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ABSTRACT: Engineering of biological pathways with man-made materials provides
inspiring blueprints for sustainable drug production. (R)-1-[3,5-Bis(trifluoromethyl)-
phenyl]ethanol [(R)-3,5-BTPE], as an important artificial chiral intermediate for
complicated pharmaceutical drugs and biologically active molecules, is often synthesized
through a hydrogenation reaction of 3,5-bis(trifluoromethyl)acetophenone (3,5-BTAP),
in which enantioselectivity and sufficient active hydrogen are the key to restricting the
reaction. In this work, a biohybrid photocatalytic hydrogenation system based on an
artificial cross-linked enzymes (CLEs)-TiO2-Cp*Rh(bpy) photoenzyme is developed
through a bottom-up engineering strategy. Here, TiO2 nanotubes in the presence of
Cp*Rh(bpy) are used to transform NADP+ to NADPH during the formation of chiral
alcohol intermediates from the catalytic reduction of a ketone substrate by alcohol
dehydrogenase CLEs. Hydrogen and electrons, provided by water and photocatalytic
systems, respectively, are transferred to reduce NADP+ to NADPH via [Cp*Rh(bpy)-
(H2O)]

2+. With the resulting NADPH, [(R)-3,5-BTPE] is synthesized using our efficient
CLEs obtained from the cell lysate by nonstandard amino acid modification. Through this biohybrid photocatalytic system, the
photoenzyme-catalyzed combined reductive synthesis of [(R)-3,5-BTPE] has a yield of 41.2% after reaction for 24 h and a very high
enantiomeric excess value (>99.99%). In the case of reuse, this biohybrid system retained nearly 95% of its initial catalytic activity for
synthesizing the above chiral alcohol. The excellent reusability of the CLEs and TiO2 nanotubes hybrid catalytic materials highlights
the environmental friendliness of (R)-3,5-BTPE production.
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1. INTRODUCTION

In chemotherapy for tumor treatment, adverse effects such as
nausea and vomiting are common for cancer patients, which
often cause loss of appetite, general fatigue, constipation, and
hospitalization and greatly decrease their quality of life.1

Nevertheless, when an aprepitant is added to the standard dual
therapy drug, for example, cisplatin-based chemotherapy, these
patients can be generally well protected against the above-
mentioned adverse effects.2 Aprepitant can also be a practical
and effective option for treatment of these patients when they
experience nephrotoxicity and hepatotoxicity caused by
cisplatin.3 Currently, during the synthesis of this drug, one
bottleneck is synthesizing an important chiral alcohol, the
building block named (R)-1-[3,5-bis(trifluoromethyl)phenyl]-
ethanol [(R)-3,5-BTPE],4,5 which often plays a crucial role in
the synthesis of complicated pharmaceutical drugs and
biologically active molecules. To date, many methods such as
direct hydrogenation reduction of carbonyl compounds6,7 and
ketones8 and chemical kinetic resolution of enantiomers9 have
been used to synthesize chiral alcohols. In these methods, it

was expected that highly enantioselective formation of the
chiral center could be achieved depending on the effective
chemical catalysts used.8,10 However, the use of toxic solvents
and excessive reactants and additives is always considered the
root of excessive pollution and unsustainability.6

Recently, biocatalysis using enzymes such as reductases11

and invertible alcohol dehydrogenase (ADH)12 has been
considered a promising option for the enantioselective
synthesis of chiral drugs and their corresponding intermediates
due to their accurate stereo and chemical selectivities, good
operation under aqueous conditions, and tolerance to various
substrates and organic solvents.13 NADPH or NADH is
necessary when these enzymes catalyze the highly stereo-
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selective synthesis of chiral alcohols by reducing the
corresponding substrate ketone under mild conditions.12

Additionally, NADPH or NADH is equivalent to substrate
ketones and is very expensive, which represents an economical
drawback of this biocatalytic process.14 With NADP+ as a
coenzyme and a hydrogen receptor, glucose dehydrogenase, a
member of the family of oxidoreductases,15,16 can catalyze the
oxidation of D-glucose to D-glucono-D-lactone, which sponta-
neously undergoes hydrolysis to gluconic acid accompanied by
the formation of NADPH. This recycling system for NADPH
is often used to regenerate NADPH in cells and enzymatic
biocatalysis. Nevertheless, a large amount of gluconic acid will
be produced in the bioprocess, which increases the acidity of
the solution, requiring aqueous NaOH or ammonium
hydroxide to maintain the pH value in the reaction mixture.
The generated gluconic acid also increases the difficulty of
product separation, which increases the cost in industrial
applications.
Photocatalytic regeneration,17 which occurs in natural

photosynthesis, has been widely used to regenerate NADPH
and NADH18 due to the sustainability, biocompatibility, and
moderate reaction yield of this process.19 Organic dyes, carbon
quantum dots, graphitic carbon nitride (g-C3N4), N-doped
graphdiyne, covalent organic frameworks, and covalent triazine
frameworks have been used as photosensitizers and semi-
conductors to absorb solar energy to transfer hydrogen from
donors and reduce NADP+ to NADPH using [Cp*Rh(bpy)-
Cl]Cl.20−22 The disadvantage of the above chemical photo-
catalytic regeneration reactions is that triethanolamine
(TEOA)21 and ethylenediaminetetraacetic acid (EDTA)23

are often used as hydrogen donors or quenchers for free
radicals. As unwanted components, these added hydrogen
donors and quenchers would change the pH of the reaction
mixture, which would influence the enzyme structure and
properties. In addition, the target product will be more difficult
to separate from the reaction mixture. This problem may be
avoided by using the hydrogen donor H2O as water can be
efficiently split by solar radiation in the presence of catalytic
materials,24−26 and this strategy is green, environmentally
protective, and sustainable. Additionally, NADPH-dependent
ADH can be immobilized to reuse inorganic photocatalytic
materials and improve tolerance against relatively harsh
environments (high temperatures, acid/alkaline environments,
organic solvents, etc.) by forming bioinorganic hybrid catalytic
materials.27−32 Rational immobilization, such as the formation
of cross-linked enzymes (CLEs), may enhance the catalytic
activity of enzymes by mimicking macromolecular crowding.11

In this method, nonstandard amino acids (NSAAs)33,34 were
inserted into the enzyme protein to induce cross-linking and
immobilization to avoid unwanted covalent linkages, which
may destroy the enzyme structure and active site. Most
importantly, cell lysate was used to prepare the CLEs within
several minutes, and no purified enzymes were needed to
produce the immobilized enzymes.
In this work, we used the reaction medium water as a

hydrogen donor to regenerate NADPH through TiO2
nanotube photocatalysis, which could avoid introducing an
additional compound containing hydrogen and was expected
to decrease the difficulty of separating the target product.35,36

TiO2 nanotubes were prepared as previously reported and
characterized using scanning electron microscopy (SEM),
atomic force microscopy, X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy. The catalytic properties of this

material for regenerating NADPH were examined using
NADP+ as the substrate. ADH mutants were also prepared
using site-directed mutagenesis, and para-propargyloxy-L-
phenylalanine (p-PaF) was inserted into the peptide chain of
the enzyme and used to induce precise cross-linking to form
CLEs. The obtained CLEs were characterized using SEM,
transmission electron microscopy (TEM), and confocal laser
scanning microscopy (CLSM) and then combined with TiO2
nanotubes under light irradiation to catalyze the sustainable
synthesis of (R)-3,5-BTPE without an additional hydrogen
donor.

2. EXPERIMENTAL SECTTION
2.1. Chemicals and Microorganisms. 3,5-Bis(trifluoromethyl)-

acetophenone (3,5-BTAP) was purchased from Shanghai Energy
Chemical Co., Ltd., and titanium dioxide nanoparticles were obtained
from Shanghai Macklin Biochemical Co., Ltd. pZE21 was used as the
vector to express the adh gene under the control of the PLtetO-1
promoter. Escherichia coli C321.ΔA (MG1655) was used as the host
strain to produce ADH. E. coli DH5α and E. coli BL21(DE3) were
purchased from Stratagene and Novagen (Shanghai). All DNA
products were synthesized or purchased from Shanghai Generay
Biotech Co. Ltd. (Shanghai). NADPH and NADP+ were obtained
commercially from J&K Scientific Ltd. All other biological reagents
were purchased from Sangon Biotech., while all other chemical
reagents were purchased from Sinopharm Chemical Reagent Ltd.
(Shanghai) and were used without further treatment.

2.2. Expression of NSAA-Modified ADH Protein. 2.2.1. Plas-
mid Construction and Bacterial Strains. By applying the amino acid
sequences of the ADH enzyme in SWISS-MODEL Workspace, we
obtained a relatively accurate 3D structural model. The template used
for ADH modeling was the crystal structure of the enzyme from
Lactobacillus kefiri DSM 20587 complexed with NADP+, which
showed the highest sequence similarity (100%) to ADH. We selected
multiple sites, including 156 (Y), 229 (Y), and 208 (Q) (N-terminal)
of ADH far away from the active site, and site-directed mutagenic
PCR was performed with pZE21-adh as a template to replace the
codons encoding these residues with the amber codon (TAG). The
plasmid pYlRs-p-PaF was used to insert p-PaF into the protein
corresponding to the amber codon TAG. The tRNA synthetase/
tRNA pair (pYlRs-tRNA) came from the group of Peter G. Schultz at
Scripps Institute.34 The primers used to construct the corresponding
ADH-pZE21 and for ADH site mutations are listed in Table S1.

Three single-point mutations of ADH were expressed and
compared with each other by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), which suggested two suitable point
mutations with similar expression levels. Based on the single-point
mutations, the genes of the mutants were continuously subjected to
two-point directed mutagenesis. As an expression host for pPaF-
incorporated pZE21-adh-156Y and pZE21-adh-156Y-229Y, genet-
ically engineered E. coli C321.ΔA (MG1655), obtained from Addgene
(plasmid ID: 48998),37 was used to cotransform pYlRs-p-PaF to
obtain pZE21-adh-156Y-MG1655 (single-point mutant) and pZE21-
adh-156Y-229Y-MG1655 (two-point mutant).

2.2.2. Expression of ADH. To express the encoding gene adh
(GenBank accession number AY267012) and produce ADH in E. coli
C321.ΔA (MG1655), gene fragments from L. kefiri DSM 20587 were
synthesized by Bioligo Biotechnology Co. Ltd. In the process of gene
synthesis, ADH was directly inserted into the endonucleases Kpn I
and Hind III in the pZE21 vector. The recombinant strain of the
ADH expression plasmid was resistant to ampicillin and kanamycin.
To construct a bacterial expression vector encoding a C-terminally
His×6-tagged recombinant ADH, pZE21-adh was obtained by
cloning the adh gene into pZE21 (plasmid ID: 26643) with Kpn I
and Hind III endonuclease digestion. A solution of 100 mL of Luria−
Bertani broth containing 100 μg/mL ampicillin and 100 μg/mL
kanamycin was inoculated with an overnight culture of the
recombinant E. coli C321.ΔA (MG1655) strain harboring the pZE-
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21-adh plasmids. Anhydrotetracycline hydrochloride (aTc) was then
added to the medium with a final concentration of 30 ng·mL−1, and
the recombinant engineered bacteria were grown at 34 °C to an
optical density at 600 nm (OD600) of 0.6−0.8, after which the cells
were grown for an additional 16 h at 23 °C. The harvested cells were
subjected to sonication in 0.02 M phosphate-buffered saline (PBS)
pH 7.0 buffer for disruption and centrifugation for 15 min at 12000
rpm to remove cell debris and obtain the supernatant. The crude
enzyme can be further acquired by extracting the supernatant for the
catalytic reaction.
2.2.3. Expression, Purification, and Characterization of ADH

with the Site-Specific Incorporation of p-PaF at Two Sites. ADH-
156Y cells were first inoculated into terrific broth medium containing
50 mg·L−1 ampicillin, 34 mg·L−1 chloramphenicol, and 100 mg·L−1

kanamycin and then cultured at 34 °C in a shaking incubator (220
rpm). When the OD600 of the medium reached 0.5, L-(+)-arabinose
was added to a final concentration of 0.2% (w·v−1). At an OD600 of
0.6, induction of protein expression was initiated by adding 30 ng·
mL−1 aTc in the presence of 4-azido-L-phenylalanine (p-PaF) at a final
concentration of 1 mM. All protein expressions for ADH-229Y, ADH-
229Y, ADH-1208Q, and ADH-156Y-229Y were conducted using the
same induction method and with continuous shaking at 23 °C for 16
h.
After 16 h of enzyme protein expression, the cultured cells were

harvested, resuspended in Tris-HCl buffer (20 mM, pH 7.4), and
subjected to sonication for lysis. The purified ADH enzymes were
further obtained using Ni-NTA agarose (Ni SepharoseTM 6 Fast
Flow). The relative molecular mass and expression of the protein were
detected by SDS-PAGE followed by staining with Coomassie brilliant
blue R250. To examine whether the p-PaF NSAA was inserted into
the set sites of the ADH peptide chain as intended, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) was used to analyze the accurate molecular
mass using a Microflex MALDI-TOF mass spectrometer. When we
carried out the TOF analysis, methanol was used as a matrix and
solvent to dissolve the protein samples. The protein solution sample
was then applied onto a clean target plate and air-dried at room
temperature, and a Microflex system was used to analyze the acquired
data.
2.3. Preparation and Characterization of Rapidly and

Precisely Cross-linked Enzymes of ADH Mutation. In this
study, the bifunctional cross-linker bis-PEG3-azide was dissolved in
water (8 mmol·L−1) and then added to the soluble fractions from the
two-point mutant cell lysate (0.1 M PBS, pH 7.0). The molar ratio of
the azide and alkynyl groups in the reaction was 1:1, and 0.4
equivalents of CuI was added to the mixture as a catalyst to trigger the
click cross-linking reaction. The reaction was carried out in a

microwave reactor at 0−10 °C under consecutive irradiation
(Discover CoolMate, CEM, USA), and then intermolecular cross-
linking was conducted to form CLEs between the ADH double-point
mutants depending on the NSAA p-PaF inserted in the two mutated
sites. Then, the insoluble CLEs were separated and washed with
phosphate buffer (pH 7.0, 0.01 M) until no protein was detected in
the supernatant (Scheme 1). The morphology and size of the
obtained CLEs were also observed by SEM and CLSM.

To verify the covalent cross-linking of the ADH two-point mutant
under continuous microwave irradiation, the obtained insoluble ADH
CLEs were hydrolyzed in 6 M HCl aqueous for 24 h at 110 °C. The
hydrolyzed sample was then washed four times with deionized water
and neutralized using NaOH solution, and MS was used to examine
and analyze the molecular mass of the obtained fractions in the
acetonitrile solvent.

2.4. Photocatalytic Regeneration of NADPH Using H2O as
the Hydrogen Donor. Throughout the photochemical process for
regenerating NADPH, the reaction medium of phosphate buffer (pH
7.4, 100 mM) consisted of 1 mM NADP+ and 250 mM
[Cp*Rh(bpy)H2O]

2+ used as a hydrogen transformation catalyst in
this study.38 In addition, TiO2 nanotubes, prepared as per the
previous report,39 were added to the reaction medium for solar water
splitting to produce hydrogen for NADP+. The reaction system for
regenerating NADPH used irradiation with a xenon lamp (500 W) at
a wavelength of 420 nm. Then, a certain amount of the reaction
medium was collected after every period, and the ultraviolet (UV)
absorbance value was recorded using an UV spectrophotometer
(Beckman DU-800). Each assay was repeated three times, with each
replicate performed at a different time. The hydroxyl radical and the
electrons formed in the photocatalysis were detected by electron spin
resonance (ESR) spectroscopy using ESR (JEOL JES 320X) spin
trapping and spin labeling.

2.5. Preparation and Characterization of CLEs-TiO2-Cp*Rh-
(bpy) Hybrid Catalytic Materials. 250 μL of [Cp*Rh(bpy)H2O]

2+

solution was decentralized in an aqueous solution, and the total
volume of aqueous solution was 5 mL. 20 mg of 60 nm TiO2
nanoparticles, 100 nm TiO2 nanoparticles, and TiO2 nanotubes were
dispersed in each of this aqueous solution by shaking for 24 h at room
temperature. By centrifugation, the obtained precipitates were
redispersed in 5 mL of PBS (pH 7.0, 0.1 M) containing 20 mg of
cross-linked enzyme aggregates.

The mixture was incubated at room temperature at 250 rpm for 24
h, and then we centrifuged the mixture to separate and obtain the
CLEs-TiO2 hybrid catalytic materials (Scheme 1). This hybrid
catalytic materials were placed in a vacuum drying oven (20 °C, 24 h)
overnight. For all obtained hybrid catalytic materials, TEM was
performed with a Talos F200S microscope equipped with a energy-

Scheme 1. Schematic Process for Preparing CLEs-TiO2 Bioinorganic Hybrid Photoenzyme System and Its Catalytic Synthesis
of (R)-3,5-BTPE by Regenerating NADPH Using H2O as the Hydrogen Donor
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dispersive spectrometer (EDS). X-ray line scan and mapping were
recorded using a Talos F200S microscope. X-ray surface scanning was
also performed on the hybrid catalytic materials.
2.6. Photoenzymatic Synthesis of (R)-3,5-BTPE by Regen-

erated NADPH. As a typical photoenzyme system for regenerating
NADPH and synthesizing (R)-3,5-BTPE (Scheme 1), the 5 mL
solution consisted of 100 mM PBS buffer (pH = 7.0), 5 mM NADP+,
1 mM [Cp*Rh(bpy)(H2O)]

2+, 4 mg of TiO2 nanotubes, and 2 mg of
CLEs. The final concentration of the substrate 3,5-BTAP was 6.25
mM. The solution was placed into a quartz reactor with a small stirrer
and illuminated with a xenon lamp at a wavelength of 420 nm (500
W, DY500G) for 24 h. To avoid increasing the temperature in the
reaction mixture, the xenon lamp was placed approximately 15 cm
away from the reactor. In the case of catalysis using CLEs-TiO2-
Cp*Rh(bpy) hybrid catalytic materials, 5 mL reaction mixture
contained 10 mg of hybrid catalytic materials.
Anhydrous heptane was used to extract the target product (R)-3,5-

BTPE from the supernatant in the reaction mixtures. Then, the
product was subjected to analysis using chiral high-performance liquid

chromatography (HPLC, Agilent 1100), which was utilized to
determine and examine the proportions of isomers. In the case of
the product obtained using hybrid catalytic materials, the sample was
diluted using heptane until its concentration decreased to one-tenth
of the original value. The yield was analyzed based on the separation
of the product by LC on a Daicel IC column (250 mm by 4.6 mm, 5
μm particle size). Solvent A was methanol, solvent B was water, and
the volume ratio of methanol to water was 75:25 (v/v). The
temperature of the autosampler was maintained at 20 °C, the volume
of each injection was 10 μL, and the flow rate was set at 0.5 mL·
min−1. The purified substrate and the target product were utilized as
standard samples to validate the retention times, and data were
collected at 210 nm.

3. RESULTS AND DISCUSSION
3.1. Expression and Characterization of an ADH

Mutant Containing p-PaF. To express the ADH mutant in
MG1655, the ADH gene fragments were subcloned into the
expression vector pZE21 and expressed in E. coli MG1655.

Figure 1. Preparation and characterization of CLEs of ADH mutant: (a) SDS-PAGE analysis; lane M, protein marker; lane 1, cell lysate supernatant
of ADH mutant; lane 2, cellular soluble fraction of ADH mutant; lane 3, cellular insoluble fraction of ADH mutant; lane 4, purified ADH of two-
point mutant; lane 5, cell lysate supernatant of bare pZE21; lane 6, cell soluble fraction of bare pZE21; lane 7, cell insoluble fraction of bare pZE21;
(b) MALDI-TOF of ADH mutant; (c) SEM images of CLEs; (d) CLSM image of CLEs; (e) MS analysis of the obtained fragments by acidulating
the CLEs.
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Three single-point mutations of ADH were expressed and
compared with each other by SDS-PAGE (Figure 1a). For the
low expression level of the 208 (Q) single-point mutations, a
double-point mutation (156Y-229Y) was carried out based on
the single-point mutation. ADH-156Y-229Y was used to name
the ADH two-point mutation gene, and the plasmid pYlRs-
156Y-229Y was used to insert p-PaF into the protein
corresponding to the amber codon TAG. The initial SDS-
PAGE analysis using the cell lysate showed that the MG1655
host strain harboring recombinant plasmid pZE21-adh
produced a substantial amount of the recombinant ADH
protein containing p-PaF as intended, while this mutant
protein was not detectable when the MG1655 host strain
harbored just the control vector. Similarly, bands for the ADH
two-point mutant were also observed at this location.
Figure 1b presents the MALDI-TOF characterization results

of the two-point ADH mutation produced in the presence of p-
PaF. The value near 27660.34 (the molecular weight of the
two-point ADH mutant containing p-PaF is 27660.34) has an
intense peak, which suggests that the two-point ADH mutant
containing p-PaF was successfully produced by recombinant
GRO. The actual molecular weight in the purified ADH
mutants determined by MALDI-TOF analysis closely matched
its theoretical molecular weight (Figure 1b). Moreover, as
mentioned earlier, many additional peaks, possibly from
sodium adducts, can be observed. Controlled expression
experiments were also carried out by simultaneous contrast
induction in the absence of p-PaF. However, no band was
detected at approximately 27 kDa, which indicated that ADH
mutants were not produced when the culture medium was not
supplemented with p-PaF. Thus, we confirmed that ADH

mutant enzyme proteins were successfully expressed and that
p-PaF NSAAs were inserted into the protein peptide chain at
the expected and set sites.
Additionally, the results of the activity assay suggest that

rational mutation and incorporation of p-PaF NSAAs exert less
influence on the catalytic activity of ADH (Table S2). When p-
PaF was inserted in the enzyme protein chain at the 208Q site,
the mutated ADH lost more than 50% of its activity of wild
type (0.080 U·mg). However, if 156Y and 229Y were mutated
and inserted with p-PaF, the obtained ADH presented almost
the same amount of activity (Table S2). The enzymes in the
CLEs prepared using cell lysate also retain the free enzyme
activity, which is consistent with our previous report.11

3.2. Preparation and Characterization of Rapdily and
Precisely Crosslinkked Enzymes (RP-CLEs) of ADH. As
shown in Figure 1c, the shape of RP-CLEs prepared using the
cell lysate supernatant is spherical, which is consistent with that
of CLEs described in previous reports.40−42 Most importantly,
Scheme 1 shows that the ADH mutant enzymes expected as
target proteins were cross-linked using bis-PEG3-azide via bio-
orthogonal click chemistry reactions, which resulted in almost
uniformly structured RP-CLEs formed directly from the
supernatant of the cell lysate. No ammonium sulfate or
organic solvents were used to precipitate the target enzyme
protein and prepare the corresponding RP-CLEs in our
method. The size of the larger clusters, as presented in Figure
1c, may be more than 20 μm, and the size can be modulated by
the target protein content in the cell lysate.11 A larger cluster
can benefit the separation of the obtained CLEs from the
reaction mixture; however, a larger size can cause significant
mass-transfer restrictions.43 The spherical structure and

Figure 2. XRD, SEM, TEM, and EDS characterizations of the artificial hybrid catalytic materials: (a) XRD characterization of anatase TiO2
nanotubes; (b) TEM image of TiO2 nanotubes; (c) EDS mappings of TiO2 nanotubes; (d) EDS mappings of TiO2 nanotubes attached with
Cp*Rh(bpy); (e) SEM image of CLEs-TiO2-Cp*Rh(bpy) hybrid catalytic materials; (f) EDS mappings of CLEs-TiO2-Cp*Rh(bpy) hybrid
catalytic materials.
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particles of RP-CLEs provide a new perspective on CLEs,
which have traditionally been obtained using the cross-linker
glutaraldehyde.44 When glutaraldehyde was used, unwanted
and random covalent linkage near the active site could not be
avoided, which could destroy the enzyme structure and
decrease the catalytic activity. In our method, based on the
bio-orthogonal linkage with the expected and set sites, the
enzyme active site and structure were protected from cross-
linking. Thus, more catalytic sites per unit area could be
reached, which is beneficial for a biocatalyst and reduces the
diffusion limit in enzymatic reactions.
For further characterization, we also verified the protein

component and observed the morphology of the ADH RP-
CLEs through CLSM. Figure 1d shows the resulting CLSM
characterization of the RP-CLEs. The green fluorescence is
from the enzyme protein of the ADH two-point mutation
containing p-PaF. Compared to the native ADH, more ADH
mutant proteins are cross-linked by bis-PEG3-azide, the sizes
of the aggregates are larger, from 40 to 70 μm, and their
morphology is basically consistent with the SEM results.
In addition, to examine whether the RP-CLEs were formed

by the ADH double-point mutant containing p-PaF, LC−MS
was used to detect the peptide fractions after heating the RP-
CLEs in 6 M HCl aqueous solution at 110 °C for 12 h. From
the LC−MS detection results, we found the existence of a
target NSAA fraction linked with bis-PEG3-azide after acid
hydrolysis (Figure 1e), which also proves that RP-CLEs were
successfully formed using the ADH double-point mutant
containing p-PaF by click chemical reaction.
3.3. Preparation and Characterization of CLEs-TiO2-

Cp*Rh(bpy) Hybrid Catalytic Materials. First, the phase
and crystalline structures of the TiO2 precursor were
characterized via an XRD measurement. As shown in Figure
2a, all peaks are consistent with the literature values of anatase

TiO2 (JCPDS no. 21-1272). Further, its TEM result in Figure
2b shows clear one-dimensional morphology with good
dispersity. After addition of Cp*Rh(bpy), it is obvious that it
is adsorbed tightly on TiO2, as shown in EDS mappings of
Figure 2c,d. Then, after mixing with CLEs, the whole sample
maintains 1D nanostructures as shown in Figure 2e. Its EDS
result in Figure 2f demonstrates the elementary composition,
agreeing with that of the anticipated CLEs-TiO2-Cp*Rh(bpy)
hybrid catalytic materials.

3.4. Formation of NADPH from NADP+ Using TiO2
Nanotubes and [Cp*Rh(bpy)Cl]Cl under Light Illumina-
tion. After successfully synthesizing TiO2 nanotubes and
[Cp*Rh(bpy)Cl]Cl, we also selected 60 nm TiO2 nano-
particles, 100 nm TiO2 nanoparticles, and TiO2 nanotubes to
evaluate the synthesis of NADPH under light illumination at
420 nm. As shown in Figure 3A, we compared the different
forms of TiO2 used for photocatalysis. Before isopropanol
(IPA) was added, the adsorption value of NADPH generated
by 60 nm TiO2 nanoparticles and 100 nm TiO2 nanoparticles
produced negative results at 340 nm, which indicated that no
NADPH was formed from NADP+. However, when TiO2

nanotubes were used to split water under light irradiation, the
value at 340 nm was positive and NADPH was successfully
produced from NADP+. The yield of NADPH is 91.2% using
TiO2 nanotubes attached with the complex [Cp*Rh(bpy)-
(H2O)]

2+, and its concentration is up to 3.64 mg/mL, which
can be used in subsequent enzymatic reactions.
In addition, the hydroxyl radical and electrons formed in the

photocatalysis were successfully detected by ESR spectroscopy
using ESR (JEOL JES 320X) spin trapping and spin labeling
(Figure 3B,C). Thus, the photocatalytic regeneration of
NADPH, using TiO2 nanotubes as the water-splitting catalyst
and water as the hydrogen donor, was feasible and convenient.

Figure 3. Effect of reaction time on the NADPH concentration in the photocatalytic generation of NADPH and ESR detection of hydroxyl radicals
(B) and electrons (C): (a) under the dark; (b) under simulated sunlight irradiation for 2 min; (c) under simulated sunlight irradiation for 4 min.
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3.5. Green and Sustainable Synthesis of (R)-3,5-BTPE
Using the Photoenzyme Catalysis System. Based on the
photocatalytic regeneration of NADPH by water splitting using
TiO2 nanotubes, a photoenzyme catalysis system was built, and
the catalytic performance of ADH RP-CLEs for the synthesis
of (R)-1-3′,5-BTPE was assessed. Figure 4 shows that (R)-1-
3′,5-BTPE was successfully synthesized in the photoenzyme
system, as suggested by the HPLC analysis of the product.
Regarding the HPLC analysis detection conditions, the mobile
phase was aqueous methanol (v/v = 3/1) and the flow rate was
0.5 mL/min. The UV detection wavelength was 210 nm, and
the retention times of the substrate 3,5-BTAP and the product
(R)-3,5-BTPE were 17.725 and 15.837 min, respectively
(Figures S5−S7). Enantiomeric excess (ee) of (R)-3,5-BTPE
was measured and analyzed by HPLC equipped with a
Chiralcel OD-H column (25 × 0.46 cm; Daicel Co., Osaka,
Japan), eluted with hexane/IPA [98:2(v/v)] at a flow rate of

1.0 mL/min at 20 °C, and detected at 210 nm. The results
show that the retention times of R- and S-3,5-BTPE were 8.0
and 9.2 min, respectively (Figures S8−S9), which indicates
that they can be easily separated in the HPLC analysis.
Figure 4a−d gives the product analysis results from the

samples at 3, 6, 12, and 24 h, respectively, and indicates that
the content of 3,5-BTAP gradually decreases, while the content
of the product (R)-3,5-BTPE gradually increases. This means
that NADPH can be successfully regenerated and delivered to
the active site of ADH to synergistically reduce the ketone
substrate on the photoenzyme system. Additionally, all ee
values are above 99.99%, and the yield of (R)-3,5-BTPE was
31.5% after reaction for 12 h and 41.2% for 24 h. The results
suggest that ADH RP-CLEs can participate well in the
photocatalytic regeneration of NADPH and can synthesize
(R)-3,5-BTPE from 3,5-BTAP. This finding indicates that
TiO2 nanotubes play a crucial role in the generation of

Figure 4. HPLC analysis of the product obtained by biologically reducing the substrate 3,5-BTAP for different reaction periods: (a) 3 h, (b) 6 h,
(c) 12, (d) 24 h, and (e) 24 using the CLEs-TiO2-Cp*Rh(bpy) hybrid catalytic materials; (f) reusability of the hybrid catalytic materials for the
green and sustainable synthesis of (R)-3,5-BTPE (12 h per cycle).
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NADPH used to reduce the substrate 3,5-BTAP to (R)-3,5-
BTPE.
Figure 4e shows the analysis result of the diluted product

obtained using the CLEs-TiO2-Cp*Rh(bpy) hybrid catalytic
materials, which indicates that this hybrid catalytic material
presents robust activity for regenerating NADPH and bio-
logically reducing the substrate ketone. In this photoenzyme
catalysis system, IPA acts as a cosolvent for the slight soluble
substrate in PBS, which can increase the accessibility for the
substrate to the active site of the enzyme. Cosolvent IPA is also
speculated to quench free radicals to form acetone and CO2
according to previous reports,45,46 which represents a green
and sustainable route to replace the regeneration of NADPH
by enzymatic methods using glucose donors47 and chemical
methods using TEOA donors21 and EDTA donors.23 In this
work, IPA was not obviously expended because no substrate
and product dissolve out. Thus, oxygen may be the final
oxidization product in this case,48−50 and water as a hydrogen
donor in the mixture gives almost half51 of the necessary
hydrogen for reducing the substrate. However, for this novel
CLEs-TiO2-Cp*Rh(bpy) hybrid catalytic material, how
electrons are generated, delivered, and used for NADPH
regeneration and biologically reduction of the substrate ketone
by splitting water is expected to be further uncovered.
Inorganic TiO2 nanotubes and ADH RP-CLEs can be

separated from the reaction mixture, which suggests that the
cost of producing the corresponding chiral drug intermediate
and other fine chemicals would be substantially decreased
using this photoenzyme catalysis system. Figure 4f shows the
reusability of the hybrid catalytic material catalysts, and each
cycle was carried out in water for 12 h. and the initial yield was
set as 100%. The recycling results in Figure 4f indicate that the
obtained bioinorganic hybrid catalytic materials present an
excellent reusability in the synthesis of (R)-3,5-BTPE by
regenerating NADPH using water as the hydrogen donor.
They can still retain the catalytic activity, nearly 95% after five
cycles. The excellent reusability of the CLEs and TiO2
nanotube hybrid catalytic materials highlights the environ-
mental friendliness of this route for further decreasing the cost
and reducing the pollution associated with (R)-3,5-BTPE
production.

4. CONCLUSIONS
In this work, TiO2 nanotubes were prepared and combined
with ADH RP-CLEs to produce (R)-BTPE. First, TiO2
nanotubes demonstrate better photocatalytic properties for
solar water splitting and regenerating NADPH when attached
with the complex [Cp*Rh(bpy) (H2O)]

2+. After 2 h of
consecutive light illumination, the NADPH yield reached
91.2% and the NADPH concentration reached 3.64 mg·mL−1.
Second, the results indicated that the photocatalyst, which was
used to regenerate NADPH via TiO2 nanotubes attached with
the complex [Cp*Rh(bpy)(H2O)]

2+, can cooperate well with
ADH RP-CLEs produced by click chemical reactions to
synthesize the aprepitant chiral intermediate (R)-BTPE. In this
obtained photoenzyme system for the catalytic stereoselective
reduction of ketones, the ee values exceeded 99.99% and
almost no (S)-BTPE was formed by HPLC analysis. Finally,
the inorganic TiO2 nanotubes and RP-CLEs can be easily
recycled for easy separation from the reaction mixture, water is
used as the hydrogen donor, and no foreign matter is
introduced into the mixture. This green and sustainable
route for the efficient enantioselective hydrogenation of

ketones can also be extended to prepare other value-added
chiral alcohol drug intermediates and fine chemicals.
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