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uorescence sensor based on DNA
derived bio-dots/polydopamine nanoparticles for
the detection of glutathione†

Xiaoxiao Chen, ab Pu Li,ab Gaojun Wu,ab Zhe Wangab and Chaobiao Huang *ab

A convenient, fast, sensitive and highly selective fluorescence sensor for the detection of glutathione (GSH)

based on DNA derived bio-dots (DNA bio-dots)/polydopamine (PDA) nanoparticles was constructed. The

fluorescent switch of DNA bio-dots was induced to turn off because of fluorescence resonance energy

transfer (FRET) reactions between DNA bio-dots and PDA. The presence of GSH blocked the

spontaneous oxidative polymerization of dopamine (DA) to PDA, leading the fluorescent switch of DNA

bio-dots to be “turned on”. The degree of fluorescence recovery of DNA bio-dots is linearly correlated

with the concentration of GSH within the range of 1.00–100 mmol L�1, and the limit of detection (LOD)

is 0.31 mmol L�1 (S/N ¼ 3, n ¼ 9). Furthermore, the fluorescence sensor was successfully used to

quantify GSH in human urine and glutathione whitening power, indicating the fluorescence sensor has

potential in the detection of human body fluids and pharmaceutical preparations.
1. Instruction

Glutathione (GSH) is the most abundant sulydryl compound
in biological cells, and is a small molecular peptide composed
of three amino acids (L-glutamate, L-cysteine and glycine). At the
same time, as themost important antioxidant in the body, it can
effectively protect proteins, DNA and other biomolecules in cells
from loss by oxidation.1 GSH in cells is converted from reduced
glutathione to oxidized glutathione (GSSG) when biological
tissues are stimulated by oxidation. This results in altered levels
of oxidized and reduced glutathione in the body, which affects
cell growth and function.2 Abnormal levels of GSH and GSSG are
associated with many clinical conditions, such as Alzheimer's
disease, liver damage, and heart disease.3,4 Therefore, GSH is
widely used in the pharmaceutical, cosmetics and other
industries. Based on its important biological functions, the
measurement of its internal parameters is greatly important for
health diagnosis.

The methods currently used for the detection of GSH are
colorimetry,5–7 electrochemical analysis,8–10 high performance
liquid chromatography11,12 and uorescence analysis.13–15

Among these analytical methods, the uorescence analysis
method overcomes the defects of other methods such as
complex operation, high equipment requirements, poor
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tion (ESI) available. See DOI:
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sensitivity and selectivity, and being time-consuming, which
makes it more promising for detecting GSH. Therefore, it is of
great signicance to design a simple and efficient uorescence
analysis strategy for the detection of GSH.

DNA bio-dots, as a new luminescent material, has attracted
much attention due to its low cytotoxicity, excellent dispersion,
stable uorescence and good biocompatibility.16,17 It has been
proved that DNA bio-dots made from cytosine-rich DNA forms
sp2 carbon sample centers through the accumulation of
aromatic cytosine base pairs.3,18,19 Not only does it have a lumi-
nescent behavior similar to carbon quantum dots (CQDs), but it
also owns a DNA-like structure.18,20 These characteristics make it
easier to extend to the construction of uorescent biosensors.

Polydopamine (PDA), as a new type of nanomaterial which is
polymerized by several dopamine molecules, exhibits good
biocompatibility and dispersion.19,21 In addition, PDA has
a wide band absorbance in the UV-vis spectrum, which makes it
a widely used uorescent quenching agent.22 Studies have
pointed out that the spontaneous oxidative polymerization
from DA to PDA can be effectively inhibited in the presence of
reductive substances.23

Hence, we developed a uorescent sensor based on the FRET
between DNA bio-dots and PDA for detecting GSH. As shown in
Scheme 1, single-stranded DNA was produced by simply
hydrothermal treatment of deoxyribonucleic acid (from salmon
sperm). Then the aromatic cytosine bases in the single strand of
DNA can spontaneously accumulate to form the sp2 carbon-like
centers. The highly hydrophilic PO4

1� group on the skeleton
was located outside the center of the sp2 type carbon and
wrapped them to form shaped DNA bio-dots. DA can sponta-
neously oxidize and polymerize to form PDA. Then DNA bio-
RSC Adv., 2022, 12, 1807–1812 | 1807
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Scheme 1 The turn-on fluorescence signal mechanism for detection
of GSH.

Fig. 1 TEM and particle size distribution images of DNA bio-dots (a, d),
PDA (b, e) and DNA bio-dots@PDA (c, f).
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dots deposited on the surface of PDA, which may be caused by
“p–p” stacking.19 Since there was the uorescence resonance
energy transfer between PDA and DNA bio-dots, the uores-
cence state of DNA bio-dots (as donor) was turned off by PDA (as
acceptor). And the uorescence quenching mechanism between
PDA and DNA bio-dots was proved to follow dynamic quench-
ing. In the presence of GSH, the uorescence state of DNA bio-
dots would be “turned on”. It was because that the mercaptan
group of GSH would donate the reduction equivalent (H+ + e�)
to unstable radical intermediates (such as dopamine) and
reversible intermediates, in other words, the presence of GSH
can effectively inhibit the formation of PDA.

2. Experiment
2.1. Material and reagents

Glutathione (GSH), Alanine (Ala), Histidine (His), Arginine
(Arg), Valine (Val), Glycine (Gly), Tryptophan (Try), Ornithine
(Orn), Methionine (Met), Dithiothreitol (DTT), 3-mercaptopro-
pionic acid (MPA), glucose (C6H12O6), dopamine (DA) and
salmon extract lowmolecular weight double stranded DNA were
purchased from Aladdin Co., Ltd. (Shanghai, China). Gluta-
thione whitening powder was purchased from Xinrui Biotech-
nology Co., Ltd. (Jiangsu, China). The water used in experiments
is ultrapure water.

2.2. Apparatus

The FT-IR spectra was recorded on Nexus 670 infrared spec-
trometer (Reonicolai Inc., New York, USA). The UV-vis absorp-
tion spectrum was obtained with Lambda 950
spectrophotometer (PerkinElmer Inc., Waltham, USA). The
morphological evaluations was characterized by JEM-2100F
transmission electron microscopy (JEOL, Tokyo, Japan). Fluo-
rescence spectra was recorded using RF-6000 Fluorescence
Spectrometer (Shimadzu, Japan).

2.3. Synthesis of DNA bio-dots

The synthesis of DNA bio-dots was modied as previous
report.24 Salmon sodium deoxyribonucleic acid was dissolved in
1808 | RSC Adv., 2022, 12, 1807–1812
ultrapure water which had been removed oxygen through N2 for
15 min to obtain the homogeneous DNA solution with
a concentration of 1.0 mg mL�1. Then the DNA solution was
reuxed at 85 �C for 11 h with the protection of N2. At the end, it
was quickly added to the same volume of acetone being soni-
cated. Aer ultrasonic treatment for 1 h, the mixed solution was
removed acetone by rotary evaporation. The resulting solution
was ltered through a 0.22 mm membrane to obtain the DNA
bio-dots aqueous solution and kept at 4 �C for further use.
2.4. Fluorescence quenching investigation

To explore the uorescence quenching efficiency of PDA to DNA
bio-dots, different amounts of DA were added to 200 mL DNA
bio-dots and diluted to 2 mL by Tris–HCl buffer (50 mmol L�1,
pH 8.5), where the nal concentration of DA was from 0.00 to
20.0 mmol L�1. These mixtures were detected by uorescence
spectroscopy aer incubated at room temperature for 20 min.
In addition, different concentrations of GSH were added into
the above uorescence quenching system and determined the
uorescence spectrum to explore the anti-quenching effect of
GSH.
2.5. Detection of GSH

DNA bio-dots (200 mL) was placed in a centrifuge tube and
mixed with a series of GSH aqueous solution at different
concentrations. Then DA solution (5.0 mmol L�1) was added to
the mixture, diluting with Tris–HCl buffer (50 mmol L�1, pH
8.5) to 2 mL (where the nal concentration of GSH were 0.00,
0.10, 0.50, 1.00, 2.00, 4.00, 6.00, 10.0, 14.0, 16.0, 20.0, 30.0, 50.0,
70.0, 100, 130 and 150 mmol L�1). Aer 20 min, the nal mixed
solution was measured under the excitation wavelength of
338 nm.
3. Results and discussion
3.1. Characterization

The morphology of DNA bio-dots, PDA and DNA bio-dots@PDA
was evaluated by transmission electron microscope (TEM). As
shown in Fig. 1a–c, DNA bio-dots, PDA and DNA bio-dots@PDA
were all spherical in shape and displayed wonderful dispersion.
According to the results of particle size calculation, the particle
© 2022 The Author(s). Published by the Royal Society of Chemistry
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size of DNA bio-dots (Fig. 1d), PDA (Fig. 1e) and DNA bio-
dots@PDA (Fig. 1f) was 2.5, 10.2 and14.4 nm, respectively.
Compared with the particle size of DNA bio-dots and PDA, the
particle size of DNA bio-dots@PDA had slightly increased which
may indicated that DNA bio-dots had been assembled on the
surface of PDA.

The surface chemical state of DNA bio-dots was analyzed by
XPS. According to the XPS spectrum in Fig. 2, there were four
prominent peaks of C 1s, N 1s, O 1s and P 2p at 284.49, 405.46,
532.89 and 133.56 eV.16,17,24 Among them, the four peaks at
284.83, 286.17, 287.62 and 286.65 eV obtained by C 1s peak
division tting (Fig. 2b) corresponded to C–C, C–N, C]O and
C–O, respectively.25–28 The high resolution N 1s spectrum
(Fig. 2c) performed two characteristic peaks at 399.93 and
398.57 eV, which was attributed to ]N– and –NH2.24 The high-
resolution XPS spectra of O 1s (Fig. 2d) exhibited four peaks at
530.93, 531.98, 532.56 and 533.08 eV, which was assigned to
PO4

1�, C]O, O–N and C–O.17,29 These results indicated that
DNA bio-dots was rich in nitrogenous and oxygen-containing
groups and owned the original phosphate skeleton of DNA.

In addition, the FI-IR spectrum of DNA bio-dots further
veried that its surface was rich in nitrogenous and oxygen-
containing groups. As shown in Fig. S1b,† the broad peak
from 2500 to 3750 cm�1 testied the presence of –COOH, –OH
and –NH2 groups.20,30,31 The characteristic absorption peaks at
1720 cm�1 was caused by C]O stretching vibration.32,33 The
peaks at 1430 and 1367cm�1 were attributed to C–O deforma-
tion vibration and C–OH tensile vibration.25,29,34 The peak at
1030 cm�1 was attributed to the C–N in-plane stretching
vibration of amine groups.16,35 The obvious difference between
the spectra of DNA bio-dots (Fig. S1b†) and the spectra of
double-stranded DNA (Fig. S1a†) further revealed the successful
preparation of DNA bio-dots.24 The uorescence characteristics
of DNA-bio-dots was also explored. Fig. S2A† showed that the
optimal excitation wavelength (curve a) of DNA-bio-dots was
338 nm and the optimal emission wavelength (curve b) of that
was 425 nm. At the same time, the ultraviolet absorption peak
(curve d) of DNA-bio-dots was located near 321 nm as seen from
Fig. S2B.† Then the uorescence quantum yield of DNA-bio-dots
was calculated to be about 10.6% using quinine sulfate
(0.1 mol L�1 H2SO4) as the standard material. Besides, it is easy
Fig. 2 XPS spectrum of DNA bio-dots (a) and high-resolution XPS
spectra of C 1s (b), N 1s (c), and O 1s (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
to nd that the narrow emission spectra of DNA bio-dots
showed a good spectral overlap with the broad absorption of
PDA (curve c), indicating the FRET between PDA and DNA bio-
dots. And the fact that the uorescence lifetime of DNA bio-dots
in the presence of PDA was signicantly shorter than that in the
absence of PDA (Fig. 3) conrmed that the existence of PDA can
attenuate the uorescence lifetime of DNA bio-dots, resulting
the uorescence quenching of DNA bio-dots. Therefore, the
uorescence quenching of DNA bio-dots by PDA followed the
dynamic quenching mechanism. Finally, in order to further
investigate whether DNA-bio-dots@PDA was successfully
assembled, we studied the FI-IR spectroscopy of PDA (curve a),
DNA bio-dots@PDA (curve b) and DA (curve c) as Fig. S3†
shown. It can be found that the weak absorption peaks of C–H
bond stretching vibration near 2966 and 2896 cm�1 could be
observed in curve a and b, and the absorption intensity of these
peaks in curve b was stronger than that of curve a. The
absorption peaks at 1700 and 500 cm�1 vastly changed for
curves a and b, which were signicantly different from that of
curve c. These results conrmed the disappearance of ne
structure of DA and the production of PDA and DNA bio-
dots@PDA.36
3.2. Optimum proposal

The pH, incubation time and DA concentration for uorescence
quenching reaction were optimized. Fig. 4a revealed that the
uorescence intensity of DNA bio-dots increased with the
increase of pH, and the intensity remained basically stable
when pH exceeded 9.0. This could be explained by that the
negative charge on the surface of DNA bio-dots would combine
with hydrogen ions, resulting the accumulation of DNA bio-dots
and thus leading to uorescence quenching when the solution
was acidic,37 and the existence of amino groups on the surface
of DNA bio-dots would make uorescence intensity remain
relatively stable under alkaline condition.35 Based on what
studies have pointed that the spontaneous oxidation polymer-
ization efficiency of DA performed best around the alkaline
condition with pH 8.5,38 we selected the pH in the range of 8.0–
9.0 to investigate the optimum pH for uorescence quenching
of DNA bio-dots by PDA. DNA bio-dots (200 mL) was mixed with
DA (200 mL, 2.5 mmol L�1) and then diluted to 2 mL with
different pH value of Tris–HCl buffer. The uorescence inten-
sity of these mixtures was detected aer incubated for 30 min.
Fig. 3 The luminescence time decay resolution curves of DNA bio-
dots in the absence and presence of PDA.

RSC Adv., 2022, 12, 1807–1812 | 1809
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Fig. 4 Effect of pH for the fluorescence intensity of DNA bio-dots (a)
and fluorescence quenching of DNA bio-dots by PDA (b). Effect of
incubation time (c) and DA concentration (d) for quenching efficiency.

Table 1 Comparison of other methods reported in the literature for
the determination of GSHa

Methods Linear range (mmol L�1) LOD (mmol L�1) Ref.

EL 2.00–200.0 0.34 36
10.0–500 000 0.73 39

HPLC 0.10–4000 0.34 40
0.25–10.0 0.10 41

Colorimetry 2.00–200 0.67 42
5.00–75.0 1.20 43

FL 50.0–400 7.83 44
1.00–100 0.31 This work

a EL: electrochemical analysis, HPLC: high performance liquid
chromatography, FL: uorescence analysis.

Fig. 6 Selectivity of the proposed DNA bio-dots-based fluorescence
sensor for GSH detection.
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As shown in Fig. 4b, the uorescence intensity performed little
difference as the pH ranged from 8.2 to 8.8. In addition,
considering that the optimal uorescence emission of DNA bio-
dots was around pH 9.0, we nally selected pH 8.5 as the nal
optimal pH for subsequent experiments. As shown in Fig. 4c,
the uorescence intensity decreased gradually with the exten-
sion of reaction time and reached the quenching equilibrium
aer incubated 20 min. Thus, 20 min was chosen as the
optimum reaction time for further experiments. As seen from
Fig. 4d, when the concentration of DA increased from 5.0 mmol
L�1 to 20 mmol L�1, the uorescence intensity remained
unchanged. Therefore, 5.0 mmol L�1 was considered to be the
optimum concentration of DA for further study.
3.3. Determination of GSH

Next, we investigated the performance of the uorescence
sensor for detecting GSH under the optimal conditions. As
shown in Fig. 5a, the uorescence intensity of sensing system
gradually recovered with the increase of GSH concentration.
Fig. 5b showed a positive linear relationship between (F� F0)/F0
and the concentration of GSH when the concentration of GSH
was 1.00–100 mmol L�1, the linear equation is (F � F0)/F0 ¼
0.0353cGSH + 0.0568 (R2 ¼ 0.9943) (where F and F0 are the
uorescence intensity in the presence and absence of GSH), and
the LOD was 0.31 mmol L�1. The performance of the
Fig. 5 Fluorescence spectra of sensing system in the presence of
different concentrations of GSH (a). Linear calibration curve for
detection of GSH (b).

1810 | RSC Adv., 2022, 12, 1807–1812
uorescence analysis method was contrasted with many other
analysis methods for GSH that were previously reported (Table
1). Compared with HPLC, the LOD of this method was compa-
rable to or slightly worse. But this method overcomes the
shortcomings such as laborious time, cumbersome technology
and complex processing procedures. In contrast, from the
perspective of simplicity and convenience, this method has
more potential for rapid detection of GSH which can provide
reference for the preliminary diagnosis of related diseases or
the detection of glutathione content in pharmaceutical prepa-
rations. In addition, compared with others methods, the uo-
rescence sensor has a lower LOD, reveling its potential for
detecting GSH.

3.4. Selectivity for sensor

To test the sensitivity of the uorescence sensor to GSH, some
analogues that have similar structures or properties to GSH
(C6H12O6, DTT, MPA, Ala, His, Arg, Val, Gly, Try, Orn and Met)
were selected for the interference study. The concentration of
analogues was 100 mmol L�1 which was 10 times than that of
GSH. As shown in Fig. 6, the uorescent sensor exhibits good
selectivity against the selected possible interference, proving
the feasibility of the proposed DNA bio-dots-based uorescence
sensor.

3.5. Detection of GSH and recovery

The uorescence sensor was used to detect GSH in human urine
and glutathione whitening power. The urine sample was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The content and recovery of GSH in human urine and glutathione whitening powder

Sample Detected/mmol L�1 Added/mmol L�1 Found/mmol L�1 (�x � SD, n ¼ 3) Recovery/% (�x � SD, n ¼ 3)

Human urine 0.00 5.00 4.89 � 0.16 98.3 � 3.3
30.00 30.73 � 0.78 102.5 � 2.7
60.00 59.54 � 0.89 99.2 � 1.5

GSH whitening power 0.97 � 0.03 1.00 1.97 � 0.06 97.9 � 3.1
20.89 � 0.49 20.00 40.92 � 0.21 104.6 � 2.4
39.56 � 0.67 40.00 79.68 � 0.35 99.2 � 1.7
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pretreated by simple centrifugation and the supernatant was
ltered by 0.22 mm porous membrane for uorescence detec-
tion. Furthermore, in order to exclude the possible interference
of some oxidants in urine sample, we set up a controlled
experiment to research the effect of urine sample on uores-
cence quenching before the experiments. Taking two equal
volumes of buffer solution. One of them contained DNA bio-
dots (200 mL), DA (5.0 mmol L�1) and urine sample (200 mL)
and the other contained equal amounts of DNA bio-dots and
DA. Aer incubated for 20 min, the uorescence intensity of the
two groups was detected. And the above experiment was
repeated for three times. As the results shown, the uorescence
intensity of the two groups was basically similar, suggesting that
some oxidants which may exist in urine samples have negligible
effects on the spontaneous oxidation of DA. Then the content of
GSH in glutathione whitening powder was detected. Firstly,
glutathione whitening powder was accurately weighed 0.0307 g
and dissolved in ultrapure water. Then xing the total volume to
100 mL. Finally, the prepared liquid to be tested was diluted
step by step for uorescence detection. As shown in Table 2,
human urine was detected the absence of GSH, the content of
GSH in glutathione whitening powder was 96.7 � 0.5% which
was basically consistent with the labeled quantity (98.7%), and
the recovery rate was calculated as 97.9–104.6%, indicating that
the uorescence sensor has the promising potential for
detecting GSH in human body uids and pharmaceutical
preparations.
4. Conclusions

In conclusion, we successfully proposed a convenient, fast and
sensitive uorescence sensor for the detection of GSH based on
the FRET between DNA bio-dots and PDA. Throughout GSH
hindering the DNA bio-dots uorescence “switch” induced by
PDA from turning off, it is simple and efficient to carry out the
detection of GSH. At the same time, the uorescence sensor was
successfully applied to detect GSH in human urine and phar-
maceutical preparations such as glutathione whitening powder.
The novel technique has the potential to be extended to other
samples for the detection of GSH.
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