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Human urine is considered as an alternative source of hydro-
gen and electricity owing to its abundance and high energy
density. Here we show the utility of human urine as a chemical
fuel for driving redox biocatalysis in a photoelectrochemical
cell. Ni(OH)2-modified a-Fe2O3 is selected as a photoanode for

the oxidation of urea in human urine and black silicon (bSi) is
used as a photocathode material for nicotinamide cofactor

(NADH: hydrogenated nicotinamide adenine dinucleotide) re-

generation. The electrons extracted from human urine are
used for the regeneration of NADH, an essential hydride medi-

ator that is required for numerous redox biocatalytic reactions.
The catalytic reactions at both the photoanode and the photo-

cathode were significantly enhanced by light energy that low-
ered the overpotential and generated high currents in the full

cell system.

Solar energy has attracted significant attention owing to
global demands for sustainable energy from alternative and re-

newable resources.[1–3] The synthesis of valuable chemicals
through the solar degradation of organic wastes, such as

human or animal urine, can benefit energy and environmental

aspects.[4–6] Human urine contains a high amount of urea
(~0.33 m), a useful hydrogen carrier owing to its stability, non-

toxicity, and non-flammability,[7] which is widely used as a fertil-
izer in agriculture.[8] The conventional method for obtaining

hydrogen from urea involves an energy-intensive process, such
as thermal cracking of ammonia from urea decomposition,[9]

while simultaneous production of energy (e.g. , electricity, hy-

drogen) and degradation of urea/urine can be achieved by
electrochemical,[10, 11] photochemical,[12] and photoelectrochemi-

cal[13] reactions. Photoelectrochemical oxidation of urea is
a cost-effective, safe, and sustainable approach to draw elec-

trons from urea for solar fuel production by utilizing renewable
sources like sunlight to reduce the energy required for electro-

chemical method.
On the other hand, biochemical approach for energy storage

is an alternative way to realize artificial photosynthesis through

coupling a redox enzymatic reaction with the light-driven re-
generation of nicotinamide cofactor [NAD(P)H: hydrogenated

nicotinamide adenine dinucleotide (phosphate)] .[14, 15] As a bio-
logical form of hydrogen carrier, NAD(P)H can be utilized by
numerous and novel biocatalytic redox reactions that can pro-
duce value-added chemical products with high selectivity
under environmentally benign conditions.[16] Thus, biocatalytic

reduction chemistry has attracted considerable interests as
a greener alternative to traditional chemical catalysis.[17] The ca-

pability of the redox biocatalyst depends on the supply of stoi-

chiometric amount of redox equivalents, and intensive studies
have focused on the issue over the past two decades.[16]

Whereas the biochemical regeneration method has long been
studied for the preparative use of biocatalytic chemistry, elec-

trochemical (or photoelectrochemical) regeneration of
NAD(P)H has been suggested as a cleaner and more energy ef-

ficient approach.[15]

In this paper, we report a human urine-fueled photoelectro-
chemical (PEC) cell platform for visible light-driven redox bioca-

talysis. As depicted in Figure 1, the biocatalytic PEC cell is con-
figured with a dual semiconductor photoelectrode system con-

sisting of a photoanode [Ni(OH)2-modified a-Fe2O3 nanowires]
and a photocathode (nanoporous black silicon, bSi) for the re-

generation of a NADH. The photo-induced extraction of elec-

trons from urea in human urine occurs on the photoanode,
which is simultaneously coupled with the cathodic reaction for

NADH regeneration and redox biocatalysis.
We used earth-abundant, non-toxic a-Fe2O3 as a photoanode

material because it has good photochemical stability and
a narrow bandgap (Eg�2.0 eV) that is suitable for visible-light

Figure 1. A human urine-fueled photoelectro-chemical cell for redox bioca-
talysis. When Ni(OH)2-modified a-Fe2O3 is illuminated, incident photons
excite the a-Fe2O3, generating electron and hole pairs. The holes are in-
volved in the oxidation of Ni(OH)2 to NiOOH, which is subsequently reduced
to initial form by urea oxidation. The electrons from a-Fe2O3 drift to black sil-
icon (bSi, photocathode) through an external circuit. The electrons are used
to compensate for holes generated in bSi by photons, while excited elec-
trons in the photocathode are used to reduce the nicotinamide cofactor for
an enzymatic reaction through an electron mediator (M).
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absorption.[18, 19] We modified a-Fe2O3 nanowires with an
Ni(OH)2 catalyst to facilitate urea oxidation. Urea is oxidized in

an alkaline solution by an Ni(OH)2 catalyst according to the fol-
lowing mechanism:[20]

C step : 6 NiOOHðsÞ þ COðNH2Þ2ðaqÞ þ H2OðlÞ

! 6 NiðOHÞ2ðsÞ þ N2ðgÞ þ CO2ðgÞ
ð1Þ

E step : 6 NiðOHÞ2ðsÞ þ 6 OH¢

! 6 NiOOHðsÞ þ 6 H2OðlÞ þ 6 e¢
ð2Þ

Net anodic reaction:

COðNH2Þ2ðaqÞ þ 6 OH¢ ! N2ðgÞ þ 6 H2OðlÞ þ CO2ðgÞ þ 6 e¢ ð3Þ

Electrochemical oxidation of urea undergoes an indirect oxi-

dation mechanism that involves the reduction of NiOOH to
Ni(OH)2 (C step), followed by the regeneration of Ni(OH)2 to

NiOOH (E step). Visible-light absorption by a-Fe2O3 generates
excited holes and electrons to more efficiently drive the E step.

The separated holes oxidize the Ni(OH)2 (i.e. , Ni2 + oxidation
state) catalyst on the surface of a-Fe2O3 to produce NiOOH

(i.e. , the Ni3 + oxidation state) in alkaline conditions. Then, urea

is decomposed into CO2 and N2, along with the reduction of
NiOOH into Ni(OH)2. Consequently, the photo-excited electrons

that are generated on the photoanode are transferred to the
photocathode through an external circuit to run the following

cascade of reactions:

bSiþ hv þ e¢ ! bSiðeCB
¢ þ hVB

þÞ þ e¢ ! bSiðeCBÞ ð4Þ
Mox þ 2 e¢ þ Hþ ! Mred ð5Þ
NADþ þMred ! NADHþMox ð6Þ
a-ketoglutarateþ NH4

þ þ NADH

! l-glutamateþ NADþ þ H2O
ð7Þ

The bSi is a good photocathode material that can enhance
photon absorption through low reflectance.[21] We used bSi as

a counter electrode material for visible light-induced NADH
generation. Upon light illumination, the excited holes in the

bSi electrode (hVB
+ , VB: valence band) combine with the elec-

trons that are transferred from the anode side and the excited

electrons in the cathode (eCB
¢ , CB: conduction band) reduce

NAD+ to NADH through an electron mediator, M
{[Cp*Rh(bpy)(H2O)]2 + , Mox : oxidized form, Mred : reduced form}.

M acts as a hydride transfer reagent for the regeneration of en-
zymatically active 1,4-NADH with high activity, selectivity, and

stability.[22] Finally, the reduced form of cofactor is applied to
the enzymatic turnover. As a model redox enzyme, we utilized

l-glutamate dehydrogenase (GDH) that can convert a-ketoglu-

tarate to l-glutamate only in the presence of 1,4-NADH.
We synthesized a-Fe2O3 nanowire arrays with a hydrothermal

method.[13] The synthesized a-Fe2O3 grew in the form of nano-
wires according to our scanning electron microscopic (SEM)

images (Figure S1 in the Supporting Information), which exhib-
ited a typical X-ray diffraction (XRD) pattern of a-Fe2O3 (Fig-

ure S2). The a-Fe2O3 nanowires had a band gap of approxi-
mately 2.14 eV according to the Tauc plot obtained from UV/

Vis absorption spectra (Figure S3). We modified a-Fe2O3 nano-
wires with Ni(OH)2 through a dip-coating method and con-

firmed the coexistence of the Ni species in the hybrid materials
by energy dispersive X-ray spectroscopy (EDX) and X-ray pho-

toelectron spectroscopy (XPS) (Figures S1 and S4). We ob-
served urea oxidation on bare and Ni(OH)2-modified a-Fe2O3

nanowires by using linear sweep voltammetry (LSV). As shown

in Figure S6, Ni(OH)2-modified a-Fe2O3 exhibited an oxidation
peak at around 0.6 V (vs. Hg/HgO) in an alkaline solution (1 m
NaOH), which corresponds to the oxidation of Ni(OH)2 (E step)
according to the literature.[20, 23] The intensity of the oxidation

peak increased upon the addition of 10 mm urea owing to the
electrocatalytic oxidation of urea. The oxidation reaction in-

volves NiOOH reduction to Ni(OH)2 (C step). In contrast, bare

a-Fe2O3 showed an anodic current that occurred at 0.75 V (vs.
Hg/HgO) without any significant change in the presence of

urea (Figure S7). The result indicates that the electrochemical
oxidation of urea can be carried out efficiently by the Ni cata-

lyst [i.e. , Ni(OH)2] , whereas bare a-Fe2O3 lacks catalytic activity
on urea oxidation.

Electrochemical oxidation of urea was significantly enhanced

by visible-light illumination of Ni(OH)2-modified a-Fe2O3. Fig-
ure 2 a shows visible light-enhanced catalytic activity of Ni(OH)2

for the oxidation of urea. In a 10 mm urea electrolyte, the
onset potential (Vonset) for Ni catalyst oxidation showed a large

cathodic shift from 0.42 to ¢0.3 V by light illumination, which
indicates that urea oxidation can be improved by photon ab-

sorption. In the case of bare a-Fe2O3, the intensity of photocur-

rent generation was negligible in comparison to the current
generation from an Ni(OH)2-modified a-Fe2O3 electrode (Fig-

ure S7), indicating that the bare a-Fe2O3 itself is not catalytical-
ly active toward urea oxidation. The coupling of the electroca-

talyst [Ni(OH)2] with the photoanode (a-Fe2O3) resulted in a sig-
nificant decrease in the potential required for the electrooxida-
tion of urea.[10, 11] The increase of urea concentration induced

an increase of anodic current at around 0 V (vs. Hg/HgO; Fig-
ure S8). We confirmed the above catalytic behavior of Ni(OH)2-

modified a-Fe2O3 in human urine, as shown in Figure S9.
We investigated the role of bSi as a photocathode material

that enhances photoelectrochemical reactions. Fabricated by
a metal-assisted chemical etching method,[24] bSi has a highly

porous nanostructured surface with a reflectance of less than
10 % over the entire visible-light range (300–800 nm, Fig-
ure S5). Figure 2 b shows the current–potential curves in a two-
electrode system configured with Ni(OH)2-modified a-Fe2O3 as
a working electrode and bSi as a counter electrode. The onset

potential for urea oxidation cathodically shifted from 0.8 to
0.0 V upon illumination on Ni(OH)2-modified a-Fe2O3, and the

onset potential further shifted from 0.0 to ¢0.1 V upon illumi-

nation of the bSi photocathode. This result indicates that the
PEC reaction driven by an Ni(OH)2-modified a-Fe2O3 photoa-

node can be further enhanced by a bSi photocathode. In con-
trast to the bSi photocathode, no photoresponse was ob-

served when bare platinum was used as a counter electrode
(Figure S10). A chronopotentiometric measurement under
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a constant current of ¢10 mA also confirmed the contribution

of each electrode on photovoltage generation (Figure S11).
We conducted a solar-assisted regeneration of NADH from

NAD+ in a photoelectrochemical cell operating with a three-

electrode system that consisted of an Ni(OH)2-modified
a-Fe2O3 photoanode (working electrode), a bSi photocathode

(counter electrode), and an Hg/HgO reference electrode. NADH
did not form in the dark condition at a static applied potential

of 0 V (vs. Hg/HgO; Figure 3 a, Figure S12). When we illuminat-
ed the PEC cell containing human urine (or 0.33 m urea), we
observed NADH generation at a rate of 0.34 mm h¢1. However,
with light only illuminating the Ni(OH)2-modified a-Fe2O3 pho-
toanode side, the rate of NADH regeneration was reduced to
0.17 mm h¢1 (Figure S12). This result confirms the role of the

bSi photocathode in improving the cathodic reaction upon

light absorption. We speculate that the photoexcited charge
carriers in bSi are extracted into the electrolyte by a space-
charge-induced electric field at the junction, where they can
drive a redox reaction in a kinetically favorable manner by re-
ducing the required overpotential. It is deduced that the redox
reaction (i.e. , NAD+ reduction) can be boosted by either en-

hanced photocurrent generation or reduced overpotential. As

stated in the literature,[29] the silicon photocathode could drive
the cathodic reaction efficiently by lowering the potential for

NADH regeneration. Moreover, the anode-driven PEC platform
reduced the required energy from external sources. Note that,

unlike the result shown in Figure 2 b, the photocurrent mea-
sured from the photoanode was not affected by the function

of the photocathode in the three-electrode configuration (Fig-

ure S13). In a two-electrode system, the working electrode is
referenced to the counter electrode that exhibits dynamic po-

tential by photoexcitation. In the three-electrode system, the
signal from the working electrode (i.e. , the photoanode) is ref-

erenced to a static reference electrode (Hg/HgO), which can fix
the complicated effects from the chemical potential and over-

come the distance between the two functional electrodes.[25]

Because human urine is the main source of electrons re-
quired for the entire PEC reaction, we investigated NADH re-

generation according to varied human urine concentrations by
dilution with a 1 m NaOH aqueous solution (Figure 3 b). In the

absence of human urine, no NADH generation was observed
in the biocatalytic PEC cell. As the concentration of human

urine increased from 1 to 5 vol %, the NADH generation rate

increased gradually from 0.008 to 0.28 mm h¢1. The reaction
rate was further saturated at around 0.35 mm h¢1 with 10 vol %

Figure 2. Linear sweep voltammograms (LSVs) of Ni(OH)2-modified a-Fe2O3

(50 mV s¢1) were obtained with (a) a three-electrode and (b) a two-electrode
system under dark and illuminated conditions. Ni(OH)2-modified a-Fe2O3 was
immersed in a 1 m NaOH aqueous solution with 10 mm of urea. In the three-
electrode system, Hg/HgO was used as a reference electrode and a platinum
wire was used as a counter electrode. In the two-electrode system, the
counter electrode was bSi immersed in a 50 mm phosphate buffer (pH 7.5).

Figure 3. (a) Photoelectrochemical NADH regeneration using human urine. (b) The rate of NADH regeneration on varied human urine concentrations diluted
with a 1 m aqueous NaOH solution. (Inset) NADH productivity under controlled urea concentrations (0, 1, 5, and 10 mm) in a 1 m NaOH solution. All reactions
were conducted under visible light (l>420 nm) at 0 V vs. Hg/HgO. In (a), light in the anode [Ni(OH)2-modified a-Fe2O3] side was turned on after 30 min of in-
cubation under the dark, while the cathode (bSi) side was illuminated during the entire reaction time. In (b), all reactions were conducted under light illumina-
tion on both the anode and cathode electrodes.
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human urine. Experiments with urea electrolytes also showed
a similar tendency of productivity saturation at higher urea

concentration (inset of Figure 3 b). The photocurrent genera-
tion from Ni(OH)2-modified a-Fe2O3 increased according to

human urine concentration, which was also saturated at
0.4 mA with the human urine concentration at over 10 vol %

(Figure S14). The similar early saturation behaviors from human
urine and urea experiments indicate that the urea in human

urine works as a source of electrons to regenerate Ni(OH)2

from NiOOH. Note that the average concentration of urea in
human urine is around 0.33 m,[10] which is enough to generate
a current for NADH regeneration.

We further applied the human urine-fueled PEC platform to

the enzymatic conversion of a-ketoglutarate to l-glutamate
using NADH-dependent l-glutamate dehydrogenase. Figure 4 a

shows the concentration of synthesized l-glutamate in the bio-

catalytic reaction carried out under different illumination con-
dition with an applied potential of 0.0 V (vs. Hg/HgO). When

both electrodes were illuminated, the human urine-fueled,
light-driven biocatalytic turnover resulted in a yield of 13.2 %

in 2 h through the regeneration of NADH. In the absence of
light on the cathode side, the enzymatic conversion was signif-

icantly reduced to 4.8 %. We observed that a higher level of

NADH concentration was maintained when the bSi was illumi-
nated during the biocatalytic reaction (inset of Figure 4 a). Con-

sistent with the result shown in Figure S12, this result suggests
that the cathodic reaction can be boosted by the light energy.

There was no conversion when the anode side was not illumi-
nated during the reaction, regardless of the presence of light

on the cathode side. Since the oxidation of urea requires
a higher potential (i.e. , around 0.5 V) in the absence of light as

previously described in Figure 2 a, photoexcitation of only the

cathode is not sufficient to drive the biocatalytic reaction. Our
result shows that the overall solar-powered reaction is driven

by the photoanode at low bias potentials.
We investigated the effect of applied potential on the light-

driven biocatalytic reaction by varying the applied potential
from ¢0.4 to 0.4 V (Figure 4 b). While there was no production
of l-glutamate at the reaction potential of ¢0.4 V, the produc-

tion rate increased to 0.31, 0.4, 0.38, and 0.46 mm h¢1 under
¢0.2, 0.0, 0.2, and 0.4 V, respectively. The drastic difference that

was observed between ¢0.4 and ¢0.2 V is attributed to the
presence of the onset reaction potential. According to our

Tafel analysis, the onset reaction potential was observed at ap-
proximately ¢0.32 V for Ni(OH)2-modified a-Fe2O3 under light

illumination (inset of Figure 4 b). The Tafel plot obtained from

a urea oxidation reaction under dark and light conditions clear-
ly indicates that the shift in catalytic onset potential was

driven by the photovoltaic effect of a-Fe2O3. In particular, the
onset of linearity (Ecat), which corresponds to the energy re-

quired for urea oxidation,[26] showed a large cathodic shift in
potential (740 mV) relative to that in dark conditions, thus indi-

cating the superior catalytic activity of Ni(OH)2-modified

a-Fe2O3 for urea oxidation under visible light. We also con-
firmed the effect of onset potential on urea oxidation rate.

There was no oxidation of urea observed at the working po-
tential of ¢0.4 V, which is below the point of anodic photocur-

rent generation (Figure S15). Consistent with the enzymatic
conversion over applied potentials, a gradual increase in the

urea oxidation rate was also observed with increasing potential

from ¢0.4 to 0.4 V.
In summary, we demonstrated that human urine is an attrac-

tive electron source for solar cofactor regeneration and redox
biocatalysis. Visible light-driven oxidation of human urine was
achieved by using Ni(OH)2-modified a-Fe2O3 as a photoanode
material. The accumulation of oxidation product in the biocat-
alytic reaction medium could be avoided by the separation of

reduction and oxidation reactions, which makes our approach
cleaner compared to the conventional photochemical methods
carried out in a one-pot reactor. Driven by the light-induced
oxidation of urea, the overall photoelectrochemical reactions
could be carried out at near-zero potential, which is much
lower than conventional electrochemical approaches.[22, 29] The

illumination on the photocathode made from black silicon (bSi)

further enhanced cofactor regeneration rate, showing that
light energy accelerates both cofactor regeneration and urea

oxidation. Thousands of NADH-dependent enzymes are avail-
able in nature and the human urine-fueled biocatalytic PEC cell

platform can be applied to virtually any NADH-dependent
redox enzyme. The present study hints at an alternative solu-

Figure 4. (a) Photobiocatalytic conversion of a-ketoglutarate to l-glutamate
for 2 h under dark and light conditions with Ni(OH)2-modified a-Fe2O3 and
bSi photoelectrodes. (Inset) The concentration of regenerated NADH during
enzymatic reaction under the condition in which Ni(OH)2-modified a-Fe2O3

was illuminated. (b) l-Glutamate productivity under various external poten-
tials (¢0.4, ¢0.2, 0.0, 0.2, and 0.4 V) on a working electrode with illumination
on both Ni(OH)2-modified a-Fe2O3 and bSi. (Inset) The Tafel plot of Ni(OH)2-
modified a-Fe2O3 under dark and light conditions in a 1 m NaOH aqueous
solution with 0.33 m urea.
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tion to organic waste treatment by coupling it with enzymatic
catalysis.

Experimental Section

Materials : Human urine was obtained from a healthy 26-year-old
man. Urea, sodium hydroxide, iron(III) chloride hexahydrate,
sodium nitrate, nickel(II) nitrate hexahydrate, hydrogen fluoride,
silver nitrate, hydrogen peroxide, nitric acid, b-nicotinamide ade-
nine dinucleotide (NAD+), GDH from bovine liver, a-ketoglutarate,
and ammonium sulfate were purchased from Sigma–Aldrich (USA).
A boron-doped silicon wafer (1–10 W cm) was purchased from
Tasco Co (Korea). Cp*Rh(bpy)(H2O)2 + was synthesized according to
the literature.[27]

Synthesis of a-Fe2O3 nanowire film : We synthesized a-Fe2O3

nanowire films by using a hydrothermal method.[13] After sequen-
tially washing an FTO substrate in acetone, ethanol, and 2-propa-
nol for 15 min each, we put the substrate in a solution of 0.15 m
iron(III) chloride and 1 m sodium nitrate and incubated it in an au-
toclave. The autoclave was heated to 95 8C and cooled to room
temperature after 4 h. Then, the substrate was washed with deion-
ized water and heated to 600 8C for 8 h to improve the photoelec-
trochemical performance of the a-Fe2O3 film.[28]

Ni(OH)2 deposition on a-Fe2O3 film : We deposited Ni(OH)2 on
a-Fe2O3 film according to the literature.[13] First, we dipped the a-
Fe2O3 film in a 0.1 m Ni(NO3)2 solution for 10 s and dried it under
an N2 atmosphere. Then, the electrode was dipped into 1 m NaOH
solution for another 10 s and dried with N2 gas. The dip-coating
cycle was repeated three times for the deposition of Ni(OH)2.

Synthesis of black silicon : bSi was prepared by a metal-assisted
etching method.[24] First, a silicon wafer was cut to a size of
10Õ30 mm and cleaned by immersing the wafer in acetone, etha-
nol, and 2-propanol, respectively (for 5 min each). To remove any
organic impurities on the surface, we put the wafer in a piranha
solution for 10 min. The cleaned wafer was washed with deionized
water several times and immersed for 90 s in a 0.5 wt % HF solu-
tion containing 1 mm AgNO3. Then, the wafer was dipped in an
aqueous solution with a volume of 12.5 % HF and 3 % H2O2 for
40 s, transferred to an aqueous solution with a volume of 50 %
HNO3 for a 13 min incubation, followed by rinsing with deionized
water for 3 min and treating with 5 % HF solution for 90 s. To make
a bSi electrode, the etched wafer was cut into a 10 Õ 10 mm piece
and connected to a copper wire with silver paste. The entire area,
except for the reaction surface, was sealed with an epoxy resin.

Characterization : The morphologies of a-Fe2O3 and bSi were ob-
served by using an S-4800 field emission SEM (Hitachi High-Tech-
nologies Co., Japan) at an electron acceleration voltage of 10 kV.
EDX spectra were obtained by using XL 30 SFEG with EDAX (Phi-
lips, US) at an electron acceleration voltage of 20 kV. XRD measure-
ments were conducted by using a RIGAKU Ultima IV X-ray diffrac-
tometer (Rigaku Co., Japan) with a scan rate of 48min¢1, scan
range of 208–708, and a CuKa radiation wavelength of 1.5418 æ. We
analyzed the surface composition of a-Fe2O3 and Ni(OH)2-modifed
a-Fe2O3 by using XPS with a K-alpha photoelectron spectrometer
(Thermo VG Scientific, UK). All of the electrochemical measure-
ments were performed by using a WMPG1000 potentiostat (WonA-
Tech, Korea). In a three-electrode system, Hg/HgO in a 1 m NaOH
(0.140 V vs. standard hydrogen electrode) was used as a reference
electrode and a platinum wire was used as a counter electrode in

a 1 m NaOH solution under a 450-W Xe lamp illumination with
a 420 nm cut-off filter. In a two-electrode system, bSi was used as
a counter electrode, in which the working electrode compartment
and the counter electrode compartment were connected by a salt
bridge. UV/Vis absorption spectra were obtained by using a V650
spectrophotometer (JASCO Inc. , Japan).

Cofactor regeneration and enzymatic synthesis of l-glutamate :
NADH regeneration was conducted in the counter electrode com-
partment of a three-electrode system. Ni(OH)2-modified a-Fe2O3

and bSi were used as a working electrode and a counter electrode,
respectively, and both compartments were connected by a salt
bridge. The working electrode compartment contained human
urine or 0.33 m urea in a 1 m NaOH solution and the counter elec-
trode compartment contained 1 mm NAD+ and 250 mm M in
a phosphate buffer (50 mm, pH 7.5). During photoelectrochemical
NADH regeneration, we measured the change in NADH concentra-
tion according to the change of absorption intensity at 340 nm.
Enzyme reactions were performed by using a phosphate buffer so-
lution (50 mm, pH 7.5) that contained 40 U GDH, 1 mm NAD+ ,
250 mm M, 5 mm a-ketoglutarate, and 0.1 m (NH4)2SO4. We mea-
sured the l-glutamate concentration by using a 1260 Infinity liquid
chromatography system (Agilent Technologies, US). The reaction
samples were eluted by a phosphoric acid solution (0.05 wt %) at
a flow rate of 1.0 mL min¢1 and detected at 214 nm.

Measurement of urea concentration : We analyzed the change of
urea concentration using a K-URAMR test kit (Megazyme Interna-
tional Ireland Ltd., Wicklow, Ireland). All tests were performed ac-
cording to the procedure described in the manufacturer’s instruc-
tion.
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