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We build a novel fluorescence resonance energy transfer (FRET) method based on N-doped graphene
quantum dots (NGQDs)-MnQO: nanocomposite for rapid, sensitive detection of glutathione (GSH) levels in
human serum. In this strategy, MnO; nanosheets on the NGQDs surface serve as a quencher. NGQODs fluo-
rescence can make a recovery by the addition of GSH, which can reduce MnO; to Mn**, and thus the GSH
can be monitored. The MnO: platform affords minimal background and high sensitivity for detecting GSH in
this proposed scheme. Meanwhile, relevant fluorescence on-off-on processes were monitored, and the sens-
ing mechanism was explored.
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TIpeonooicen pnyopecyenmuulit memoo onpedenenust yposuei enymamuona (GSH) 6 cvieopomxe Kposu
4es108eKa ¢ UCHOb308AHUEM HAHOKOMNO3UMA K8aHmMoewblx mouek epagena (NGQD) u MnO», necuposantozo N.
Hanonuemer MnO; na nogepxnocmu NGQOD cnyoscam 6 kauecmee mywiumens. @nyopecyenyusi NGQOD mo-
Jrcem soccmanasnusamovcs 3a cuem oobaenenus GSH, komopuuii éoccmanaenueaem MnO; 00 Mny*, maxum
00pazom MoxicHo kormpoauposams ypogenv GSH. I[lnamgopma MnO; obecneuusaem MuHUMATbHLL QOH U
8bICOKYI0  uyscmeumenvHocms 01 oonapyacenus GSH 6 npeonacaemoii cxeme. Omcredcenvl co-
omeemcmeyioujue npoyeccsl BKNIOUEHUA-GLIKIIOUEHUS (DIIYOpeCyeHyull U UCCIe008aH MEXAHUIM GOCIPUSIMUSL.

Knrwouesvie cnosa: MnQO;, cpagenoguvie keanmogvie mouxu, pe3oHaAHCHLIL nepenoc d3Hepauu @yopec-
yenyuu, 2IYMamuoH.

Introduction. In recent years, layered two-dimensional (2D) nanomaterial with single or few atomic
layers have attracted growing attention owing to its unusual and fascinating physical and chemical properties
such as high specific surface area, rich structural diversity, and unique energy harvesting property [1-5].

** Full text is published in JAS V. 87, No. 5 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 5 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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As a 2D carbon nanosheets, graphene oxide (GO) sheets smaller than 10 nm, generally termed graphene
quantum dots (GQDs) [6], have excellent properties such as wavelength dependent and photobleaching-
resistant fluorescence (FL). Compared with conventional semiconducting quantum dots and fluorescent
dyes, GQDs have some fascinating merits such as high specific surface areas, low cytotoxicity, favorable
solubility, excellent biocompatibility, and stable FL; these properties make GQDs efficient fluorescent na-
nomaterials in the field of sensing different analytes from nucleic acids [7, 8], protein kinase [9, 10], biomol-
ecules [11, 12], and metal ions [13, 14].

Manganese oxide (MnQ,) is another kind of newly emerging 2D transition-metal nanomaterials. Single-
layer MnO, consists of three O—Mn—O atomic layer sandwiches [15]; each Mn coordinates to six O atoms to
form an edge-sharing MnOg octahedral crystal lattice [16]. Specifically, MnO» nanosheets have high specific
surface areas and remarkable physisorption to aromatic and conjugated compounds. Furthermore, the d—d
transition of Mn ions in the MnOg octahedra of MnO; nanosheets results in a broad absorption spectrum
(~200—600 nm), which overlaps with the fluorescence emission spectra of the most fluorescent nanomateri-
als or organic dyes and thus endows MnO, nanosheets with intense light absorptive capacity [17]. Moreover,
MnO; nanosheets themselves have a strong oxidation ability and can oxidize many organic compounds such
as ascorbic acid [16], glutathione (GSH) [18-21], etc. Taken together, MnO, nanosheets have excellent
properties such as low cost and easy preparation, excellent fluorescence quenching ability, oxidation degra-
dative activity, and good biocompatibility, and they have shown increasing potential for application in bio-
sensing and bioimaging [16, 18-21].

Inspired by the above information, we firstly report a facile one-step approach to producing
NGQDs—MnO; nanosheet sandwich architectures for rapid and selective sensing of glutathione (GSH). The
principle of the proposed method is illustrated in Scheme:
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Firstly, a NGQDs—MnO, nanocomposite is prepared by the reduction of KMnOy at room temperature with
2-(N-morpholino)ethanesulfonic acid (MES) in NGQDs aqueous buffer in the presence of active functional
groups (e.g., carboxyl and amino groups) on the surface of the NGQDs. NGQDs can easily deposit on the
surface of MnO, nanosheets by utilizing the strong coordination effect of carboxyl groups with Mn atoms.
The fluorescence of NGQDs in this nanocomposite can be significantly quenched due to fluorescence reso-
nance energy transfer (FRET) from NGQDs nanosheet to the deposited MnQO,. Interestingly, the quenched
fluorescence can be selectively restored when GSH is introduced, which is the result of the decomposition of
the MnO, to Mn?>" by GSH. On the basis of these findings, highly sensitive and specific sensing of GSH was
achieved, and relevant fluorescence on-off-on processes and the sensing mechanism were furthered explored.

Experimental section. KMnO4, GSH (reduced form), H;PO4, Na3POs, 4-(2-hydroxyethyl)-1-pipera-
zine-ethane sulfonic acid, glucose (Glu), glycine (Gly), NaCl, ZnCl, KCIl, MgCl,, and CaCl; of analytical
grade were purchased from Sinopharm Chemical Reagent Co., Ltd. (China). 2-(N-morpholino)ethane sul-
fonic acid (MES) was purchased from Shanghai Sangon Biotechnology Co., Ltd. (China). All other reagents
of analytical reagent grade were purchased from Sinopharm Chemical Reagent Co., Ltd. (China) and were
used without further purification. Ultrapure water obtained from a Millipore water purification system
(18.2 MQ resistivity) was used in all runs.

The FL spectra were recorded with a F-7000 FL spectrophotometer (Hitachi, Japan). Ultraviolet-visible
light (UV-vis) absorption spectra were recorded in 1 cm path-length quartz cuvettes on a UV-2450 spec-
trometer in the range of 250—800 nm. The FL lifetime measurements were performed on a FL-TCSPC spec-
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trophotometer (Horiba Jobin Yvon, France).

Preparation of NGQDs. The NGQDs were prepared from graphene sheets (GSs) by a hydrothermal ap-
proach as described in the literature [22]. GSs were produced by heating the dried GO to 200°C at a heating
rate of 5°C/min and then maintained at 200°C for 2 h in a tube furnace under a nitrogen atmosphere. GSs
(0.05 g) were oxidized with concentrated H,SO4 and HNO3 (volume ratio 1:3) for 17 h under mild ultrasoni-
cation. The solution was diluted with distilled water (250 mL), and then filtered through a 0.22 mm mi-
croporous membrane to remove the acids. The filter cake was collected and redispersed in distilled water
(40 mL). The PH was adjusted to 8 with NaOH. The oxidized GS suspension was placed into a poly(tetra-
fluoroethylene) (Teflon)-lined autoclave and heated at 200°C for 12 h. After cooling to room temperature,
the resulting solution was filtered through a 0.22 mm microporous membrane to remove the large tracts
of GSs. The brown filtrate was dialyzed in a dialysis bag (retained molecular weight 3500 Da) for 24 h, and
the NGQDs prepared by this method show strong blue photoluminescence.

Preparation of NGQODs-MnQO; sandwich nanocomposite. In a typical reaction, 30 pL different concen-
trations KMnO4 was added to 970 uL. MES buffer (0.1 M, PH 6.0). After that, the resulting mixture was
shaken for 8 min until a brown colloid was formed. Then 10 uL NGQDs was mixed with the brown colloid
and shaken for 3 min. As a control, MnO» nanosheets were prepared in an identical manner but in the ab-
sence of NGQDs nanoparticles.

Fluorescence sensing of GSH. For the GSH detection, the sensing solutions were prepared by mixing
10 uL of NGQDs-MnO; nanocomposite solutions with 15 puL of different concentrations of GSH in 1.5 mL
centrifuge tubes at room temperature. After the incubation of the above mixture solution for about 8 min, the
solutions were diluted to 200 uL. with ultrapure water and mixed thoroughly. Afterwards, the mixtures were
transferred into a 1 cm quartz cuvette, and the fluorescence emission spectra were measured with excitation
at 310 nm.

Determining GSH concentration in human whole blood. Human whole blood sample was collected from
the Hospital of Nanchang University. The whole blood sample was centrifuged at 12000 rpm for 15 min
at room temperature, and the resulting supernatant fluid was diluted 100-fold and added into the FRET-based
sensing system immediately. The subsequent operations and fluorescence measurements were the same as
above. The concentration of GSH in blood was calculated using the calibration curve obtained in the plasma
matrix.

Results and discussion. Synthesis and characterization of NGQDs and NGQDs—MnQO; nanosheets
sandwich nanocomposite. NGQDs, which served as fluorescence reporters, were first synthesized by the
hydrothermal approach described elsewhere [22]. In brief, GSs were obtained by thermal reduction of GO
sheets. The resultant GSs were then subjected to hydrothermal treatment at 200°C, followed by a dialysis
process. The FL emission spectra of the obtained NGQDs are shown in Fig. 1a; upon excitation with a
310 nm beam, the FL spectrum of the NGQDs shows a strong peak at ~430 nm. TEM observation clearly
confirms the successful production of NGQDs, which are mono-dispersed and spherical in shape with aver-
age 1.6 nm diameter (based on statistical analysis of more than 150 dots) (Fig. 1b); the yellow aqueous
NGQDs solution emits intense blue luminescence under UV light (365 nm) (inset, Fig 1¢). Meanwhile, ultra-
thin MnO; nanosheets were prepared via a one-step approach by reducing KMnO4 in MES buffer. The MnO,
nanosheets have a broad absorption band from 250 to 600 nm (Fig. 1¢) [20, 23]. Obviously, the absorbance
spectrum of MnO, nanosheets overlaps well with the fluorescence emission of the NGQDs; these results
imply that the as-prepared NGQDs and MnO, nanosheets should be superior energy donor-acceptor candi-
dates in FRET. Furthermore, the TEM images of the prepared NGQDs-MnO, composite clearly show that
the NGQDs are well interspersed on the surface of MnO; nanosheets (Fig. 1d).

In this work, MES was used to reduce KMnO4 to form amorphous and flake-like MnO, nanosheets on
the surface of NGQDs. The effect of the KMnO4 concentration on the quenching behaves was studied in a
fixed dosage of NGQDs and MES buffer. Figure 2a depicts the FL of NGQDs nanosheets modified with
different concentrations of KMnOjs. As expected, the FL intensity of NGQDs nanosheets decreased as the
KMnO4 concentration increased and trended to a minimum value at 80 mM KMnQO4. Furthermore, it can also
be clearly observed that the color of NGQDs-MnO, nanocomposite became deeper with increase in KMnOj4
concentration (Fig. 2b). Thus, in view of reducing unspecific interference in the process of experimental,
a medium concentration 14 mM KMnO4 was used in the following experimental procedures.
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Fig. 1. a) Fluorescent spectra of the NGQDs at different excitation wavelengths. b) TEM image

of the as-prepared NGQDs. c) Spectral overlap showing the UV-vis absorption spectrum

of MnO; nanosheets (red) and the fluorescence emission spectrum of the NGQDs (blue).

Inset: photographs of the above NGQDs solution excited by daylight (left) and a 365 nm
UV lamp (right). d) TEM image of the NGQDs—MnO; nanosheets composite.
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Fig. 2. a) Fluorescence spectra of NGQDs nanosheets prepared by different concentrations of KMnOs;
excitation wavelength 310 nm. b) Corresponding photographs of the MnO»-modified NGQDs assembly
aqueous solution formed at a series of different KMnOj4 concentrations.

Fluorescence sensing of GSH based on the NGQDs-MnO; nanocomposite. To demonstrate the applica-
bility of the developed FL sensor for quantitative detection of GSH, we investigated the FL response of
NGQDs-MnO; nanocomposite after incubation with GSH at different concentrations for ~7 min in aqueous
solutions. The FL of NGQDs nanosheets was shown to gradually restore with increasing concentration of
GSH. Namely, the restored FL was dependent on the introduced amount of GSH (Fig. 3A). When the con-
centration of GSH was increased to 400 uM, no further increase in FL can be observed, showing that the
sensing response had reached the maximum. The inset in Fig. 3A shows a plot of the FL intensity ratio
(F — Fo)/Fy (Fo and F are the FL intensity of NGQDs-MnO, nanocomposite at ~430 nm in the absence and
presence of GSH, respectively) enhancement against the concentration of GSH. The fitted curve can be used
for the quantification of GSH with a correlation coefficient of 0.992. The FL ratio has a linear correlation
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with the concentration of GSH over a broad range from 0 to 400 uM (inset, Fig. 3A). The detection limit
(sensitivity threshold) was calculated to be 27 pM by evaluating the average response of the blank plus three
times standard deviation (S/N = 3).
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Fig. 3. a) Fluorescence spectra of NGQDs nanosheets prepared by different concentrations of GSH (0450 uM).
b) FL spectra of NGQDs-MnO, nanocomposite in the presence of different concentrations of GSH (0—450 uM).
The inset shows the plot of the fluorescence intensity ratio versus GSH concentration (0, 30, 60, 90, 120,
150, 180, 210, 225, 240, 270, 300, 330, 360, 370, 390, 400, 450 uM). The fluorescence emission intensity at
~430 nm was measured with an excitation wavelength of 310 nm. (B) Selectivity of the NGQDs-MnO,
nanocomposite GSH sensing platform over glucose (a), glutamic acid (b), glycine (c), Ca?" (d), Zn** (e),
Na® (f), K" (g), Mg** (h), Mn?" (i), homocysteine (j), cysteine (k), and GSH (1). (Fo: FL intensity of the sensor;
F: FL intensity of the sensor in the presence of interferents)

To assess the selectivity of NGQDs-MnO, nanocomposite for GSH, the influence of some common
species, especially in the human body, including glucose, metal ions (Ca®’, Zn?", Na*, K*, Mg**, and Mn*")
and amino acids (glutamic acid, glycine, homocysteine, and cysteine), was widely investigated in aqueous
solutions. The experimental results are illustrated in Fig. 3B. The NGQDs-MnO; nanocomposite exhibited a
remarkable increase in FL toward GSH (100 pM). In marked contrast, no obvious FL intensity changes
could be observed with other molecules (Fig. 3B). Among them, the GSH analog cysteine (Cys) and homo-
cysteine (HCys) can also cause some FL recovery to this nanocomposite. Nevertheless, the concentrations of
these interferents in human whole blood is generally much lower than that of GSH [20, 24-26]. Thus, the
NGQDs-MnO; nanocomposite can be implemented as a selective platform for sensing of the GSH from oth-
er interfering molecules.

Process monitoring and sensing mechanism. The large lateral dimensions and high surface areas
of layered MnO> enables easy absorption of fluorescent nanomaterials, which leads to efficient FL quench-
ing [16, 1821, 27-29]. In light of the well-defined energy harvesting property of MnO,, we supposed that
a FRET process from the excited NGQDs to the quencher MnO» would have occurred. To prove this, time-
resolved FL spectra of the NGQDs and the NGQDs-MnO, nanocomposite were measured. Due to differ-
ences in the distribution of complex luminescent pathways resulting from multiple GQD species, the FL in-
tensity of NGQDs following multi-exponential models containing two lifetimes are acquired (Fig. 4a). It is
found that the FL lifetime of the NGQDs does not change in any obvious manner with the addition of MnO,
nanosheets. A possible explanation for the fluorescence decay of NGQD-MnO, being lower than NGQD is
the FRET process. As indicated in Fig. 1c, the absorption spectrum of MnO» nanosheets overlaps well with
the fluorescence emission of NGQD. Consequently, in the presence of MnO; nanosheets, the FRET from the
NGQD to the nonfluorescent MnO; nanosheets is enhanced [26, 30-32]. The unchanged FL lifetime and the
linear Stern—Volmer plot (inset of Fig. 3a) imply that the quenching of NGQDs by MnO; nanosheets obeys a
simple static quenching mechanism. That is, under the influence of the strong coordination effect between
carboxyl groups on the surface of the NGQDs with Mn atoms, NGQDs can easily deposit on the surface of
MnO; nanosheets, whereas MnO; nanosheets have a broad absorption band that overlaps significantly with
the blue emission of NGQDs (Fig. 1¢); thus the as-prepared NGQDs should be a superior energy donor, and
the MnO» nanosheets are the energy harvesting unit of the process in FRET, which subsequently leads to the
FL quenching of the NGQDs upon the action of the static quenching.
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Fig. 4. a) FL decays of the NGQDs, NGQDs-MnO; nanosheets composite, and NGQDs-MnO,-GSH systems

(10 uL NGQDs, 30 pL 40 mM KMnOs, 970 pL 0.1 mM MES, and 360 uM GSH). b) FL response of NGQDs (1)

in the presence of MnO, nanocomposite (2), and in the presence of MnO, nanocomposite/GSH (360 uM) (3)
as a function of time.

Then the addition of GSH to NGQDs-MnO, nanocomposite leads to the FL recovery of the NGQDs.
This would be the result of GSH—mediated reduction and decomposition of MnO; nanosheets, which are
accompanied by luminescence recovery of the NGQDs. The reaction of MnO, to Mn?" in the presence of
GSH can be represented as the follows [20, 26, 28, 33]:

MnO; + 2GSH + 2H" — Mn*" + GSSG + 2H,0

To further test the effect of the NGQDs FL quenching by the MnO; nanosheets and the restoration
of the NGQDs-MnO; nanocomposite by the GSH, the kinetic behavior of the above- mentioned interaction
was further studied by monitoring the FL changes as a function of time. As shown in Fig. 4b, the FL of the
alone NGQDs is stable for the period of 0-1600 s and shows no obvious variations on the 310 nm excitation
wavelength (curves 1). After addition of KMnO4 and MES, the FL of the NGQDs is immediately quenched
due to the formation of the MnO; nanosheets and the occurrence of the FRET (curves 2). Then, the FL of the
NGQDs is gradually restored to a degree of 75% by mixing with GSH in the NGQDs-MnO; systems
for about ~480 s (curves 3). The insets correspond to process 1, 2, and 3 under daylight and UV lamp.

Selectivity of NGQDs-MnO; nanocomposite-based sensoring system. To further test the specificity
of this nanosystem toward GSH, other possible interfering species including various buffers, metal ions, and
amino acids were mixed with the solution of MnO;-modified NGQDs. As shown in Fig. 5, the NGQDs-
MnO; nanocomposite exhibited a remarkable FL increase toward GSH at the concentration 200 pM.
In marked contrast, no obvious FL intensity changes could be observed with other interferents. Among them,
Cysteine (Cys) and homocysteine (HCys) can also cause some FL response to the proposed nanocomposite.
Nevertheless, the content of Cys or HCys (uM levels) in human whole blood is much lower than that of GSH
(mM levels) [20, 34]. Thus, the NGQDs-MnO> nanocomposite can be implemented as a highly selective
platform for sensing GSH in human whole blood samples without significant interference.

Blood GSH may serve as an accurate indicator of GSH status in human subjects, which usually has been
considered as an essential role in some diseases and their therapy [35]. Thus, the practicability of the propo-
sed sensing platform for GSH in human whole blood samples (donated by the local Hospital) is examined af-
ter pretreating the whole blood using a routine procedure (details in the Supporting Information). The 100-fold
diluted human blood samples were directly added into the sensing system, the corresponding FL intensities
were recorded, and the recoveries of the proposed method were calculated. The results are shown in Table 1.

TABLE 1. Determination results of GSH in diluted human blood sample

Sample No. | Measured, uM | Added, uM | Found, yM | RSD (n=3) Recovery, %
1 7.5 100 102.5 3.6 95
2 8.4 200 201.3 4.3 97
3 8.7 300 3274 5.8 106
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The obtained GSH concentration ranges in human blood were in agreement with reports in the literature
[36, 37]. Recoveries of different known amounts of added GSH were obtained from 95 to 106%. The good
recovery showed that the developed NGQDs-MnQO; nanocomposite based method possessed the feasibility
and reliability for real clinical sample analysis.

(F — Fo)/Fo
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Fig. 5. FL responses (F — Fo)/Fo of the NGQDs-MnO nanocomposite sensing platform towards GSH
and interferents: a) PBS; b) HEPES; c) glutamic acid; d) glycine; e) Zn**; f) Na*; g) K*; h) Mg*";
i) Mn?"; j) Cys; k) Heys; 1) GSH (Fo: FL intensity of the sensor; F:intensity of the sensor in
the presence of GSH and interferents. The concentration of GSH, Cys, and Hcy is 200 pM;
the concentration of other interferents is 10 mM.

Conclusions. A novel FRET-based GSH sensing platform using fluorescent NGQDs and MnO;
nanosheets as energy donor-acceptor pairs has been designed and fabricated for the first time. The proposed
strategy displays multifaceted advantages: 1) it is a very simple and straightforward technique to detect GSH
without any troublesome procedures and large-scale expensive instrument; 2) the construction of the nitrite
ion sensor is very facile and low-cost without any requirement for chemical labeling and modification of
probes; 3) the detection time was very fast and the whole process required only about 7 min, which is essen-
tial for construction assays for biological systems. Finally, relevant investigations on fluorescence on-off-on
processes and sensing mechanisms have been proposed, which can be used for further biological and clinical
diagnostics applications.
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