
Chinese Chemical Letters 31 (2020) 1083–1086

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let
Communication
Au nanoparticles based ultra-fast “Turn-On” fluorescent sensor for
detection of biothiols and its application in living cell imaging

Hailiang Zhanga,b, Pengfei Xua,b, Xintong Zhanga,c[22_TD$DIFF], Xiaozheng Caoa, Wenxiu Hana,b,
Meihui Liua, Xiaohui Liua, Wenbin Zenga,*
aXiangya School of Pharmaceutical Sciences, Central South University, Changsha 410006, China
b Institute of Clinical Pharmacy and Pharmacology, Jining First People’s Hospital, Jining Medical University, Jining 272000, China
[23_TD$DIFF]cYidu Central Hospital of Weifang, Weifang 261000, China
A R T I C L E I N F O

Article history:

Received 25 August 2019
Received in revised form 8 October 2019
Accepted 9 October 2019
Available online 14 October 2019
Keywords:
Gold nanoparticle
FRET
Biothiols
Sensor
Fluorescent imaging
* Corresponding author.
E-mail address: wbzeng@hotmail.com (

https://doi.org/10.1016/j.cclet.2019.10.005
1001-8417/© 2019 Chinese Chemical Socie
W. Zeng).

ty and Inst
A B S T R A C T

Au or other metal nanostructures have the ability to strongly quench the fluorescence of fluorophores.
This feature has made AuNP-conjugates attractive for the construction of platforms for various
bioanalytes to overcome the limitations of small molecule fluorophores (poor solubility, long reaction
time). In this paper, an ultrafast “Turn-On” fluorescent sensor for biothiols was constructed. The sensor is
based on the fluorescent resonance energy transfer (FRET) effect between the fluorophore (PN) and
AuNPs, which effectively quenches the fluorescence of the fluorophore. In the presence of thiols, PN is
displaced and released from AuNP surfaces, and thus, the fluorescence is rapidly restored. The sensor
features appreciable water solubility and ultrafast response time (a few seconds for Cys). In addition, it
exhibits high selectivity and a detection limit as low as 12 nmol/L for Hcy. Moreover, the sensor presents
good biocompatibility and has been successfully applied for imaging biothiols in living cells.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Biothiols including glutathione (GSH), cysteine ([24_TD$DIFF]L-Cys), and
homocysteine (Hcy) play significant roles in maintaining many
physiological processes [1–3]. Abnormal levels of these biothiols in
vivo can also serve as indicators of many diseases. For [25_TD$DIFF]example,
L-Cys deficiency is associated with liver damage, slow growth in
children, and impaired antioxidant defenses [4,5]. Hence, it is of
great meaning to monitor their intracellular concentrations. Many
techniques have been used to detect biothiols such as high-
performance liquid chromatography (HPLC), UV–vis spectroscopy,
mass spectroscopy, and electrochemical methods. However, these
methods usually pose certain of limitations such as long time
consuming, high experimental costs, and complex sample
processing. Several novel detection methods have been developed
in recent years. Among them, fluorescence detection is a
convenient method due to its high sensitivity, simplicity, low
cost, and great potential for the intracellular bioimaging [6–8].
Most existing fluorescent probes for biothiols are small organic
molecules. However, these probes often suffer some disadvantages
since they are tended to quench or aggregate in water [9–12],
which restricts their use in vivo. Nevertheless, these probes are
itute of Materia Medica, Chinese
mainly reaction-based, so they are susceptible to the surrounding
environment and suffer a long response time [9,12–14]. Nano-
materials or a nanoplatform and metal-organic framework (MOF)
are potential candidates to solve these issues [4,15–19]. Gold
nanoparticles (AuNPs) are ultra-efficient fluorescence quenchers
that show the highest quenching efficiency (up to 99%) through
fluorescence resonance energy transfer (FRET) [20–22]. This
feature of AuNPs combined with their biocompatibility, small
size, and easy modifiability has made AuNP-based conjugates
attractive for use as platforms for various bioanalytes [23–26].

In this paper, we constructed a water-soluble nanosensor
(named AuNP-PN) based on the FRET between AuNPs and the
organic fluorophore (2-butyl-6-pyridin-4-yl-benzo[de]isoquino-
line-1,3-dione, named PN) which could rapidly sense to the
biothiols. In our strategy, PN served as a fluorophore and AuNPs
performed as efficient fluorescence quenchers. As illustrated in
Scheme 1, upon the biothiol addition, PNmolecules were liberated
from the AuNPs surface through ligand-exchange displacement
based on the strong affinity of Au for the thiol groups, resulting in a
dramatic increase in fluorescence.

The synthesis process of PN is shown in the Scheme S1
(Supporting information). Synthesis of compound 1: 4-Bromo-1,8-
naphthalic anhydride (0.415 g, 1.5mmol) and butylamine
(0.163mL, 1.65mmol) were added into ethanol (10mL) at room
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic representation of biothiols induced turn-on fluorescence of
the sensor.
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temperature, and refluxed at 90 �C for 4 h. The reaction mixture
was cooled to room temperature, filtered and washed with a small
amount of ethanol. The solvent was evaporated under reduced
pressure, and the crude product was purified by column
chromatography (petroleum ether:ethyl acetate = 7:1) to afford
compound 1 as a light yellow powder (335.1mg, 69%). Synthesis of
PN: Compound 1 (111.7mg, 0.34mmol) was stirred with boric acid
(161.6mg, 0.4mmol) in THF (10mL). Tetraphenylphosphine
palladium (25mg) and 50% K2CO3 solution (1.5 g) were added
and the reactionmixturewas refluxed at 80 �C under N2 protection
for 8 h. The reaction mixture was extracted with CH2Cl2 for three
times. The organic phasewas collected and dried over MgSO4, then
evaporated under reduced pressure, and the crude product was
purified by column chromatography (petroleum ether:ethyl
acetate = 7:1) to afford PN as light yellow powder (107mg, 65%).
1H NMR (400MHz, DMSO-d6, TMS): d 0.93 (t, 3H, J = [26_TD$DIFF]8.0 Hz), 1.35
(d, 2H, J = [27_TD$DIFF]8.8 Hz),1.63 (m, 2H, J = [26_TD$DIFF]8.0 Hz), 4.03 (t, 2H, J = [28_TD$DIFF]7.6 Hz), 7.62
(m, 2H, J = [29_TD$DIFF]1.6 Hz), 7.8 (d, 2H, J = [30_TD$DIFF]10.8 Hz), 8.21 (dd, 1H, J = 8. 0 Hz),
8.80 (m, 2H, J = [26_TD$DIFF]8.0 Hz) (Fig. S1 in Supporting information).

AuNPs were synthesized by the addition of HAuCl4 (10mg) to a
refluxing, rapidly stirred solution of sodium citrate (20mg) in
water (100mL, pH 7.4). The solutionwas refluxed for an additional
15min. A purple color appeared, indicating the formation of gold
nanoparticles. PN (5mL, 5mmol/L ethanol solution) was added
into 3mL of AuNPs solution in the dark. The resulting mixture was
stirred for 10min at room temperature. The obtained AuNP-PN
solutionwas diluted with 10mmol/L PBS buffer solution to get the
stock solution.

The cell experiments were conducted in Hepatic stellate cells.
The cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, HyClone) on a 96-well plate for 12 h, supplemented with
[(Fig._1)TD$FIG]

Fig. 1. (A) Photographic image (inset) and emission spectra of AuNP-PN response to bioth
of the emission spectra by adding various thiols: Cys, Hcys and GSH. The concentration o
PBS, pH 7.4, with emission at 420 nm.
10% fetal bovine serum and 1% penicillin/streptomycin antibiotic
(100 U of penicillin and 100mg/mL of strep tomycin sulfate) at
37 �C in a humidified incubator containing 5% CO2. For the CCK-8
cell viability assay, cells in a 96-well plate were incubated with
AuNP-PN solution for 24 h. After that, the supernatant was
removed and the cells were washed with phosphate buffered
saline (PBS) solution. Then, 100mL DMEM and 10mL CCK-8 stock
solutions (5mg/mL in PBS, pH 7.4) were added and incubated for
4 h at 37 �C. The optical density (OD) of the mixture was measured
at 450 nm and the cell viability was estimated according to the
following equation (Eq. [31_TD$DIFF]1).

Cell viability (%) = ODtreated/ODcontrol � 100% (1)

where ODcontrol is the OD obtained in the absence of AuNP-PN and
ODtreated is the OD obtained in the presence of AuNP-PN.

Experiments of sensing ability of AuNP-PN for biothiols were
performed in 0.1mol/L PBS. Hepatic stellate cells were incubated
with 100mL AuNP-PN for 30min at 37 �C. For the control
experiment, Hepatic stellate cells were pretreated with NEM
(0.5mmol/L) and incubated with AuNP-PN for 30min at 37 �C. The
culture medium was removed and washed three times with
0.1mol/L PBS before observation.

As described above, AuNPs were prepared in presence of
trisodium citrate by reduction of HAuCl4 as previously described
[27] and thenmodifiedwith PN through a place-exchange reaction
of pyridine groups with citrate protectors. AuNP-PN was con-
structed via the interaction between PN and AuNPs. The PN core
was used as the fluorescence donor, and the pyridine groups acted
as binding siteswith AuNPs though the N atom. As shown in Fig. S2
(Supporting information), there is overlap among the emission
wavelength of PN and the absorbance wavelength of AuNPs, which
ensured a strong FRET effect. The slight red-shift in the absorbance
spectra of the AuNP-PN solution comparedwith the AuNP solution
indicated successful binding between PN and AuNPs. The obtained
AuNP-PN composite is red with no fluorescence emission, and the
particle diameter is 22 nm (Fig. S3 in Supporting information).

Experiments to evaluate the sensing ability of AuNP-PN to
biothiolswere carriedout. As showninFig.1A, theAuNP-PNsolution
emitted no fluorescence, but dramatic fluorescence at 420 nmand a
brightblue-colorwereclearlyobservedonadditionofbiothiols (Hcy,
GSH, [25_TD$DIFF]L-Cys, 5mmol/L). The mechanism is illustrated in Scheme 1. In
the absence of thiols, the fluorescent chromophore of PN was
coordinated to AuNPs through weak N-Au interactions, which
quenched thefluorescencedue to FRET. The recoveryoffluorescence
is likely attributable from the thiol-triggered place-exchange
reaction resulting the free PN fluorophore.

The AuNP-PN was constructed by adding PN to AuNP solution.
To ensure sensor sensitivity, we optimized the amount of AuNP
iol. The concentration of the biothiols was 5mmol/L. (B) Real-time emission spectra
f the biothiols was 2mmol/L. All measurements were acquired at 25 �C in 10mmol/L
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solution to the critical point where PN fluorescence was totally
quenched and the biothiol response was the most sensitive. As
shown in Fig. S4 (Supporting information), the fluorescence
intensity of PN decreased when the amount of AuNP solution
increased from 0mL to 3mL. Fluorescence was totally quenched
when the amount of AuNPs was 3mL, suggesting that this was the
optimal amount of AuNP solution.

The response time of AuNP-PN composite to biothiols was
studied subsequently. When the biothiol was added into the
sensing system, AuNP-PN reactedwith [25_TD$DIFF]L-Cys immediately, butwith
Hcy and GSH was completed within 30 s and �2min, respectively
(Fig. 1B). To the best of our knowledge, this is the fastest detection
method for biothiols to date (Table 1) [4,7,9,23,24,28–30]. The
ultra-fast response time can overcome the limitations of organic
fluorescent probes, making it suitable for real-time biothiols
detection which holds great promises for serving as POC testing
devices. The rapid response time was mainly due to the stronger
coordination ability of the thiolswith AuNPs comparedwith that of
the pyridyl moiety of PN. Appropriate modification of the binding
site may further shorten the response time. In addition, the high
water-solubility significantly enhanced the place-exchange reac-
tion. The different response times of the three biothiols are mainly
due to steric effects, especially for GSH.
Table 1
An overview on recently reported probes of biothiols and their main characteristic.

Material used Detection solvent Re

1 DMSO–PBS buffer 10

2 DMSO–HEPES buffer 60

3 PBS buffer 60

4 DMSO–HEPES buffer 20

5 Semiconducting oligomer amphiphile PBS buffer N
6 AuNP PBS buffer 10
7 UiO-66-NH2 metal-organic framework (MOF) Water 2
8 AuNP HEPES buffer 20
9 This work PBS buffer Fe
The effect of pH on the response of AuNP-PN to biothiols was
also investigated (Fig. S5 in Supporting information). In the
absence of thiols, AuNP-PN was stable and showed almost no
fluorescence in the pH range of 4.0-9.0. It exhibited weak
fluorescence in the pH range of 9.0–11.0 due to protonation of
the N atom in PN and its release from the AuNP surface. Upon the
addition of GSH, AuNP-PN emitted strong and stable fluorescence
at 420 nm in the pH range of 6–10, indicating that the sensor can be
stably used in neutral andweakly basic conditions (pH 6–9), which
covers the physiological pH range and enables use in cells or tissue.

Under the optimized conditions, we performed fluorescence
titration experiments with Hcy. The fluorescence intensity of
AuNP-PN increased along with the Hcy concentrations (Fig. 2). The
limit of detection (LOD) was calculated as 12 nmol/L in the
concentration range of [32_TD$DIFF]0–10mmol/L (Eq. 2).

LOD = 3s/k (2)

where s is the standard deviation of blank measurements, and k is
the slope of the linear equation [31].

The normal intracellular level of Hcy is [33_TD$DIFF]5–10mmol/L [32].
Therefore, the sensor is sufficiently sensitive for Hcy in living cells.

To evaluate the selectivity, other amino acids were used to
challenge the sensing method. As shown in Fig. S6 (Supporting
sponse time LOD Ref.

min 12 nmol/L for Cys [9]

min N/A [28]

min 50 nmol/L for GSH [7]

min N/A [29]

/A [20_TD$DIFF]12.3mmol/L [30]
min for GSH; 2min for Cys/Hcy 30 nmol/L for Cys [24]

min for Cys 9.8mmol/L for Cys [4]
min for Cys [21_TD$DIFF]1.2mmol/L [23]
w seconds for Cys; 30 s for Hcy; 2min for GSH 12 nmol/L for Cys
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Fig. 2. (A) Fluorescence spectrum of AuNP-PN in the presence of different
concentrations of Hcy [19_TD$DIFF](0–10mmol/L). (B) Fluorescence intensity of AuNP-PN versus
Hcy concentration. All measurements were acquired at 25 �C, pH 7.4, with emission
at 420 nm.
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information), only biothiols induced fluorescence; no obvious
changes took place when other amino acids were added, even at a
10-fold higher concentration, indicating a highly selective sensing
ability of AuNP-PN.

Prior to further biological applications, AuNP and AuNP-PN
cytotoxicity was evaluated with CCK-8 assays. As shown in Fig. 3A,
the viability of hepatic stellate cells remained above 85% after
exposure. The results demonstrate that AuNP-PN shows excellent
biocompatibility

To demonstrate the practical utility of the sensor in biological
samples, intracellular biothiol imaging was performed in living
cells. As shown in Fig. 3B, after hepatic stellate cellswere incubated
with AuNP-PN at 37 �C for 30min, intracellular green fluorescence
was observed (Fig. 3B–b). In contrast, no signal was observedwhen
hepatic stellate cells were pretreated with N-ethylmaleimide
(NEM) [11,29], a known thiol trapping reagent (Fig. 3B–d),
indicating that the strong fluorescence originated from intracellu-
lar biothiols. These findings demonstrate that the sensor has great
promise to image and detect biothiols in living cells.

Though the sensor has been successfully used for imaging
biothiols in living cells, limitations do exist to restrict its further
use. The relative short emission wavelength of the sensor has poor
penetration ability and is easily influenced by ground UV
absorption and fluorescence of physiological media like blood

[(Fig._3)TD$FIG]

Fig. 3. (A) Cell viability of Hepatic stellate cells exposed to AuNP-PN and AuNP over
a period of 24 h treatment. (B) Microscopy imaging of living Hepatic stellate cells: (a
and b) The cells incubated with AuNP-PN for 30min; (c and d) The cells pretreated
with NEM.
and serum. Near infrared (NIR)-II fluorescence has stronger
penetration ability and may be a promising method to overcome
this limitation [33]. We are currently trying to synthesize NIR-II
fluorescence fluorophores and nanomaterials.

In conclusion, an ultra-fast fluorescent sensor for biothiols was
developed based on the FRETeffect between thefluorophore PNand
AuNPs, which effectively quenched the fluorescence of the
fluorophore. In the presence of biothiols, PN were liberated from
the AuNP surface and showed a turn-on fluorescence. The highly
selective sensor has appreciable water solubility, an ultra-fast
response time (a few seconds for [25_TD$DIFF]L-Cys), and a low detection limit
(12 nmol/L for Hcy). Moreover, the sensor is not cytotoxic and has
been successfully used to image biothiols in hepatic stellate cells.
Collectively, these findings indicate that AuNP-conjugatesmay offer
a potential platform for biothiol sensing both in vitro and in vivo.
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