The Supporting Information is available free of charge at https://pubs.acs.org/. 
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