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ABSTRACT

Activatable fluorescence nanoprobes with only one kind of nanomaterial that can
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desirable for biosensing and bioimaging. In the present study, we reveal the
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and Springer-Verlag GmbH
Germany 2017

probe for imaging intracellular glutathione. The self-quenched gold nanoclusters
are prepared via disulfide bond-induced aggregation of gold nanoclusters.
Compared with monodisperse gold nanoclusters, the developed self-quenched
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gold nanoclusters exhibit weak emission at 735 nm with a 40-nm red shift and
much lower quantum yield (0.69%). The prepared self-quenched gold nanoclusters
gold nanoclusters, also possess good sensitivity and selectivity for glutathione detection, and are
imaging, applicable for fluorescent turn-on imaging of intracellular glutathione.

intracellular glutathione

1 Introduction [12], single-walled carbon nanotubes [16], gold nanorods

or nanoparticles [10, 13, 15], metal ions [9, 14, 17],

Fluorescence turn-on nanoprobes with high signal to
background ratios are of great importance in biosensing
and bioimaging [1-22]. In general, fluorescence turn-on
nanoprobes are composed of energy donors and
acceptors. The donors can be many kinds of fluorescent
nanomaterials, such as quantum dots [4-7], upcon-
version nanoparticles [8], persistent luminescence
nanoparticles [9, 10], and noble metal nanoclusters
[11-13, 16]. The acceptors are usually graphene oxide
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and magnetic particles [18]. As such, most of the
previous turn-on nanoprobes are complicated by the
presence of two different components. Therefore, it is
highly desirable to develop turn-on nanoprobes
made with only one kind of nanomaterial that can act
as both the donor and the acceptor simultaneously.
Noble metals, such as Au and Ag, nanoclusters
have received significant attention because of their
good fluorescence properties and low toxicity [23, 24].



Recently, great progress in the application of gold
nanoclusters (AuNCs) and silver nanoclusters (AgNCs)
has been made for biosensing and bioimaging [11-13,
16, 25-37]. In our previous work, we observed a
significant red shift of AgNCs fluorescence caused by
re-absorption caused by the aggregation of AgNCs
[27]. Aggregated oligo-glutathione-AuNCs possess
bright aggregation-induced enhanced fluorescence
when confined in chitosan, poly(allylamine hydro-
chloride), or metal-organic frameworks [28-30]. Besides,
quite a few fluorescent nanoprobes have been prepared
based on the analyte-induced aggregation of noble-
metal nanoclusters [31-37]. However, studies on
re-dispersion after the aggregation of noble-metal
nanoclusters and its application in biosensing and
bioimaging are scarce.

In the present study, we report the fabrication of
self-quenched AuNCs for fluorescent turn-on imaging
of intracellular glutathione. The self-quenched AuNCs
were prepared via disulfide bond-induced aggregation
of AuNCs, and thus consist of AuNCs only as both
the energy donor and acceptor. Glutathione, the most
abundant intracellular small thiol-peptide, plays crucial
roles in many physiological and pathological process,
such as maintaining biological redox homeostasis in
biological systems [17, 38—40]. Its levels are elevated
in various human cancer tissues compared with
normal tissues [41, 42]. Thus, it is of great importance to
monitor the concentration of intracellular glutathione.
In this work, we show the applicability of the self-
quenched AuNCs for sensitive glutathione detection
and fluorescence turn-on imaging of intracellular
glutathione.

2 Experimental
2.1 Reagents

All reagents used were at least of analytical grade.
Dimethyl sulfoxide (DMSO) was bought from Concord
Technology (Tianjin, China). Glutathione (GSH),
buthionine-sulfoximine (BSO), and formaldehyde
were from Aladdin (Shanghai, China). Dithiobis
(succinimidyl propionate) (DSP) was purchased from
Tokyo Chemical Industry Co. (Shanghai, China).
Phosphate-buffered saline (PBS) (10 mM, pH 7.4),

bovine serum albumin (BSA), Dulbecco’s modified
Eagle’s high glucose medium (DMEM), chloroauric
acid (HAuCl,-4H,0), fetal bovine serum, penicillin-
streptomycin, 4',6-diamidino-2-phenylindole (DAPI),
and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) were purchased from
Dingguo Biotechnology Co. (Beijing, China). Tyrosine
(Tyr), homocysteine (Hcy), methionine (Met), histidine
(His), tryptophan (Trp), alanine (Ala), serine (Ser),
aspartic acid (Asp), and cysteine (Cys) were obtained
from Newprobe Biotechnology Co. (Beijing, China).
Ultrapure water was from Hangzhou Wahaha Group
Co. (Hangzhou, China).

2.2 Instrumentation and characterization

The gold content was determined on an X series
inductively coupled plasma mass spectrometer (ICP-MS)
(Thermo Elemental, Altrincham, UK). Fourier transform
infrared (FTIR) spectra in KBr were recorded on a
Nicolet 6700 spectrometer (Thermo Fisher Scientific,
USA). The transmission electron microscopy (TEM)
images and the energy dispersive X-ray (EDX) analysis
were carried out using a Tecnai G2 F20 transmission
electron microscope (FEI, USA) with an accelerating
voltage of 200 kV. The hydrodynamic size was
determined on a Nano-ZS Zetasizer (Malvern, Malvern,
UK). X-ray photoelectron spectroscopy (XPS) analysis
was conducted on an Axis Ultra DLD spectrometer
fitted with a monochromated Al Ka X-ray source
(hv = 1,486.6 eV), hybrid (magnetic/electrostatic) optics,
and a multichannel plate, and delay line detector
(Kratos Analytical Ltd., Manchester, UK). The absorption
spectra were obtained on a UV-3600 ultraviolet-visual
(UV-vis)-NIR spectrophotometer (Shimadzu, Japan).
Fluorescence spectra were measured on an F-4500
The MTT assay
was performed on a Synergy HT plate reader (BioTek,

spectrofluorometer (Hitachi, Japan).

USA). Microscopic images were collected on an
FV1000S-IX81 fluorescent inverted microscope (Olympus,

Japan).
2.3 Synthesis of self-quenched AuNCs (Sq-AuNCs)

BSA protected AuNCs (BSA-AuNCs) were prepared
according to a typical method [43, 44]. The as-prepared
BSA-AuNCs solution (5 mL) was mixed with 200 mg
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of DSP in 15 mL of DMSO under ultrasonication for
30 min. The solution was then diluted with 60 mL
of ultrapure water. After adjusting to pH 5 with
diluted HC], the crude precipitate was collected by
centrifugation (9,000 rpm, 10 min) and washed with
ultrapure water. Subsequently, the precipitate was
re-dispersed in 40 mL of PBS. The transparent solution
containing 0.64 mM gold was hereafter referred to
Sq-AuNCs. In addition, a series of Sq-AuNCs with
different aggregation levels were synthesized using
different amounts of DSP. The quantum yield of
Sq-AuNCs was measured in ultrapure water by
a relative comparison method using the following
Eq. (1) [45]

Qsq = Qpsa * (ISq/ASq)/ (Issa/Agsa) (1)

where Q, I, and A are the quantum yield, the integral
area under the correction emission spectrum, and the
absorbance at 520 nm, respectively, while Sq and BSA
represent Sq-AuNCs and BSA-AuNCs, respectively.

2.4 Glutathione-activated fluorescence recovery
assessment

A glutathione solution (0.25 M) was prepared with
PBS, and adjusted to pH 7.4. A certain volume of the
glutathione solution was added to 1 mL of 0.064 mM
5g-AuNCs solution under stirring at 37 °C. Fluorescence
spectra were recorded to evaluate the effect of time
and the glutathione concentration on fluorescence
recovery. The limit of detection (LOD) was calculated
according to LOD = 3s/k, where s and k are the
standard deviations for 10 replicate detections of
the blank and the slope of the calibration function,
respectively.

2.5 Cell culture

A human hepatocarcinoma cell line (HepG-2), human
breast cancer cell line (MCF-7), mouse oral squamous
carcinoma cell line (SCC-7), and Balb/C mouse embryo
fibroblasts cell line (Balb/3T3) (China Center for Type
Culture Collection (CCTCC) (Wuhan, China)) were
cultured in DMEM, which was supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin.
The cells were maintained in a humidified atmosphere

of 5% CO; at 37 °C with the use of fresh DMEM every
other day.

2.6 Cytotoxicity assay

HepG-2, MCF-7, SCC-7, or Balb/3T3 cells were seeded
in 96-well plates (1 x 10* cells/well) for 12 h. The cultured
cells were then incubated with the Sq-AuNCs in
a concentration range of 0-200 uM. After 24 h of
incubation, the viability of the cells was assessed
using the MTT assay.

2.7 Turn-on fluorescence imaging of intracellular
glutathione

HepG-2 cells were seeded in 24-well plates (5 x
10* cells/well) and incubated for 12 h. The seeded
HepG-2 pretreated with 0.5 mM BSO (a good gluta-
thione inhibitor [46]) for 20 min were used as the
negative group, while the positive group was obtained
from the negative group with a further 20-min
incubation with 10 mM glutathione. The seeded HepG-2
without any pretreatments was used as the control
group. The above three groups of cells were separately
incubated with 0.2 mM Sq-AuNCs for 12 h, immobilized
with formaldehyde (4%) for 30 min, and their nuclei
were stained with 0.1 mg-mL™ DAPI for 10 min. The
cells were washed with PBS for subsequent fluorescence
imaging with a cyan excitation source. The fluorescence
imaging of intracellular glutathione in MCF-7, SCC-7,
and Balb/3T3 were also accomplished in the same
way to further verify the applicability of Sq-AuNCs
for fluorescent turn-on imaging of intracellular
glutathione. The cell lysate was obtained from 1 x
10¢ cells/mL solution after homogenization and
ultrasonication. The Sq-AuNCs were mixed with the
cell lysate. After a 6-h incubation at 37 °C, fluorescence
spectra were recorded to determine the glutathione
concentration.

3 Results and discussion

3.1 Synthesis and characterization of Sq-AuNCs

The fabrication of the Sq-AuNCs and the principle
for turn-on fluorescence imaging of intracellular
glutathione are illustrated in Scheme 1. To obtain the
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Scheme 1 (a) Route for the preparation of the self-quenched

gold nanoclusters (Sq-AuNCs). (b) Principle of turn-on fluorescence
imaging of intracellular glutathione.
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5q-AuNCs, BSA-AuNCs were bridged to each other
via the condensation reaction between DSP and the
amino group in the BSA-AuNCs (Scheme 1(a)).

The morphology and composition of the prepared
5q-AuNCs was characterized by FTIR, TEM, and EDX.
The characteristic FTIR peaks of the disulfide bond in
the Sq-AuNCs at 478 and 530 cm™, and the peak
of the amide bond at 1,725 cm™ demonstrated the
successful interconnection of the BSA-AuNCs via
DSP (Fig. 1(a)) [43, 47]. Besides, the presence of FTIR
peaks of the BSA-AuNCs in the Sq-AuNCs indicated
no obvious change of the structure of the BSA-AuNCs
after aggregation (Fig. 1(a)).

(a) (b)

—— Sg-AuNCs

T (%)

—— BSA-AuNCs

4,000 3,000 2,000 1,000

v (cm™)

(©

Figure 1 (a) FTIR spectra of bovine serum albumin-gold nano-
clusters (BSA-AuNCs) (red) and self-quenched gold nanoclusters
(Sq-AuNCs) (blue). TEM image of (b) Sq-AuNCs, (c¢) monodisperse
BSA-AuNCs, and (d) glutathione-activated Sq-AuNCs. Inset:
The lattice fringes of a single AuNC.

The TEM image of Sq-AuNCs shows the aggregation
of AuNCs in comparison to that of monodisperse
BSA-AuNCs (Fig. 1(b) cf. Fig. 1(c)). In addition, the
diameter of a single AuNC in the Sq-AuNCs is 2.98 +
0.07 nm, with a lattice spacing of 0.24 nm, which
agrees with the d-spacing of the (111) crystal plane
(Fig. 1(b)). Sq-AuNCs and BSA-AuNCs gave the
same diameter and lattice fringe, also verifying the
lack of changes to the BSA-AuNCs after aggregation
(Fig. 1(c)) [48]. The EDX element analysis showed
the presence of Au in BSA-AuNCs and Sq-AuNCs
(Figs. S1(a) and S1(b) in the Electronic Supplementary
Material (ESM)).

5q-AuNCs showed a much larger hydrodynamic
diameter (94.86 + 3.26 nm) than that of BSA-AuNCs
(13.64 + 2.00 nm) (Fig. S2(a) in the ESM). The increase
in the hydrodynamic diameter of Sq-AuNCs also
demonstrated the aggregation of the BSA-AuNCs.
Furthermore, the hydrodynamic diameter of a series
of Sq-AuNCs synthesized with different amounts of
DSP shows that the aggregation level increased with
the amount of DSP (Fig. S2(b) in the ESM). In addition,
the zeta potential of the 5q-AuNCs and BSA-AuNCs
was —6.52 + 0.44 and —7.38 + 1.95 mV, indicating the
almost constant zeta potential before and after the
aggregation of the BSA-AuNCs (Fig. S3 in the ESM).
The above results indicated the successful fabrication
of the Sq-AuNCs.

3.2 Fluorescence properties of Sq-AuNCs

The prepared Sq-AuNCs gave the same absorption
peaks at 520 nm as BSA-AuNCs, and exhibited a NIR
emission at 735 nm, with a 40-nm red shift and much
weaker intensity in comparison to the NIR emission
of BSA-AuNCs (695 nm) (Fig. 2(a)). Moreover, there
was no obvious change in the fluorescence spectra of
the BSA-AuNCs after ultrasonication in the absence
of DSP, which also verified the DSP-mediated
aggregation (Fig. 54 in the ESM). Both the significant
red shift and the decrease in fluorescence emission
are different from the aggregation-induced emission
of the oligo-glutathione-AuNCs confined in chitosan,
poly(allylamine hydrochloride) and metal-organic
frameworks [28-30]. The fluorescence mechanism of
BSA-AuNCs is energy level transition without the
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Figure 2 (a) UV-vis absorption spectra (left), fluorescence emission spectra (right) of bovine serum albumin-gold nanoclusters
(BSA-AuNCs) (black), and the self-quenched gold nanoclusters (Sq-AuNCs) (red). (b) Fluorescence spectra of a series of Sq-AuNCs
synthesized with different amounts of dithiobis(succinimidyl propionate) (DSP). (c) Effect of the amount of DSP on the quantum yield
of Sq-AuNC:s. (d) Colloidal stability of Sq-AuNCs (black), BSA-AuNCs (red), and BSA-AuNC:s in the presence of 10 mM glutathione

(blue). The concentration of Sq-AuNCs was 0.64 mM.

aggregation-induced enhancement. After the DSP-
mediated crosslinking, the red tail of the absorption
slightly absorbs the blue tail of the emission, which
is termed re-absorption, leading to the significant
fluorescence red shift and decrease in fluorescence
emission [27, 49-51].

The contribution of the aggregation to the red shift
and the decrease in fluorescence intensity was con-
firmed by measuring the fluorescence emission of a
series of Sq-AuNCs with different aggregation levels
(synthesized with different amounts of DSP) (Fig. 2(b)).
The results showed that the emission of Sq-AuNCs
was gradually red-shifted together with a decrease in
fluorescence as the aggregation level increased.

The quantum yield of Sq-AuNCs (Qsq) was 0.69%,
which was much smaller than that of BSA-AuNCs
(6%) (Fig. 2(c)) [44]. Moreover, the Qs decreased with
the amount of DSP, further indicating the contribution
of aggregation to the self-quenching (Fig. 2(c)). The
Sq-AuNCs with quantum yield of 0.69% were used
for the following experiments. In addition, both
BSA-AuNCs and Sq-AuNCs also have good colloidal
stability in PBS for at least 24 h, and BSA-AuNCs also

showed good stability in the presence of 10 mM
glutathione (Fig. 2(d)). The above results indicated
the good stability of the Sq-AuNCs, together with
much weaker emission than the BSA-AuNCs.

3.3 Glutathione-activated fluorescence recovery
assessment

The mercapto group in glutathione can cleave the
disulfide bond that bridges BSA-AuNCs in Sq-AuNCs;
therefore, the aggregated AuNCs in the Sq-AuNCs
would be re-dispersed in the presence of glutathione
because of disaggregation. As a result, the NIR emission
of the Sq-AuNCs in glutathione gradually blue-shifted
in conjunction with an increase in fluorescence as
time and the concentration of glutathione ([GSH])
increased (Figs. 3(a) and 3(b), and Fig. S5 in the ESM).
In addition, no obvious increase in fluorescence was
observed after a 6-h incubation. The quantum yield
of glutathione-activated Sq-AuNCs finally increased
to 5.08%.

The TEM image of glutathione-activated Sq-AuNCs
directly shows the re-dispersion of AuNCs (Fig. 1(d)
cf. Fig. 1(b)). Besides, the same lattice fringes, and
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Figure 3 (a) Glutathione concentration-dependent fluorescence spectra of glutathione-activated self-quenched gold nanoclusters
(Sq-AuNCs). (b) Plot of the fluorescence intensity of glutathione-activated Sq-AuNCs vs. the glutathione concentration. (c) pH
dependent fluorescence intensity of the Sq-AuNCs (black) and the glutathione-activated Sq-AuNCs (red). (d) Effect of coexisting amino
acids on the fluorescence intensity of glutathione-activated Sq-AuNCs. Note: 1, 1.5 mM glutathione; 2, 1.5 mM glutathione + 0.02 mM
Cys; 3, 1.5 mM glutathione + 0.02 mM Hcy; 4, 1.5 mM glutathione + 1 mM Met; 5, 1.5 mM glutathione + 1 mM Ser; 6, 1.5 mM
glutathione + 1 mM Trp; 7, 1.5 mM glutathione + 1 mM Ala; 8, 1.5 mM glutathione + 1 mM Asp; 9, 1.5 mM glutathione + 1 mM His;
10, 1.5 mM glutathione + 1 mM Tyr. The concentration of Sq-AuNCs was 0.064 mM.

similar EDX and FTIR spectra of glutathione-activated
Sq-AuNCs indicated no obvious change in the structure
of BSA-AuNC:s after disaggregation (Fig. 1(d), Figs. S1(c)
and S6 in the ESM). The hydrodynamic diameter of
the glutathione-activated Sq-AuNCs was 36.4 + 1.0 nm
(Fig. S2(a) in the ESM), also indicating the re-dispersion
of AuNCs. The zeta potential of Sq-AuNCs after
the re-dispersion (-8.67 + 0.69 mV) remained almost
constant (Fig. S3 in the ESM). Moreover, similar
fluorescence activation results (Fig.S7 in the ESM)
and hydrodynamic diameters (35.3 + 0.3 nm) were
obtained with 1 mM dithiothreitol, a well-known
reducing agent for disulfide bonds, verifying the
re-dispersal mechanism comprising the breakage of
disulfide bonds caused by the mercapto group in
glutathione. Furthermore, no fluorescence recovery,
but a slight intensity decrease of Sq-AuNCs was
observed after incubation with trypsin (Fig. S8 in
the ESM). The enzymatic degradation product of BSA
might not protect the AuNCs very well, leading to a
slight decrease in fluorescence.

TSINGHUA
UNIVERSITY PRESS

The effect of pH on the fluorescence recovery of
Sq-AuNCs with glutathione was also tested. In the
physiologically relevant pH range, the NIR emission
of Sq-AuNCs was almost constant (Fig. 3(c)). Even
the fluorescence of glutathione-activated Sq-AuNCs
exhibited a little decrease from pH 7.4 to 5.5 because
of the decrease in the reducibility of the mercapto
group [52]; the fluorescence recovery was still obvious
(Fig. 3(c)).

We also examined the change in the fluorescence
intensity of 5q-AuNCs with the concentration of
glutathione at pH 7.4. The intensity of glutathione-
activated AuNCs increased linearly with the denary
logarithm of the glutathione concentration (Log[GSH])
in a concentration range of 0.1-1.5mM, with a
calibration function of F = 4,122 + 2,278Log[GSH]
([GSH] in mM, R? = 0.9978) (Fig. 3(b)). The limit of
detection was 0.004 mM, which is enough to detect
intracellular glutathione owing to the high intracellular
glutathione concentration range (2-10 mM) [52, 53].
The relative standard deviation for 10 replicate
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detections of 0.8 mM glutathione was 0.5%, showing
highly precise glutathione detection.

To evaluate the selectivity of Sq-AuNCs for
glutathione, the effect of certain typical coexisting
amino acids on the emission intensity in the presence
of 1.5 mM glutathione was investigated (Fig. 3(d)).
The tolerant concentration of typical non-thiol-amino
acids (His, Met, Ser, Trp, Tyr, Ala, and Asp) and thiol-
amino acids (Hcy and Cys) wasupto1,1,1,1,1,1,1,
0.02, and 0.02 mM, respectively. Although the tolerant
concentration of thiol-amino acids was 0.02 mM, this
was still greater than their intracellular contents [53].
The above results demonstrated that the prepared
Sq-AuNCs are promising as a glutathione sensor,
with good sensitivity and selectivity.

3.4 Fluorescence turn-on imaging of intracellular
glutathione

The cytotoxicity of the Sq-AuNCs was evaluated in
Balb/3T3, HepG-2, MCF-7, and SCC-7 cells using
the MTT assay (Fig. 4). No obvious cytotoxicity was
observed up to 200 uM Sq-AuNCs.

To show the applicability of the prepared Sq-AuNCs
for fluorescence turn-on imaging of intracellular
glutathione, four kinds of cells were incubated with
0.2mM Sq-AuNCs. Significant fluorescence in the
cytoplasm of the control group of HepG-2 was
observed after the incubation with Sq-AuNCs, while

I B21b/373 [l HepG-2 Il McF-7 l scc-7
100 - T _ .

D o]
o o
1 1

Cell viability (%)
5

20 -

5 10 20 50 80
Concentration (uM)

100 200

Figure 4 Cell viability of Balb/3T3 (black), HepG-2 (red),
MCF-7 (blue), and SCC-7 (magenta) cells in the presence of
self-quenched gold nanoclusters (Sq-AuNCs) in a concentration
range of 0—200 uM. Error bars represent one standard deviation
(n=3).

much lower fluorescence was observed in the negative
group pretreated with the glutathione inhibitor BSO
(Figs. 5(a) and 5(b)). In addition, subsequent incubation
with glutathione in the positive group after pre-
treatment with BSO resulted in strong fluorescence,
demonstrating the glutathione-activation of Sq-AuNCs
in HepG-2 cells (Fig.5(c)). Furthermore, similar
glutathione-activated fluorescence turn-on imaging
results using Sq-AuNCs were obtained in MCEF-7,
SCC-7, and Balb/3T3 cells (Figs. S9-S11 in the ESM).
The imaging results showed that fluorescence intensity
in Balb/3T3 was weaker than that in the other cells.
The amount of Au internalized in 1 x 10° HepG-2,
MCE-7, SCC-7, and Balb/3T3 was 3.10, 3.40, 4.73, and
2.44 ug, respectively. The slightly lower amount of Au
absorbed by the Balb/3T3 cells might be one of the
reasons for the weaker fluorescence. Moreover, the
lower intracellular glutathione concentration in Balb/3T3
cells could also account for their lower fluorescence
intensity. The glutathione concentration in lysates from
1 x 10° cells/mL was determined by the Sq-AuNCs
method (Table S1 in the ESM). The results showed
that the cell lysates of HepG-2, MCF-7, and SCC-7
contained 1.00 = 0.07, 1.10 £ 0.09, and 1.43 + 0.10 mM
glutathione, respectively. The glutathione concentration
in Balb/3T3 lysate was 0.25 + 0.01 mM, which was
lower than those in the other three cell lines, verifying
the fluorescence turn-on imaging results. The above
results showed the applicability of the fabricated
Sq-AuNCs for turn-on fluorescence imaging of
intracellular glutathione.

4 Conclusions

In summary, we fabricated Sq-AuNCs via the
aggregation of AuNCs bridged by disulfide bonds.
The Sq-AuNCs consist only of AuNCs as both the
energy donor and acceptor, and are promising as a
simple glutathione-activatable fluorescence turn-on
probe. The Sq-AuNCs possess a weak emission at
735 nm with a low quantum yield (0.69%), good stability,
and low cytotoxicity. Furthermore, the Sq-AuNCs
are promising as a sensitive and selective glutathione
sensor, and are also applicable for turn-on fluorescence
imaging of intracellular glutathione.
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Figure 5 Fluorescence imaging of HepG-2 cells with 0.2 mM self-quenched gold nanoclusters (Sq-AuNCs). (a) The control group
(without any pretreatment); (b) the negative group (pretreated with BSO); (c) the positive group (obtained from the negative group with

further incubation of glutathione).
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