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A B S T R A C T   

Effective photolytic regeneration of the NAD(P)H cofactor in enzymatic reductions is an important and elusive 
goal in biocatalysis. It can, in principle, be achieved using a near-infrared light (NIR) driven artificial photo
synthesis system employing H2O as the sacrificial reductant. To this end we utilized TiO2/reduced graphene 
quantum dots (r-GQDs), combined with a novel rhodium electron mediator, to continuously supply NADPH in 
situ for aldo-keto reductase (AKR) mediated asymmetric reductions under NIR irradiation. This upconversion 
system, in which the Ti-O-C bonds formed between r-GQDs and TiO2 enabled efficient interfacial charge transfer, 
was able to regenerate NADPH efficiently in 64 % yield in 105 min. Based on this, the pharmaceutical inter
mediate (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethan-1-ol was obtained, in 84 % yield and 99.98 % ee, by 
reduction of the corresponding ketone. The photo-enzymatic system is recyclable with a polymeric electron 
mediator, which maintained 66 % of its original catalytic efficiency and excellent enantioselectivity (99.9 % ee) 
after 6 cycles.   

1. Introduction 

Enzymatic asymmetric reductions with AKRs, a class of ketone re
ductases (KREDs), are a valuable method for synthesizing high-value 
chiral chemicals in the pharmaceuticals, pesticide and perfume in
dustries [1,2]. They are highly efficient, exhibit excellent enantiose
lectivities and have a wide substrate specificity range [3–5]. However, 
the expensive nicotinamide adenine dinucleotide [NAD(P)H] cofactor is 
required in stoichiometric amounts for these biotransformations [6]. 
This is usually achieved by using a second, sacrificial substrate and/or a 
second enzyme. In principle, photocatalysis offers a sustainable alter
native by exploiting a light-harvesting system and electron transport 
chains to drive the biocatalytic conversion of inexhaustible green solar 
energy into chemical energy for cofactor regeneration [7–9]. 

Photosensitizers ranging from organic dyes [10–12] (e.g., porphy
rins, xanthenes, ruthenium complexes, flavins), semiconducting mate
rials [13,14] (e.g., quantum dots, carbon nitrides, TiO2), to diverse 
hybrid materials [15,16] have been intensively studied for light-driven 

redox biosynthesis. However, the weak penetration ability of ultravio
let or visible light in various reaction media is a serious problem because 
the components of biological tissues, including proteins, nucleic acids, 
phospholipids, and other various sized molecules, absorb visible light 
much more strongly than chemical reaction media do [17]. Although 
infrared (IR) light [18] contains half of the energy of sunlight and has 
considerable penetration depth in complex systems such as biological 
tissues, its photon energy is relatively low and usually not sufficient to 
directly stimulate photocatalysts in photochemical reactions. 

Upconversion is a non-linear optical phenomenon whereby low en
ergy photons stimulate the emission of higher-energy photons [19]. 
Upconversion nanomaterials are widely applied in bio-imaging, solar 
cells, optical biosensors and nonlinear optical properties [20,21]. They 
can indirectly broaden the absorption ranges of semiconductors by 
turning the captured long-band incident light into shorter-band visible 
or ultraviolet light [22]. Various NIR-light-active photocatalysts, based 
on rare earth-doped upconverting particles (UCPs) [23,24], quantum 
dots [25,26], defective materials [27], complicated heterostructures 
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[28,29], and organic triplet− triplet annihilation upconversion materials 
[30] were used. Nevertheless, building an effective photo-enzymatic 
catalysis system remains a huge challenge given the biocompatibility 
and photostability of each component [31–33]. Previously, Park et al. 
employed silica-coated UCPs, Si-NaYF4:Yb,Er with rose bengal for NIR- 
light-driven NADH regeneration and photoenzymatic synthesis of L- 
glutamate but the overall catalytic efficiency was low [34]. 

Inorganic TiO2 and quantum dots are both widely applied semi
conductor materials with high chemical stability, non-toxicity and low 
cost [35–37]. Recently, inspired by our discovery that hybrid materials 
based on TiO2/reduced graphene quantum dots (r-GQDs) promote 
interfacial multiphoton-generated electron transfer via Ti-O-C linkages, 
we found that they have strong infrared light photocatalytic activity for 
water splitting and CO2 reduction [38,39]. Hence, we envisioned that 
TiO2/r-GQD composites could be adapted to address the long excitation 
wavelength challenges of cofactor regeneration in a photo-enzymatic 
cascade system. 

Enzyme immobilization can be used [40] to enhance the stability of 
the free enzymes, e.g. towards ligand exchange with metal complexes 
[41,42]. For example, the insertion of non-canonical amino acids 
(ncAAs) [43–45], bearing bioorthogonal groups at appropriate sites, 
provides a suitable method for generating self-cross-linked enzymes 
with complete retention of activity. Consequently, we prepared novel 
upconversion nanocomposites consisting of TiO2 nanotubes and reduced 
graphene quantum dots. The TiO2/r-GQDs nanotubes enabled the uti
lization of near-infrared light to transfer electrons to a rhodium com
plex, thereby affording a sunlight-activated photocatalytic system for 
cofactor regeneration. Subsequent combination with the AKR assembly 
exhibited good biocompatibility and recyclability in the asymmetric 
photo-enzymatic reduction of ketones to valuable chiral alcohol enan
tiomers (Fig. 1). This forms the basis for a green and sustainable infrared 
light-driven photo-enzymatic system. 

2. Materials and methods 

2.1. Materials 

Rhodium(III) trichloride hydrate (RhCl3⋅3H2O, 98 %), ethyl
enediaminetetraacetic acid (EDTA, 99 %), sodium hydride (NaH, 60 %), 
2,2′-bipyridine-4,4′-dimethanol (98 %), 3,5-bis(trifluoromethyl)aceto
phenone (3,5-BTAP, 98 %), 3-bromopropyne (propargyl bromide, 98 
%) and 1,2,3,4,5-pentamethylcyclopentadiene (95 %) were purchased 

from Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, 
China. Dibenzocycloocta-4a,6a-diene-5,11-diyne (DBA, 99 %), sodium 
chloride (NaCl, AR), hydrochloric acid (HCl, 37 %), β-nicotinamide 
adenine dinucleotide sodium salt (NADP+, 95 %), dichloromethane 
(CH2Cl2, AR), sodium sulfate (Na2SO4, AR) and methyl alcohol (MeOH, 
AR) originated from Senrise Bio-Chem Technology Co., Ltd., Shanghai, 
China. 

2.2. Microwave-assisted covalent assembly of AKR two-point variants 

AKR assembly rings were prepared according to the published 
methods [46]. To a solution of the AKR two-point mutants in pH 7.0 PBS 
(0.02 mol⋅L− 1) was added 1.0 mL isopropanol solution containing the 
cross-linker DBA (8 mmol⋅L− 1). The molar ratio of azide groups and 
alkyne groups in the reaction was 2:1. The mixture was placed in a 
microwave reactor equipped with a cooling module and a continuously 
illuminated device, and irradiated for three minutes (Discover Cool
Mate, CEM, USA). Then the cross-linked enzyme was separated and 
washed with 2 M NaCl solution and deionized water until no protein was 
detected in the supernatant. Enzymes remaining in the supernatant were 
determined by Bradford analysis. The morphology and dimensions of 
the enzyme-protein assemblies were characterized by SEM and CLSM. 

2.3. Synthesis and characterization of the mediator 

2.3.1. Synthesis of 4,4′-bis((prop-2-yn-1-yloxy) methyl)-2,2′-bipyridine 
To a mixture of 2,2′-bipyridine-4,4′-dimethanol (500 mg, 2.3 mmol) 

and NaH (276 mg, 11.5 mmol) in dry DMF (10 mL) was added propargyl 
bromide (595 μL, 6.9 mmol) under N2 atmosphere. The reaction mixture 
was stirred at room temperature for 4 h until TLC (hexane-EtOAc; 2:1) 
showed complete conversion of the starting material. After the reaction, 
MeOH was carefully added to neutralize the excess NaH and the solvent 
was evaporated in vacuo. The residue was dissolved in CH2Cl2 (20 mL) 
and washed successively with H2O (20 mL) and brine (20 mL). Subse
quently, organic layers were dried over anhydrous Na2SO4 and 
concentrated under reduced pressure. The crude product (Fig. S2A, 
compound 1) was purified by flash chromatography using hexane/ 
EtOAc (3,1) as eluent to obtain pure compounds, which were charac
terized by NMR and mass spectrometry (Fig. S1). Obtained as a white 
solid, 103.6–105.2 ◦C. 1H NMR (CDCl3, 500 MHz) δ 8.51–7.35 (m, 6H, 
ArH), 4.72 (s, 4H, CH2C=CH), 4.27 (d, 4H, J = 2.4 Hz, CH2OCH2C=CH), 
2.49 (t, 2H, J = 2.4 Hz, C=CH). 13C NMR (126 MHz, CDCl3) δ 156.0, 

Fig. 1. Schematic illustration of the NIR-mediated photo-enzymatic reduction of ketone.  

L. Qiao et al.                                                                                                                                                                                                                                     



International Journal of Biological Macromolecules 264 (2024) 130612

3

149.3, 147.9, 122.1, 119.5, 79.1, 75.2, 70.0, 57.9, 25.6. 

2.3.2. Synthesis of [Cp*Rh(bipy)(H2O)]2+

The electron mediator [Cp*Rh(bipy)(H2O)]2+ was synthesized using 
a published procedure [47]. Initially, a solution of RhCl3⋅3H2O and 
1,2,3,4,5-pentamethylcyclopentadiene (1.0 equiv.) in methanol was 
refluxed for 15 h to form a red precipitate of [Cp*RhCl2]. The latter was 
filtered and then suspended in methanol. The addition of 2.0 equiv. of 
4,4′-bis((prop-2-yn-1-yloxy)methyl)-2,2′-bipyridine caused a colour 
change to light yellow. The desired metal complex [Cp*Rh(bipy) 
(H2O)]2+ was precipitated by the addition of ether for the hydrolysis of 
[Cp*Rh(bipy)Cl]⋅Cl. The light brown Rh(III) complex stock solution 
(100 mM) was prepared in water, stored at room temperature, and 
characterized analytically by LC-MS (Fig. S2B). According to the mass 
spectrometry results, the corresponding peak [MC29H35N2O2RhCl+Na]+

was found for 604.1352 (Fig. S2). 

2.3.3. Synthesis of [Cp*Rh(bipy)(H2O)]2+ polymers 
As Scheme 1, to a mixture of [Cp*Rh(bipy)Cl]⋅Cl (0.1 mM), 1,11-dia

zido-3,6,9-trioxaundecane cross-linker (0.06 mM), pentam
ethyldiethylenetriamine (PMETA, 0.1 mM) and MeOH (1 mL) was added 
1 mL Cu5.4O nanoparticles solution [48] under air atmosphere for 12 h. 
The formation of [Cp*Rh(bipy)]2+ polymers was based on a click 
chemistry reaction [49]. The crude product was precipitated by the 
addition of anhydrous ether, then was separated and washed with 
saturated EDTA solution, deionized water and MeOH successively to 
afford dark brown [Cp*Rh(bipy)(H2O)]2+ polymers. 

2.4. Synthesis of the photocatalyst 

2.4.1. Preparation of r-GQDs 
Glucose was dispersed in 40 mL of pure water and stirred with a 

magnetic stirrer for 10 min. The mixture was heated at 190 ◦C for 3 h in a 
Teflon-lined autoclave. After cooling to room temperature, the resulting 
brown solution was centrifuged for 20 min to remove the precipitate and 
retain GQDs dispersed in the supernatant. 50 mg NaBH4 was added to 
the aqueous suspension of GQDs (0.1–1 mg⋅mL− 1) and the mixture was 
stirred at room temperature for 4 h to afford r-GQDs. 

2.4.2. Preparation of TiO2 nanotubes 
1 g TiO2 nanopowder was dispersed in 100 mL of 10 M NaOH and 

stirred in a beaker for 30 min. The mixture was then placed in a Teflon- 
lined autoclave at 140 ◦C for 18 h. After the autoclave had naturally 
cooled to room temperature, the resulting precipitate was recovered by 
filtration and washed with deionized water and 0.1 M HCl solution for 6 
h. Subsequently, the solid was washed 2–3 times until the pH reached 
7.0, dried at 80 ◦C for 24 h and then calcined in air at 400 ◦C for 2 h to 
afford the desired TiO2 nanotubes. 

TiO2/r-GQDs composites were obtained by adding 0.2 g TiO2 to a 40 
mL r-GQDs suspension and continuously stirring at room temperature 
for 4 h to obtain a homogeneous suspension. The TiO2/r-GQDs were 
collected by centrifugation, washed 3 times with distilled water, and 

dried under vacuum at 60 ◦C overnight. 

2.5. Regeneration of NADPH under NIR excitation 

The photochemical reaction medium for NADPH regeneration con
sisted of PBS buffer (pH 7.0, 200 mM, 25 mL), NADP+ (0.05 mM, 93 mg) 
and 0.25 mM [Cp*Rh(bipy)H2O]2+ or [Cp*Rh(bipy)(H2O)]2+ polymers. 
After the addition of photocatalyst TiO2/r-GQDs (20 mg) and ultrasonic 
dispersion for 10 min, the photoreduction of NADP+ was performed at 
room temperature by irradiation with NIR (800 nm–1100 nm). The 
distance between the reactor and light source (Xe lamp with an optical 
filter, 300 W) was fixed at 15 cm to provide approximately 20 mW⋅cm− 2 

illumination intensity. The produced cofactor was determined at 
different reaction times by UV absorption (Beckman DU-800 UV spec
trophotometer) at 340 nm. For the reusability test, TiO2/r-GQDs and M 
polymers were rigorously washed with deionized water, and collected 
by centrifugation. 

2.6. Photo-enzymatic production of (R)-3,5-BTPE 

In a typical procedure for photo-enzymatic synthesis of (R)-3,5- 
BTPE, the entire 5 mL system consisted of PBS buffer (200 mM, 4.5 mL, 
pH 7.0), NADP+ (1 mM, 37.2 mg), 0.25 mM [Cp*Rh(bipy)(H2O)]2+, 4 
mg TiO2/r-GQDs, 2 mg enzyme assemblies, and 3 mg substrate 3,5-bis 
(trifluoromethyl)acetophenone (3,5-BTAP) at a final concentration of 
6.25 mM. The solution was placed in a quartz reactor with a small stirrer 
and irradiated for 18 h. To avoid damage to the enzyme from increasing 
temperature, the xenon lamp was placed about 15 cm from the reactor. 
The product was extracted from the supernatant and analyzed by chiral 
HPLC (Agilent 1100) to determine the ratio of isomers. Analyses were 
performed using a DaicelIC column (4.6 × 250 mm, 5 μm particle size) at 
a column temperature of 30 ◦C. The mobile phase was methanol and 
water (75:25 v/v) with a flow rate of 0.5 mL/min. The injection volume 
was 10 μL. The purified substrate and reduced product were used as 
standard samples to verify the retention time, and data were collected at 
210 nm. For every reuse of the hybrid catalyst, the reaction was per
formed for 10 h. TiO2/r-GQDs, AKR assembly and polymeric M were 
recycled by centrifugal separation from the reaction mixture. 

3. Results and discussion 

3.1. Covalent assemblies of AKR 

Aldo-keto reductase (AKR, Gene ID: 897867) catalyses the asym
metric reduction of aromatic ketones to the corresponding chiral alco
hols. Since the cyclic enzyme assemblies showed enhanced enzymatic 
activity and high robustness in terms of stability towards acidity and 
temperature, we expect them to enable long-lasting catalysis in the 
photo-biocatalytic synthesis of chiral alcohols. The preparation of AKR 
ring assemblies has been described in our previous studies [46]. With 
the two p-azido-L-phenylalanine (p-AzF) residues inserted into the 114Y 
and 189Q of the AKR protein using the protein engineering technique, 

Scheme 1. The polymerization reaction of [Cp*Rh(bipy)(H2O)]2+ with cross-linker.  
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we cross-linked the AKR-114-189 mutant with the cross-linker DBA via 
microwave-assisted strain-promoted azide-alkyne cycloaddition. The 
morphologies of resulting ring assemblies were characterized by scan
ning electron microscopy (SEM). As shown in Fig. 2, the approximate 
size of AKR assemblies is 1–2 μm. We then stained them by using Sulfo- 
Cyanine5 (CY5), which was specifically bonded to the 6xHis tag in 
monomer protein. Under 640 nm exciting light, the independent, cross- 
linked AKR were visualized in red by laser scanning microscope (CLSM) 
and exhibited an unformed aggregation state (Fig. 2C). 

3.2. Characterization of electron transfer mediators and upconversion 
photocatalyst 

The organometallic complex, pentamethylcyclopentadienyl rhodium 
2,2′-bipyridine ([Cp*Rh(bpy)H2O]2+), is the most studied electron 
mediator and hydride transfer agent used in photochemical regenera
tion of 1,4-NAD(P)H [50,51]. To explore the sustainability of the 
designed photo-biocatalytic system, we devised polymeric Rh(III) 
complexes to enable the recycling of key components and the recovery 
of precious metal rhodium materials. Two alkynyl moieties were intro
duced into the bipyridine ligand of [Cp*Rh(bipy)H2O]2+ (M). Subse
quently, [Cp*Rh(bipy)H2O]2+ polymers were produced by copper 
nanoparticle catalysed alkyne-azide cycloaddition reaction with a cross- 
linking agent containing two azide groups. The macromolecular Rh(III) 
complex formed by aggregation, could be separated from reaction so
lutions conveniently by centrifugal sedimentation. 

The bipyridine ligand was aggregated as a control. The SEM images 
of the polymeric ligand and Rh (III) mediator (M) reveal that both of the 
polymers are amorphous (Fig. 3A, C). The polymeric ligand consists of 
three elements: C, N, and O (Fig. 3B). As expected, the energy-dispersive 
X-ray spectroscopy (EDS) mapping of polymeric M shows C, N, O, Rh, Cl 
homogeneously dispersed over the whole structure with no copper res
idues (Fig. 3D, E). The stepwise preparation of the polymeric mediator 
was followed using Fourier transform infrared spectroscopy (FT-IR) by 
noting prominent changes in the frequency pattern of functional groups 
(Fig. 4A1). Substitution of alkynyl groups at the para position of the 
bipyridine ligand produced two strong characteristic peaks at 3173 
cm− 1 and 2102 cm− 1, which are assigned to the typical stretching modes 
of ≡C-H and C≡C bond, respectively. For M, the ν≡C-H has a red shift and 
was overlapped by the broad peak (3386–3246 cm− 1), which is a sig
nificant marker for distinguishing the metal complex from its ligand, 
indicating the successful coordination of rhodium ions. The disappear
ance of νC≡C in polymeric M reveals the effectiveness of the cross-linking 
strategy used. The coordinated Rh is also validated by the presence of Rh 
3d peak in the XPS spectra of polymeric M. The peaks appearing at 
314.0 eV and 309.0 eV are assigned to the binding energies of Rh 3d2/3 
and Rh 3d5/2, respectively (Fig. 4A2) [52,53]. In addition, the multi- 
cross-linked bipyridine ligand was detected by Matrix-assisted laser 
desorption/ionization (Fig. S3). 

The target TiO2/r-GQD nano photocatalyst was synthesized using an 

impregnation strategy. The morphology and microstructure of the syn
thesized photocatalytic materials were examined by SEM (Fig. 4B1). The 
TiO2/r-GQDs composites are mainly tubular and arranged in a disor
dered manner with a length of a few hundred nanometres and a width of 
about 20 nm to about 40 nm. In comparison with the standard powder X- 
ray diffraction (XRD) spectra of TiO2 [38], the diffraction peaks of TiO2/ 
r-GQDs at (116), (220), and (215) crystal planes are significantly 
depressed, indicating the successful coupling of r-GQDs and TiO2 
(Fig. 4B2). According to FT-IR investigation, the oxygen-containing OH 
groups (~3400 cm− 1) in TiO2/r-GQDs are significantly reduced 
compared to that of TiO2 alone, mainly due to the coverage of quantum 
dots (Fig. S4A). Moreover, r-GQDs with a large number of dangling 
bonds of carbon would combine with the oxygen atoms on the TiO2 
surface to generate Ti-O-C chemical bonds, which is consistent with the 
peaks observed at 950 cm− 1 of TiO2/r-GQDs FT-IR line [54,55]. The 
formation of these Ti-O-C chemical bonds was further confirmed using 
X-ray photoelectron spectroscopy (XPS). The TiO2/r-GQD composites 
show the presence of O, Ti and C elements (Fig. 4B3), consistent with r- 
GDQs on TiO2 NTs, and exhibited the typical peaks for Ti-O-C bonds at 
288.4 eV, 531.6 eV and 457.8 eV, which are assigned to C 1s, O 1s and Ti 
2p (Fig. S4B-D) of XPS spectra, respectively. 

The charge dynamics were studied by Photoluminescence (PL) 
Spectroscopy. As shown in Fig. 4B4, the multiphoton emission of r-GQDs 
induced by upconversion was detected at 522 nm, 542 nm, and 654 nm 
under infrared light excitation at 980 nm. The multiphoton active pro
cess testifies to the competence of TiO2/r-GQDs nanotubes for acting as a 
powerful energy transfer component. 

3.3. Regeneration of NADPH by photoredox catalysis 

Photocatalytic water decomposition for NADPH regeneration over 
TiO2/r-GQDs nano-composite is a zero‑carbon scheme. The anticipated 
results would contribute strongly to the “Sustainable Development 
Goals”, and not generate carbon-containing and difficult-to-separate by- 
products during or after the regeneration process. By design, we per
formed the photochemical reduction assays of NADP+ in PBS buffer 
using TiO2/r-GQDs nanotubes and [Cp*Rh(bipy)(H2O)]2+ as the cata
lysts at the irradiation of NIR. 

As depicted in Fig. 5A, no NADPH was detected in the absence of r- 
GQDs, demonstrating that TiO2 semiconductor and the metal complex M 
alone were unable to induce light-generated electrons by NIR excitation 
(Fig. 5Aa). The yield of regenerated NADPH consistently increased 
throughout the illumination time and was significantly raised when 0.1 
mM NADP+ was introduced, achieving 64 % after 90 min (Fig. 5Ab, Ac). 
Replacing the free mediator with the polymeric mediator, [Cp*Rh(bipy) 
H2O]2+, did not affect the reactivity of hydride transfer, as demonstrated 
by the similar rising trend observed in the corresponding cofactor 
regeneration curve and the good yield (67 %) at 75 min (Fig. 5Ad). 
Furthermore, the catalytic efficiencies of TiO2/r-GDQs and cross-linked 
[Cp*Rh(bipy)H2O]2+ were stable with a slight increase in yield observed 

Fig. 2. SEM (A, B) and CLSM (C) images of AKR assemblies.  
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during the second cycle of cofactor regeneration under NIR-driven 
photocatalysis (Fig. 5Ae). 

3.4. Infrared light-catalysed synthesis of (R)-1-[3,5 bis(trifluoromethyl) 
benzene] ethanol 

Microorganisms rely on cascades of reactions catalysed by mutually 
compatible and functionally specific enzymes to synthesize complex 
natural products and other metabolites. Not only does photobiosynthesis 
show that enzymes and photocatalysts are compatible, but also that the 

combination can be productive. We used this approach to create 
important active pharmaceutical intermediates [56]. For example, (R)- 
1-[3,5-bis(trifluoromethyl)phenyl]ethanol [(R)-3,5-BTPE], a key inter
mediate for Aprepitant, a multifunctional antiemetic agent used to 
prevent postoperative or cancer chemotherapy-related nausea and 
vomiting [57–59]. Typical methods for (R)-3,5-BTPE synthesis with 
high enantioselectivity include chemical catalysis and enzymatic 
cascade transformation [60]. Chemical synthesis of (R)-3,5-BTPE is 
unsustainable for it depends on the enantioselectivity of (transitional) 
metal complexes containing complicated chiral ligands and harsh 

Fig. 3. SEM images of polymeric ligands (A) and M (C); EDS mapping of polymeric ligands (B) and M (D/E).  
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reaction conditions including high concentrations of H2 and strong bases 
[61,62]. The enzymic method consists of keto reductase for reducing the 
ketone substrate and dehydrogenase for regenerating NADPH. However, 
the enzyme activity of dehydrogenase is very limited, especially in the 
face of a high dosage of organic compounds (e.g. isopropanol, glucose) 
that function as electron donors. Resulting byproducts (e.g. acetone and 
glucuronic acid) also cause difficult product separation [63]. 

Having established a workable photocatalytic platform for NADPH 
regeneration, we concentrated on applying it in an AKR-mediated 

photocatalytic reduction (Fig. 5B). The major components consisted of 
AKR protein assemblies, TiO2/r-GQDs nanotubes and the rhodium 
mediator. As shown in the SEM image (Fig. 5B) the sample consists of a 
micron-scale artificial photobioreactor based on a flower-shaped 
enzyme surface that is covered with nanoscale photocatalysts. Fig. 5C 
presents the EDS element mapping for the reactor. The Rh from the 
electron mediator M is uniformly dispersed in the reaction medium. The 
distribution of Ti is relatively concentrated, which implies a closer 
spatial distance between the photosensitizer and biocatalyst that may 

Fig. 4. A. (1) FT-IR spectra of polymeric M, M and the bipyridine ligand, (2) XPS spectra of Rh 3d for polymeric M; B. Characterization of TiO2/r-GQD nanotubes: (1) 
SEM images, (2) XRD pattern, (3) XPS survey spectra, (4) Upconversion photoluminescence spectroscopy at 980 nm. 

Fig. 5. (A) The regeneration yields of NADPH. Reaction conditions: PBS buffer (200 mM, 25 mL, pH 7.0), TiO2/r-GQDs NT (20 mg), NADP+ (0.05 mM, 93 mg) and 
0.25 mM M or polymeric M (PM), NIR irradiation. *0.1 mM NADP+ was used. (B) Illustration of photo-enzymatic catalytic system with an SEM image of AKR- 
assembly-TiO2/r-GQDs-M hybrids. (C) EDS element mapping of AKR-assembly-TiO2/r-GQDs-M hybrids. 
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result in a faster transfer rate of proton and cofactor. 
The photobioreactor was used to hydrogenate 3,5-BTAP. Resulting 

(R)-3,5-BTPE was formed in 84 % yield with 99.98 % ee under NIR, thus 
verifying the high catalytic efficiency of this system (Fig. 6A). An 
additional control experiment shows that r-GQDs play a key role in the 
infrared light-induced catalytic reaction, during which the yield was just 
50 % in the production of (R)-3,5-BTPE even using a strong energy 
illumination to irradiate TiO2 nanotubes photocatalyst for driving 
cofactor regeneration (Fig. 6B). 

The relationship between TiO2 catalytic efficiency and the loading of 
r-GQDs was investigated under standard reaction conditions. When 
TiO2/r-GQDs-2 nano-composite, that had undergone two adsorptions of 
r-GQDs, was used the yield of (R)-3,5-BTPE decreased to 66 % (Fig. 6C). 
After three adsorptions of r-GQDs the yield of (R)-3,5-BTPE decreased 
further to 64 % (Fig. 6D). We speculated that excess coverage by r-GQDs 
would reduce the surface area available for electron transfer with other 
components like H2O and the electron mediator. The yield under 
infrared light irradiation seriously declined to 34 % in the absence of 
TiO2 nanotubes (Fig. 6E). Thus, we conclude that the high performance 
of photobiocatalysis can be attributed to the combined effect of TiO2 
nanotubes and r-GQDs. 

To study the sustainability of our photo-enzymatic system, the 
recyclability of the AKR assembly, TiO2/r-GQDs nano-composite and 
polymeric mediator was examined in the (R)-3,5-BTPE synthesis 
(Fig. S8). In general, the activity of the photo-enzyme components was 
stable except in the second cycle, and retains 66 % of its original cata
lytic efficiency after 6 cycles (Fig. 6F). However, the high enantiose
lectivity was maintained at 99.99 %, which further supports the 
biocompatibility of this NIR driven photo-enzymatic catalytic reaction 
(Fig. 6F). 

4. Conclusions 

We have demonstrated the feasibility of facile, green and efficient 
NIR-driven photobiocatalysis using a novel combination of an AKR with 

TiO2/r-GQDs hybrid nanotubes and a polymeric Rh electron mediator 
for NADPH regeneration in the production of the (R)-1-[3,5-bis(tri
fluoromethyl)phenyl]ethanol using water as the sacrificial reductant. 
The catalytic performance of photo-excited electron transfer in the 
TiO2/r-GQDs system was investigated and the Ti-O-C linkage formed 
between r-GQDs and TiO2 was shown to play a vital role in photon 
upconversion under NIR irradiation. However, this study focuses on the 
recyclability of the entire photo-enzymatic system but less attention was 
paid to the distance between electron mediator and AKR, which would 
impact regenerated NADPH transfer and diffusion. In future studies, the 
preparation method will be optimized to achieve higher cofactor 
transfer efficiency. 
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