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Bio-inspired carbon nitridemesoporous spheres for
artificial photosynthesis: photocatalytic cofactor
regeneration for sustainable enzymatic synthesis†

Jianhui Huang,b Markus Antoniettia and Jian Liu*a
Inspired by the photosynthetic thylakoid membrane of chloroplasts,

we present here the rational design ofmesoporous structured colloids

made up of graphitic carbon nitride nanosheets and demonstrate their

application in photocatalytic NADH regeneration for sustainable

enzymatic synthesis.
Introduction

High efficiency light energy-to-chemical energy conversion is
thought to be the ultimate goal in the eld of sustainable
energy, considering the sustainable and inexhaustible character
of sunlight.1 In natural photosynthesis, green plants and algae
have evolved into highly delicate, complex structures to convert
light to chemical energy. Learning from nature might offer
some possible key elements for realizing articial photosyn-
thesis.2–6 Inside the photosynthetic factories termed chloro-
plasts, a membrane-bound thylakoid is the site of the light-
dependent reactions of photosynthesis. Following light har-
vesting by chlorophyll molecules, photoinduced electrons are
passed through the electron transport chain to the enzyme
ferredoxin–NADP (nicotinamide adenine dinucleotide phos-
phate) reductase, leading to the reduction of NAD(P) to NAD(P)
H, completing the storage of light energy in one kind of “energy
currency” of the cells (another kind is ATP). The newly formed
NAD(P)H is used as a hydrogen source with high reducing
power for the biosynthesis of carbohydrates from CO2 in the
Calvin cycle of the dark reaction.7 NAD(P)+/NAD(P)H cofactors
are also involved inmany other enzymatic redox reactions of the
metabolism. Recently, applying such enzymatic redox reactions
for the synthesis of valuable and chiral compounds in vitro
became highly attractive.8–10 However, high costs of enzyme-
nck Institute of Colloids and Interfaces,

ermany. E-mail: Jian.Liu@mpikg.mpg.de

Engineering, Putian University, Putian

(ESI) available: Experimental section,
ts, time-resolved photoluminescence,
e ESI. See DOI: 10.1039/c4ta00793j

6–7693
specic cofactors (NADH) hinder wider applications, and
sustainable and economically acceptable regeneration methods
for NADH are still eagerly demanded.11

As in the photosynthetic light reactions, using light energy
for the reduction of NAD+ to NADH is very promising and
inherently sustainable, compared with the established but not
optimal enzymatic regeneration method and electrochemical
routes.12–16 By taking electrons from a light excited photocatalyst
and coupling the protons to form the hydride electron pair, the
NAD+ can be selectively reduced to 1,4-NADH in the presence of
[Cp*Rh(bpy)H2O]

2+ (abbreviated as M in the following context)
acting as a hydride transfer reagent while triethanolamine
(denoted as TEOA) is employed as a sacricial electron donor.17

Despite previously reported works on the photocatalytic NADH
regeneration, however, more facile and more efficient visible-
light-driven photocatalytic systems are critically needed and are
to be developed.18–23

Inspired by the folded, layered thylakoid membranes
featuring very large surface area, which therefore could increase
the amount of light absorbance, construction of a structural
mimicry of the thylakoid membranes as a semiconductor object
is promising to increase the efficiency of NADH regeneration.24

Graphitic carbon nitride (abbreviated as g-C3N4) is known as a
layered material and found in recent years to possess visible-
light-driven photocatalytic properties.25–32 Our previous work
demonstrated that a synthetic carbon nitride photosynthetic
structure onto diatom frustules could be used for photocatalytic
NADH regeneration.33 However, the low surface area partly
counterbalanced the benets of refractive light harvesting
brought about by the diatom structure.34 Higher efficiency could
be achieved by coupling a higher specic surface area and
strong light harvesting properties.35 Carbon nitride will act as
the ultimate light-to-charge pair conversion site while a struc-
tured mesoporous sphere architecture could enhance the light
intensity onto the active centers.36–38 The in situ regenerated
NADH is then coupled with L-lactate dehydrogenase for
sustainable photoenzymatic synthesis. In addition, as outlined
in our previous report, direct transfer of a hydride electron pair
This journal is © The Royal Society of Chemistry 2014
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from carbon nitride to NAD+ is also possible, and metal- and
mediator free regeneration of NADH as the ultimate goal will
also be investigated.39
Experimental section
Materials synthesis

Synthesis of CNMS. In a typical synthesis, 5 mL TEOS was
injected into a mixture of 20 mL of deionized H2O, 5 mL of
NH3$H2O and 100 mL of 2-propanol at room temperature under
magnetic stirring. Aer reaction for 2 hours, the colloidal
spheres were collected by centrifugation and re-dispersed in 150
mL deionized water. Certain amount of polyvinylpyrrolidone
(PVP) K15 (Mw � 10 000) was added to the above SiO2 solution.
The mixture was heated up to 100 �C and kept for 3 hours under
reuxing to load PVP, and then cooled to room temperature.
Under magnetic stirring, 37.5 mL of 0.1 g mL�1 sodium
hydroxide aqueous solution was added to the as-cooled solution
at room temperature. As more material is etched away from the
silica particles, the solution becomes less and less opaque. The
etching process could be monitored by measuring transmission
of the etching solution at 700 nm using UV-Vis spectrometry. A
mixture of 1 g of etched SiO2 mesoporous sphere and 5 g of
cyanamide was degassed for 3 hours followed by sonication in
water for 2 hours. Aer removal of surplus cyanamide by dis-
solving in water, the obtained white solid was transferred to a
crucible with lid and heated under air at 2.3 �C min�1 up to
550 �C (4 hours) and kept at 550 �C for another 4 hours. The
resultant yellow powder is treated with a 4 M NH4HF2 solution
for 48 hours. The dispersion is then ltered and the yellow
precipitate is copiously rinsed with deionized water and
ethanol. Finally, the yellow powder is dried under a vacuum at
60 �C overnight.

Synthesis of [Cp*Rh(bpy)H2O]
2+. RhCl3$H2O is reuxed in

methanol with one equivalent of 1,2,3,4,5-pentam-
ethylcyclopentadiene for 24 hours. The resulting red precipitate
is ltered and suspended in methanol. On addition of two
equivalents of 2,2-bipyridine, the suspension clears up imme-
diately and a yellowish solution is formed. [Cp*Rh(bpy)Cl]Cl is
precipitated on the addition of diethyl ether into the
obtained yellowish solution. Stock solutions (100 mM) are
prepared in water and stored at room temperature avoiding
direct light exposure. [Cp*Rh(bpy)Cl]Cl readily hydrolyzes to
[Cp*Rh(bpy)(H2O)]

2+.
Characterization

XRD measurements were performed on a D8 Diffractometer
from Bruker instruments (Cu Ka radiation, l ¼ 0.154 nm)
equipped with a scintillation counter. N2 sorption experiments
were done with a Quantachrome Autosorb-1 at liquid nitrogen
temperature. TEM images were taken on Philips CM200 FEG
(Field Emission Gun), operated at an acceleration voltage of 200
kV. SEM measurement was performed on a LEO 1550 Gemini
instrument. The UV-Vis absorbance spectra were recorded on a
T70 UV/Vis spectrophotometer. The FTIR spectrum was
collected using a Varian 1000 FTIR spectrometer.
This journal is © The Royal Society of Chemistry 2014
Electrochemical analysis. The working electrode was
prepared on indium–tin oxide (ITO) glasses, which was
cleaned by sonication in chloroform, acetone and ethanol
for 30 min, respectively. The glass was then rinsed with
Millipore water and kept in isopropanol for 24 h. 50 mg
powder was mixed with 2 mL dimethylformamide under
sonication for 30 min to get a slurry. The slurry spread onto
ITO glass whose side part was previously protected using
Scotch tape. Aer air drying, the electrode was red at
350 �C for 30 min in air to improve adhesion. A copper wire
was connected to the side part of the ITO glass using a
conductive tape. Uncoated parts of the electrode were iso-
lated with epoxy resin, and the exposed area of the electrode
was 0.25 cm2. Electrochemical measurements were per-
formed in a conventional three electrode cell, using a Pt
plate and a Ag/AgCl electrode (3 M KCl) as counter electrode
and reference electrode, respectively. The electrolyte was a
0.2 M Na2SO4 aqueous solution without additives and was
purged with nitrogen gas for 2 h prior to the measurements.
The working electrodes were immersed in the electrolyte for
60 s before any measurement was taken. The photocurrent
measurements were conducted with a BAS epsilon work-
station, with the working electrodes irradiated from the
back side in order to minimize the inuence of thickness of
the semiconductor layer. The light was generated by a 500 w
xenon lamp (Changtuo, CHF-XM500) with a 420 nm cut-off
lter, and was chopped manually (z0.20 Hz). The electro-
chemical impedance spectroscopy experiments were con-
ducted on a Precision PARC workstation. For Nyquist plot
measurements, the perturbation signal was also 20 mV but
the frequency ranged from 200 kHz to 10 mHz.
NADH regeneration and photoenzymatic reaction

NADH regeneration. In a typical regeneration procedure,
the reaction medium was composed of NAD+ (1 mM), TEOA
(15 w/v%), phosphate buffer (100 mM) and carbon nitride
materials. The pH value of the reaction media was set to 8 or 10
for a mediator involved or mediator free system, respectively.
The reaction system was placed into a quartz reactor equipped
with a stirring bar and illuminated with a LED lamp (wave-
length¼ 420 nm, OSA Opto Light GmbH). The distance between
reactor and LED lamp is xed at 5 cm. Before the illumination,
the reaction solution was placed in a dark environment for
certain minutes to achieve adsorption–desorption equilibrium.
During the illumination, the concentration of NADH was
calculated by measuring the absorbance of the diluted reaction
system at 340 nm. NAD+ has peak absorption at a wavelength of
260 nm, with an extinction coefficient of 16 900 M�1 cm�1.
NADH has peak absorption at 340 nm with an extinction coef-
cient of 6 220 M�1 cm�1.

Photoenzymatic reaction. The reaction medium for the
photoenzymatic reaction includes NAD+ (1 mM), M (0.25 mM),
pyruvate (5 mM), L-lactate dehydrogenase (50 U), pH ¼ 7.0
phosphate buffer with 15 w/v% TEOA, 3 mg CNMS. The reaction
solution was stirred in the dark for one hour followed by 6 hour
light reaction.
J. Mater. Chem. A, 2014, 2, 7686–7693 | 7687
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Results and discussion

Carbon nitride mesoporous spheres (abbreviated as CNMS)
were synthesized by templating etched silica spheres, adopting
a strategy termed “silica-etching chemistry”, as illustrated in
Scheme 1.40 Briey, the SiO2 sphere was rst loaded with poly-
vinylpyrrolidone (PVP) for protecting an outside SiO2 shell, and
a sodium hydroxide solution mildly etches the dense silica
sphere towards a mesoporous system. These etched meso-
porous structures then provide conned and necessary space
for loading the cyanamide precursor for the subsequent in situ
thermal condensation towards carbon nitride. At last, aer
removing the silica template by an aqueous NH4HF2 solution, a
CNMS preserving the original sphere size, but with inverted
inner structure could be obtained.26 In general, the moderation
and control of the silica-etching chemistry is the determining
factor for the successful construction of CNMS. The degree of
etching can be facilely controlled by the etching time; an
appropriate etching end point can be quantitatively determined
by an increase of the original optical transmission at 700 nm
wavelength up to 70%. The morphology evolution of a SiO2

sphere during different etching times was investigated, as
illustrated in Fig. S1 (ESI†). Different etching degrees of SiO2

lead to entirely different morphologies of the obtained carbon
nitride materials. As it is templated from the original SiO2

sphere or SiO2 sphere with low etching degree, only fragments
and no dened particles could be obtained.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images in low magnication for a
large area overview of CNMS demonstrate the high homogeneity
and uniformity of the obtained spherical material, as shown in
Scheme 1 Schematic fabrication strategy for CNMS. The whole
processes could be divided into four steps: (1) synthesis of a SiO2

sphere; (2) loading with PVP under refluxing conditions and mildly
etching PVP coated SiO2 with NaOH to obtain mesoporous SiO2; (3)
loading a cyanamide precursor into the porous space followed by in
situ thermal condensation to carbon nitride; and (4) using an NH4HF2
aqueous solution to release CNMS.

7688 | J. Mater. Chem. A, 2014, 2, 7686–7693
Fig. 1a and b, and the local structure was evidenced by the TEM
image shown in Fig. 1c. The CNMS was chosen to have a
diameter around 420 nm to enable multiple internal light
reections and consequently higher light absorbance. The size
matches with the peak wavelength of the blue LED light source
which also is near the onset of optical absorbance of g-C3N4.
The original SiO2 and etched SiO2 spheres are compared to
those replicated structures in Fig. 1d & e, while the corre-
sponding SEM images along with a large overview of CNMS are
displayed in Fig. S2 of the ESI,† respectively. Throughout
etching, the PVP protected SiO2 spheres do not decrease in
diameter. The solid spheres turn mesoporous with the coars-
ened surface while still preserving the spherical morphology,
indicating that the etching process is prohibited by the PVP
protection of the shell. Compared with the sphere template, the
size of obtained CNMS is a little smaller due to the shrinkage
throughout thermal condensation. The typical material char-
acterization results for CNMS are presented in Fig. S3 of the
ESI.† The band at 810 cm�1 in the Fourier transform infrared
spectroscopy (FTIR) spectra in Fig. S3a of the ESI† is ascribed to
the s-triazine ring modes, while the bands at 1200–1600 cm�1

are characteristic of aromatic CN heterocycles. A powder X-ray
diffraction (XRD) spectrum shows the two characteristic peaks
of graphitic carbon nitride (Fig. S3b of the ESI†) at 13.0� and
27.4� which are ascribed to the in-plane repeat period and
stacking of the conjugated aromatic system, respectively. N2

sorption measurement reveals that the CNMS is indeed meso-
porous, with a specic surface area of 205 m2 g�1 (see Table 1,
Fig. S3 and 4 of the ESI†).

The (photo)electrochemical properties of CNMS accompa-
nying two control samples (bulk g-C3N4 and mpg-C3N4) were
investigated by electrochemical impedance spectroscopy
(Fig. 2a). The results revealed semicircular Nyquist plots for
CNMS, mpg-C3N4 and g-C3N4 with the trend of increasing
Fig. 1 (a) SEM image of large area overview, illustrating the uniform
and monodisperse properties of CNMS. (b) TEM image of CNMSs. (c)
TEM image of a single CNMS particle, showing the porous property
and nanosheet as the building blocks of CNMS. (d) and (e) show the
TEM images of original solid SiO2 sphere and etchedmesoporous SiO2

sphere, respectively.

This journal is © The Royal Society of Chemistry 2014
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Table 1 Textural properties of g-C3N4 prepared under different
conditions

Sample Bulk g-C3N4 mpg-C3N4 CNMS

Surface areaa (m2 g�1) 12 230 205
Pore volumeb (cm3 g�1) 0.21 0.765 0.51
C/N ratioc 0.676 0.679 0.682
Hydrogen contentd (%) 2.06 2.45 2.31

a BET surface area. b Barrett–Joyner–Halenda (BJH) adsorption pore
volume. c Molar ratio. d Weight ratio.
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diameter, which demonstrated that CNMS possessed an
improved electronic conductivity already in the dark state as
compared to the other morphologies. The photoinduced elec-
tron transfer processes were also investigated. The photocur-
rent measurements of the three materials cast on indium tin
oxide glass were conducted in a 0.2 M Na2SO4 aqueous solution
(Fig. 2b). Large enhancement of Iph for CNMS was indeed
observed over an applied bias potential of 0.4 V versus Ag/AgCl,
indicating strong light harvesting capability and faster trans-
port of charged carriers.

Fig. 3a shows the diffuse reectance spectra of the obtained
materials, indicating typical semiconductor absorption
Fig. 2 (a) Electrochemical impedance spectroscopy Nyquist plots for
CNMS, mpg-C3N4 and g-C3N4, respectively. (b) The periodic on/off
photocurrent output of CNMS, mpg-C3N4 and g-C3N4 cast on ITO
glass at 0.4 V bias vs. Ag/AgCl in a 0.2 M Na2SO4 solution.

Fig. 3 (a) Optical absorption of CNMS, mpg-C3N4 and g-C3N4

samples, respectively. (b) The photoluminescence spectra of CNMS,
mpg-C3N4 and g-C3N4 samples.

This journal is © The Royal Society of Chemistry 2014
behavior. The slight blue shi of CNMS in the optical absorp-
tion relative to bulk g-C3N4 might be ascribed to the smaller
structural size of the nanosheet building block (see Fig. 1c and
S5 of ESI†). The CNMS also exhibited a stronger absorption than
two reference samples, especially in the 420–500 nmwavelength
regions. A photoluminescence spectrum, coming from the
recombination of free charge carriers, usually serves as a good
technique for evaluating the processes of charge migration,
transfer and separation. As illustrated in Fig. 3b, as compared to
bulk g-C3N4, the substantially decreased uorescence emission
intensity of CNMS around 470 nm indicated the suppressed
recombination rate of the photoinduced charge carriers, which
is benecial for further photocatalytic applications.26,41 The
time-resolved photoluminescence spectrum was also employed
to understand the photophysical behaviors of photoexcited
charge carriers (Fig. S6 of the ESI†). The uorescence intensities
of all three samples decay exponentially. A lifetime of�6 ns was
obtained for CNMS at room temperature (298 K), which gives an
estimate of the time for charges to reach the surface stabilized
sites and the related structural length scales of a few
nanometers.

Based on the above photo- and electrochemical investigation
of CNMS, the photocatalytic NADH regeneration was per-
formed. Optimum reaction conditions were adopted from our
previous work.33 A reaction solution with a pH value at 8 in a
J. Mater. Chem. A, 2014, 2, 7686–7693 | 7689
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phosphate buffer solution with 15% TEOA was employed.M is a
homogeneous redox catalyst acting as a hydride transfer reagent
to shuffle hydride to the NAD+. An active carbon nitride content
of 3 mg was maintained in all the experiments. The NADH
regeneration was determined by measuring the increase of
absorbance at 340 nm (with a molar extinction coefficient of
6220 M�1 cm�1) using the Lambert–Beer law, as illustrated in
Fig. S7 of the ESI.†

The regeneration of NADH from NAD+ is summarized in the
reaction equation in Scheme 2. The photocatalytic activity
comparisons among CNMS, mpg-C3N4 and bulk g-C3N4 are
presented in Fig. 4a. During the rst illumination period, the
conversion yields increase linearly. Under the same circum-
stances, typical well-known semiconductors such as TiO2 and
ZnO were both inactive for NADH regeneration during the same
Scheme 2 The summarized reaction equation shows the regenera-
tion of NADH.

Fig. 4 (a) Photocatalytic NADH regeneration kinetics in the presence
of M (a) and mediator free (b) by CNMS, mpg-C3N4 and g-C3N4,
respectively. For (a), mediator involved NADH regeneration: b-NAD+, 1
mM; M, 0.25 mM; TEOA, 15 w/v%; PBS buffer, 0.1 M, pH ¼ 8; carbon
nitride, 3 mg; for (b), mediator free NADH regeneration: b-NAD+, 1
mM; TEOA, 15 w/v%; PBS buffer, 0.1 M, pH ¼ 10; carbon nitride, 3 mg.

7690 | J. Mater. Chem. A, 2014, 2, 7686–7693
illumination time. For comparison, no NADH regeneration took
place in the dark. CNMS gives the best performance, and the
NADH conversion yield reached 100% aer only 30 min light
illumination. mpg-C3N4 and g-C3N4 give 80% and 10% conver-
sion yield within the same illumination period, respectively.
Considering the even smaller surface area of CNMS compared
to that of mpg-C3N4 (see Fig. S4† and Table 1), the higher
activity can be ascribed to structural features which improve the
light harvesting by inner reections and eld enhancement
effects.42–44 High efficiency light harvesting by CNMS leads to
more light-generated electron carriers, which are subsequently
transferred to M to couple with protons, and then shuffled to
NAD+ to create 1,4-NADH.

Even more striking, under alkaline reaction conditions (pH
¼ 10) the CNMS regenerates NADH in 50% yield without an
electron mediator under light aer only 30 minutes (Fig. 4b).
This again demonstrates the excellent performance of CNMS as
a photocatalytic system for NADH regeneration. The direct
hydride transfer between CNMS and NAD+ substrate is possibly
promoted by the p–p stacking interaction between adenine
subunit of b-NAD+ and the electron-rich, layered congurations
of g-C3N4, as the building blocks of CNMS.45–47 For the mpg-
C3N4, a 50% conversion yield was only achieved aer two hours'
illumination. Aer 30 min illumination, only 25% of conversion
yield was reached. It is worth mentioning that regeneration of
NADH in themediator free system is accompanied by the loss of
stereospecicity, and the 1,6- and 1,4-isomers are formed
simultaneously.

The mechanisms of photocatalytic NADH regeneration
process and the photosynthetic light reactions are illustrated in
Fig. 5a & b, respectively. Under light excitation, CNMS generates
electron–hole pairs. M can selectively regenerate 1,4-NADH by
taking two electrons from the CNMS (�1.3 V vs. NHE, pH ¼ 7)
followed by coupling with one proton and regiospecic transfer
to NAD+ (�0.3 V vs. NHE) (see H NMR of M in Fig. S8 of the
ESI†). More specically, the electrons are transferred to
[Cp*Rh(bpy)(H2O)]

2+, producing Cp*Rh(bpy), followed by
coupling with one proton to form the hydriderhodium
[Cp*Rh(bpy)(H)]+, which acts as a hydride transfer reagent
towards NAD+. Due to the coordination of ring-slipped h3-
[Cp*Rh(bpy)(H)]+ with the carbonyl-C-atom of oxidized NAD+,
the enzymatically active 1,4-NADH isomer is exclusively gener-
ated. The holes (+1.4 V vs. NHE) take their electrons from the
oxidation of TEOA (�0.84 V vs. NHE), producing glycolaldehyde
and di(ethanol)amine.21 The g-C3N4 network featuring tri-s-
triazine units as building blocks and the molecular structure of
the NAD+ with the highlighted adenine subunit are presented in
Fig. 5c & d, respectively. The p–p stacking interaction leads to
the hydride transfer from g-C3N4 to NAD+ and the subsequent
NADH regeneration but with poor selectivity for the enzymati-
cally active 1,4-isomer. Upon taking the electron from CNMS,
NAD+ could be reduced to NADc and the free radical might
undergo proton-assisted disproportionation to form 1,6-NADH.
Only minor amounts of enzymatically active 1,4-NADH can be
obtained via the isomerization by non-enzymatic trans-
hydrogenation between NAD+ and 1,6-NADH.48,49Due to the lack
of substrate coordination as in the mediator involved system,
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) Schematic illustration of photocatalytic NADH regeneration
by CNMS, including mediator involved system and mediator free
system, respectively. The regeneration of catalytically active
[Cp*Rh(bpy)(H)]+ was also illustrated, which acts as a hydride transfer
reagent towards NAD+. (b) The thylakoid structure and NADPH
involved functions in photosynthetic chloroplasts under light irradia-
tion. (c) The molecular structure of b-NAD+ with an adenine group
highlighted in a red circle. (d) A perfect graphitic carbon nitride con-
structed from tri-s-triazine building blocks is illustrated.

Fig. 6 (a) The conversion between pyruvate and L-lactate by L-lactate
dehydrogenase. (b) Photocatalytically propelled enzymatic synthesis
of L-lactate by CNMS in the presence of M assisted by L-lactate
dehydrogenase. Enzymatic reaction conditions: NAD+ (1 mM), M
(0.25 mM), pyruvate (5 mM), L-lactate dehydrogenase (50 U), pH ¼ 7.0
phosphate buffer with 15 w/v% TEOA, 3 mg CNMS.
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the obtained mediator-free NADH regeneration is poor in
selectivity. For overcoming the poor selectivity problem, exper-
iments with metal-free biological mediators for NADH regen-
eration are currently in progress.50

Based on the above NADH regeneration and its mechanism
analysis, we performed the photoenzymatic synthesis of
L-lactate assisted by L-lactate dehydrogenase (EC 1.1.1.27).51 The
synthesis of L-lactate from pyruvate will provide a way to oxidize
NADH to NAD+ for glycolysis when no oxygen is present. The
enzymatic reaction is depicted in Fig. 6a.

Firstly, the as-regenerated NADH is used to reduce pyruvate
in the presence of L-lactate dehydrogenase. The NADH absor-
bance peak at 340 nm vanished within 5 minutes aer addition
of pyruvate solution and L-lactate dehydrogenase, which means
that NADH is completely consumed for the L-lactate formation
(Fig. S9a of ESI†). The two peaks around 300 nm are due to the
characteristic absorbance of M in aqueous solution. Fig. S9b of
the ESI† shows the pyruvate reduction to lactate by commercial
NADH assisted by L-lactate dehydrogenase, also reecting the
complete consumption of NADH in the enzymatic reaction
(Fig. S10 of the ESI†). The quantitative conversion demonstrates
that the photocatalytically generated NADH is indeed in the
active form (1,4-isomer), i.e. the articial photosynthesis system
produces a biologically accepted “currency”.

The sustainable synthesis of L-lactate was achieved by
coupling the mediator involved NADH photogeneration system
with a redox enzyme, as illustrated in Fig. 6b. The stoichio-
metric conversion of pyruvate to lactate was accomplished aer
6 hours' light illumination, using continuous reaction
This journal is © The Royal Society of Chemistry 2014
conditions. During the light reaction, the in situ regenerated
NADH was immediately consumed by L-lactate dehydrogenase
for the synthesis of L-lactate from pyruvate, while the NAD+

could be repeatedly regenerated (the molar ratio of pyruvate to
NAD+ was chosen to be 5, indicating that the NADH must be
continuously regenerated for accomplishing the stoichiometric
conversion). The yield was determined by the integration of
NMR signals of the starting and ending reaction solutions, as
shown in Fig. S11 of the ESI.† During the dark cycle, there is no
L-lactate product detected. Complete conversion of pyruvate to
L-lactate could be veried by the NMR spectra. Therefore, we can
safely state that it is possible to realize the photoenzymatic
synthesis of L-lactate from pyruvate in the presence of L-lactate
dehydrogenase. Through a coupling with other enzymes, we can
imagine synthesizing more valuable compounds, but also small
fuel molecules such as methanol.52�56
Conclusions

In conclusion, we presented highly efficient cofactor regenera-
tion systems which were synthesized by rational design and
engineering of an existing photocatalytic system. Carbon nitride
mesoporous spheres with a bioinspired inner structure were
synthesized for the rst time and employed as the catalyst for
photocatalytic NADH regeneration in the presence of a hydride
transfer reagent. The high surface area and strong light har-
vesting capability ensures that the CNMS possesses the highest
activity for NADH regeneration in the examined series. In a
mediator free system, the CNMS also gives the best performance
for NADH regeneration but with poor 1,4 versus 1,6-selectivity.
J. Mater. Chem. A, 2014, 2, 7686–7693 | 7691
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The in situ photocatalytically regenerated NADH could be
coupled with L-lactate dehydrogenase for the synthesis of chiral
L-lactate from pyruvate, and this reaction was run in a contin-
uous fashion. This opens a general pathway for enzymatic
synthesis of diverse chiral organic compounds, using ordinary
light as the energy source. Owing to the facile synthesis and
superior performance of CNMS, carbon nitride photocatalysis
for NADH regeneration could turn compatible with the indus-
trial demands for sustainable, high throughput synthesis.
Furthermore, the silica-etching strategy for CNMS synthesis
presented here could be extended to other nanomorphologies,
the inuence of which on reactivity stays unexplored here, as
well as to other compositions of heterogeneous photocatalysts.
The synthesis sequence developed here thereby might open
further possibilities to engineer high efficiency articial
photosynthesis systems in the future.
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