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Gold (Au) is extensively used in modern industry, which raises hard-to-ignore environmental problems
due to its potential toxicity. Herein, highly luminescent carbon dots (CDs) are prepared from the carbon
sources of o-phenylenediamine and hydroquinone, and applied for the selective quantification of Au>*.
Significantly, fluorescence quenching is observed upon the addition of Au®** in 2 min. The ions are
reduced to gold shells which coat the surface of CDs, resulting in electron transfer and emission
quenching. The degree of quenching varies linearly with an Au®*concentration from 0.1 to 7 pM.
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Biothiols are then introduced to interact with the gold shells. It is found that cysteine, glutathione,
3-mercaptopropionic acid and bi-dithiothreitol can be used to digest the shell, restoring the
DOI: 10.1039/d4ma01052¢ fluorescence emission. The “on-off-on” fluorescence biosensing strategy is challenged with environ-

mental and biological samples with excellent results, demonstrating that this study provides a novel
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Introduction

Macroscopic gold (Au) is widely used in modern industry (e.g., in
the manufacturing of jewelry and electronic products)." On the
other hand, nanoscale Au is as an important element for synthetic
chemistry,” analytical chemistry,® catalysis, and biomedicine.’
For example, Beqa et al. fabricated glutathione (GSH) modified Au
nanoparticles (AuNPs) as dynamic light scattering (DLS) probes
for colorimetric analysis of Pb(u) ions.® Kim et al developed
a cadaverine gas sensor with graphene-encased Au nanorods
(AuNRs), which exhibited an ultrasensitive peak wavelength shift
even with tiny molecules.” Although Au based nanomaterials have
demonstrated to be chemically inert and possess high biocompat-
ibility, ionic Au** has deleterious effects on the environment and
human health.® Au*>" is able to interact with DNA and proteins,
disrupting a series of cellular processes. Due to the food chain
enrichment effect, Au®* with high concentration may exhibit
toxicity toward the liver, kidney and peripheral nervous system
of human beings.” Therefore, it is necessary to develop highly
reliable methods for the determination of Au**.'® Traditional
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methodology to examine Au®* and biothiol levels for potential practical applications.

methods for Au** assay include inductively-coupled plasma mass
spectroscopy (ICP-MS),'" atomic absorption spectroscopy emis-
sion spectroscopy (AAS/AES),"> and flame atomic absorption
spectroscopy (FAAS)."> However, these techniques require compli-
cated sample preparation procedures, sophisticated instruments
or time-consuming reactions.

Biothiols like cysteine (Cys) and GSH are ubiquitous in biolo-
gical systems, playing important roles in human physiology.'*"®
Abnormal expressions of biothiols are always directly associated
with diseases, including liver damage, leucocyte loss, psoriasis,
edema, Alzheimer’s disease, and so on. Using a fluorescent
biosensor is an efficient methodology for the analysis of ions
and biomolecules due to the merits of simplicity, high sensitivity
and selectivity.’®™® Over the past decade, a number of fluorescent
probes have been reported for assays of Au®* and biothiols.>*>*
However, most of the previously reported fluorescent probes were
amended with recognition motifs by organic fluorophores such
as rhodamine, coumarin, naphthalimide, and fluorescein. The
photostabilities are always limited. Therefore, novel probes with
improved optical properties are desired to tackle these problems.
Carbon dots (CDs), as a new class of carbon-based nanomaterials,
have received extensive attention in various fields especially
in sensing, imaging, drug delivery and photocatalysis.**® CDs
exhibit outstanding fluorescence properties and merits including
convenient preparation, easy functionalization, and good
chemical stability.>’2° The functional groups on the surface of
CDs (e.g:, amino, hydroxyl, carbonyl, and carboxyl group) enhance
the water solubility and promote surface modification.*®
Therefore, CDs have demonstrated to be good fluorescent probes
for environmental and biological applications. On the other hand,
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the design of nanohybrids incorporating CDs and other nanoma-
terials may extend their range of applications.*'*

In this contribution, we synthesize red-emissive CDs through a
one-step solvothermal method and fabricate sensitive “on-off-
on” assays of Au®" and biothiols. The working principle is shown
in Scheme 1. Hydroquinone and o-phenylenediamine are chosen
as the carbon sources. After the addition of Au®*, electrostatic
repulsion between particles is weakened and the dots are brought
together. Nitrogen-containing functional groups on the surface of
CDs have high reduction abilities, leading to the transformation
of Au®" into Au(0). Gold shells can thus be formed around CDs,
leading to the electron transfer and fluorescence quenching
phenomenon. By measuring the remarkable decline of fluores-
cence emission, the concentration of Au** can be determined. On
the other hand, biothiols like Cys and GSH can be used to digest
the shells and restore the fluorescence. The “on-off-on” fluor-
escent biosensors have good prospects in both environmental
monitoring and medical diagnosis.

Experimental
Materials and chemicals

Chloroauric acid (HAuCl,-3H,0), o-phenylenediamine, hydroqui-
none, sulfuric acid (H,SO,), ammonium persulphate (AP), bi-
dithiothreitol (DTT), 3-morpholinopropane sulfonic acid (MOPS),
ammonium hydroxide, ethanol, lithium chloride (LiCl), sodium
chloride (NaCl), potassium chloride (KCl), silver nitrate (AgNO;),
copper nitrate (Cu(NOj3),), zinc chloride (ZnCl,), cadmium chlor-
ide (CdCl,), calcium chloride (CaCl,), magnesium chloride
(MgCl,), manganese chloride (MnCl,), aluminum chloride (AICl;),
nickel chloride (NiCl,), mercury nitrate (Hg(NO3),), lead nitrate
(Pb(NOs),), iron(u) chloride (FeCl,), and iron(m) chloride (FeCls)
were purchased from Sigma-Aldrich (USA). GSH, Cys, homocys-
teine (Hcy), alanine (Ala), arginine (Arg), glycine (Gly), histidine
(His), proline (Pro), lysine (Lys), serine (Ser), tryptophan (Trp),
valine (Val), aspartic acid (Asp), methionine (Met), glutamic acid
(Glu), phenylalanine (Phe), tyrosine (Tyr), 3-mercaptopropionic
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acid (3-MPA), ascorbic acid, glucose, and sodium sulfide nonahy-
drate were purchased from Shanghai Macklin Biochemical Tech-
nology Co., Ltd. (Shanghai, China). Serum samples were collected
from Affiliated Tumor Hospital of Nantong University. All other
reagents were of analytical grade and used without further
purification. Water used to prepare solutions was purified with
a Millipore system (18.2 MQ cm, 25 °C).

Instruments

Transmission electron microscopy (TEM) images were taken
using an FEI Tecnai G20 transmission electron microscope
(FEL, USA). Fourier transform infrared (FTIR) spectra were mea-
sured using an Agilent Cary 660 FTIR spectrometer (Agilent
Technologies, USA). UV-vis absorption spectra were recorded
using a NanoDrop OneC spectrophotometer (Thermo Scientific,
USA). X-ray photoelectron spectra (XPS) were recorded using an
AXIS UltraDLD X-ray photoelectron spectrometer (Kratos, Japan).
Fluorescence excitation and emission spectra were measured
using a Hitachi F-4600 fluorescence spectrophotometer (Hitachi,
Japan). Quantum yield was determined using an FLS1000 photo-
luminescence spectrometer (Edinburgh Instruments, UK).

Preparation of CDs

216 mg of o-phenylenediamine and 220 mg of hydroquinone
were dissolved in 10 mL of deionized water. 1 mL of sulfuric
acid was then added, followed by ultrasonicating for 10 min.
The mixture was transferred to a poly(tetrafluoroethylene)
(Teflon)-lined autoclave (25 mL), which was heated at 180 °C
for 10 h. Afterward, the solution was cooled down to room
temperature slowly. Ammonium hydroxide was then added to
achieve neutral conditions. A dark red solid was precipitated,
which was washed with water three times and dried under
vacuum at 60 °C.

Fluorescence quantification of Au®>" and sulfhydryl compounds

Standard Au®* solutions were prepared with a series of con-
centrations. CD was dissolved in 0.02 M PBS (pH = 7.4) and
ethanol (1:1) with a concentration of 17 ug mL™". 5 uL of Au®*
was spiked in 995 pL of CD. After reacting for 2 min, fluores-
cence spectra were measured at an excitation wavelength of
540 nm. To achieve the analysis of Cys and GSH, CD/Au’*
solutions were prepared with concentrations of 17 pg mL ™" and
6 uM, respectively. Then, 5 pL of Cys or GSH was added to the
above solutions. After reacting for 15 min, fluorescence spectra
were measured.

Real sample assays

Lake water samples were collected and filtered using filtration
membranes (0.22 pm). Afterward, 100 pL of the samples and
400 pL of 0.02 M PBS (pH = 7.4) were mixed with 500 puL of CD
solution (34 pg mL™"). The mixtures were stirred before the
addition of Au®". After that, fluorescence emission spectra were
recorded for the analysis of Au®*". For the detection of Cys and
GSH in serum samples, the mixtures of serum and CD/Au’*
were first prepared with the volume ratio of 10 uL:990 pL. The
following operations were similar to the above ones.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion S 2p, three peaks at 163.8 €V, 164.8 eV and 168.7 eV suggest the
presence of S 2p2/3 C-S-C, S 2p1/2 C-S-C, and C-SO,, respectively
(Fig. S1E, ESI). The results of XPS and FTIR are quite consistent,
demonstrating that CDs are rich in various functional groups,
such as amino, hydroxyl and carbonyl groups on their surfaces.
After interaction with Au®", thick gold layers are deposited on the
1.77 and 8.40 nm, with an average size of 3.90 nm. From the EDS ¢, face of the CDs, which can be clearly observed in the TEM
analysis, the major element is found to be carbon with a ratio over image (Fig. 1D). The formed layer is more visible compared with
90% (Fig. 1B). To probe the functional groups of CDs, an FTIR  the CDs. In the XPS high-resolution survey scan of Au element
spectrum is recorded. As shown in Fig. 1C, the broad absorption (gjg. §1F, ESIY), two distinct characteristic peaks (84.78 eV and
peak around 3245 cm ™" belongs to the stretching vibration of O-H  gg 33 eV) are obtained, which are assigned to the 4f7/2 and 4f5/2
or N-H. The peak at 3035 em™ " is ascribed to the stretching fearures of Au(0). The presence of the elements of Au, C, O, N, and
vibrations of C-H. The 1581 cm ™" and 1476 cm ™" peaks are from ¢ js also evidenced by TEM-mapping (Fig. S2, ESI}). In addition,
the C—C vibrations on the benzene ring. The 1219 em™" and  from the EDS analysis, the elemental ratio of Au is increased to
1096 cm ™" peaks are from C—S and C-O/C-N, respectively. I apout 30% (Fig. 1E). A Raman spectrum of the CDs was then
addition, the peaks at 808 em ', 752 cm™ ', and 730 em ™" are  recorded (Fig. 3, ESIY). Vibration peaks at 1384 and 1555 cm ™
ascribed to the bending vibrations of C-H. After interaction between  4re ascribed to the structures of sp® (D) and sp® (G), which
the CDs and Au™, the intensities of the N-H stretching and C-N  jndjcate the graphitic structure of the CDs. The UV-vis absorption
stretching bands are weakened, suggesting the reaction occurs  gpectra of the CDs before and after interaction with Au®** are
between amino groups and Au’". Next, the composition of CD compared in Fig. 1F. An obvious absorption around 540 nm
is characterized by XPS. The scanning spectra indicate the CDs  appears for the CDs. After the addition of Au®*, the absorption
contain C, N, O and S elements. The characteristic peaks of C 1s, N peak disappears, which may due to the formation of a gold layer.
1s, O 1s and S 2p are 284.80 €V, 399.83 eV, 531.9 eV and 163.94 €V, However, after further introduction of Cys, the peak can be
respectively (Fig. S1A, ESIf). The high-resolution spectra of C 1s,  restored, demonstrating the elimination of the gold layer. The
N 1s O 1s and S 2p are also recorded, respectively. For C 1s, the  zeta potential of bare CDs is measured to be —5.46 mV. After
peaks of 284.50 eV, 285.05 eV, and 288.65 eV are for C-C/C=C, being coated with a gold layer, the zeta potential decreases to
C-N(O,S), and C—0 (Fig. S1B, ESI}); for N 1s, the peaks at 398.5 €V,  —12.3 mV, which is due to [AuCl,]” ions outside the layer. After
399.9 eV and 400.99 eV indicate the presence of C-N, C-N-C and  further treatment with Cys, the gold layer can be digested,
N-H bonds (Fig. S1C, ESIT); for O 1s, the peaks at 531.8 eV and  exposing the CDs’ core. Meanwhile, the zeta potential is measured
533.0 eV correspond to C-O and C-O-H bonds (Fig. S1D, ESIf); for  to be less negative (—10.2 mV).

Characterization of CDs

The morphology of the CDs was first characterized by TEM. As
shown in Fig. 1A, the shape of the CDs is quasi-spherical and the
dispersibility is excellent. The diameter of the CDs ranges between
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Fig. 1 (A) TEM image and (B) EDS spectrum of the CDs. (C) FTIR spectra of the CDs before and after reacting with Au®*. (D) TEM image and (E) EDS
spectrum of the CDs after reacting with Au®*. (F) UV-vis absorption spectra of the CDs before and after reacting with Au®** and Cys.
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Fluorescence features of CDs

The fluorescence properties of CDs are carefully studied. The
excitation and emission spectra are shown in Fig. 2A. The
maximum excitation wavelength is 540 nm. After being excited
with a series of wavelengths (from 340 to 560 nm), no significant
shift of the emission peak (at 610 nm) can be observed, indicat-
ing the CDs have uniform size and surface states (Fig. 2B). The
excitation wavelength of 540 nm which contributes to the largest
emission, was then selected for the following fluorescence
experiments (Fig. 2C). The value coincides with the absorption
peak in the UV-vis spectra. The quantum yield of CDs is
determined to be 46.79%, which is quite high (Fig. S4, ESIY).
The stability of the CDs is then evaluated. As shown in Fig. 2D,
the emission intensity shows scarce variation under UV light for
a long time. In addition, the CDs show negligible fluorescence
emission alterations (Fig. S5A and B, ESIf), challenging the
circumstance of various salt concentrations (0 to 1 M) or
temperatures (4 to 70 °C). We have also prepared CD solutions
with different concentrations. The fluorescence emission spectra
are overlaid (Fig. S5C, ESIT). The peak intensity first increases
dramatically with larger concentration and reaches saturation.
With further increase in concentration, it drops slightly. The
optimized concentration of 17 pg mL™' was chosen for the
following experiments (Fig. S5D, ESIt).

The fluorescence quenching and recovery can be used for
the analysis of Au** and biothiols. As shown in Fig. 2E, after
blending CD and Au®*, the fluorescence peak intensity drops
significantly. Seven types of molecules (3-MPA, Cys, GSH, DTT,
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Hcy, AP and MOPS) are then introduced into the CD/Au*
system. The peak intensities can only be restored by the first
four molecules (Fig. 2F). The reason is that 3-MPA, Cys, GSH
and DTT contain free thiol groups, which interact with gold
layers effectively to eliminate the quenching effect. In contrast,
Hcy commonly exists in the form of disulfide. AP and MOPS do
not contain any thiol groups. Thus, the fluorescence emission
cannot be restored. These results demonstrate the feasibility of
“on-off-on” sensing of Au** and biothiols.

Experimental optimization and quantification of Au**

To achieve the best analytical performances, some critical
parameters are first optimized by comparing the fluorescence
intensities. After Au®" addition, the peak intensity decreases
with longer incubation time and becomes stable in 2 min
(Fig. S6A, ESIY). After further introduction of Cys and GSH as
examples of biothiols, the fluorescence peak intensities recover
with longer incubation times, which are basically unchanged in
15 min (Fig. S6B and C, ESIt). Therefore, the optimized reaction
times are set for the following experiments. We then prepared
standard Au®" solutions with concentrations from 0.1 to 10 pM.
Fig. 3A displays the fluorescence spectra of CDs after reaction
with Au®" for 2 min. The peak intensity decreases progressively
with the level of Au®". We then obtained the relationship
between the concentration of Au** and the fluorescence peak,
which is shown in Fig. 3B. The inset reflects the linear range
from 0.1 to 7 pM. The equation is fitted as follows:

y = 6183.15 — 874.95x (R*=0.998, n = 3)
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(A) Fluorescence excitation and emission spectra of CDs. (B) Fluorescence emission spectra of CDs with different excitation wavelengths. (C) The

relationship between the excitation wavelength and the fluorescence peak intensity (610 nm). (D) Fluorescence stability of CDs. (E) Fluorescence
emission spectra of CDs, CD/Au**, CD/Au®* + 3-MPA, CD/Au®* + Cys, CD/Au®* + GSH, CD/Au** + DTT, CD/Au®* + Hcy, CD/Au®* + AP, and CD/AU®* +

MOPS. (F) The corresponding peak fluorescence intensities.
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Fig. 3 (A) Fluorescence spectra for the detection of Au** with a series of concentrations. (B) The relationship between the concentration of Au** and the
peak intensity. The inset shows the linear range. (C) Fluorescence peak intensities of CDs after blending with different types of ions. The inset shows the
pictures excited by daylight (left) and using a 365 nm UV lamp (right). (D) Fluorescence spectra for the detection of Cys with a series of concentrations.
(E) The relationship between the concentration of Cys and the peak intensity. (F) Fluorescence peak intensities of CD/Au®* after blending with different
types of amino acids and GSH. The inset shows the pictures excited by daylight (left) and using a 365 nm UV lamp (right). Fluorescence response of CDs in
real samples spiked with different concentrations of (G) Au**, (H) Cys, and (1) GSH.

in which y is the fluorescence peak intensity, and x represents the
concentration of Au*" (uM). The limit of detection is calculated to
be 10 nM (S/N = 3), which shows certain superiority compared with
most recently reported biosensors (Table S1, ESIT). To demonstrate
the selectivity of CDs towards Au®", we tested 16 different common
metal ions as potential interfering substances. The concentration
of Au®* is 10 uM, while the concentration of other ions is 100 uM.
The obtained peak intensities are listed in Fig. 3C. The fluores-
cence intensities are not significantly affected by the interfering
substances even with 10 times higher concentrations. The reason
is that our prepared CDs exhibit weak binding capabilities with
these ions and cannot reduce them like Au**.

Quantification of biothiols based on CD-Au**

The fluorescence of CDs quenched by Au** can be restored by
certain biothiols. The quantitative analysis is then studied.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 3D illustrates the fluorescence spectra of the CD/Au**
system after further reaction with Cys for 15 min. The peak
intensity increases with a larger concentration of Cys and the
detailed relationship is summarized in Fig. 3E. The recovery
reaches saturation in 200 pM. Similar fluorescence recovery
and quantitative analysis of GSH from 1 to 1000 pM are also
achieved (Fig. S7, ESIt). We then introduced common amino
acids as potential interfering molecules to study the selectivity
of the CD/Au*" system. The concentrations of Cys and GSH are
40 pM, while the other substances have concentrations of
400 pM. The fluorescence responses are listed in Fig. 3F. Cys
and GSH can obviously restore the fluorescence. However, after
treating with the other amino acids, the fluorescence intensi-
ties are nearly the same as the blank case. These results
demonstrate the high selectivity of these “on-off-on” fluores-
cence biosensors.
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Analysis of Au** and biothiols in real samples

To ensure the reliability of Au*" analysis, lake water samples are
employed and a standard addition method is performed. After
spiking with different amounts of Au®* in filtered lake water samples,
the prepared CD solutions are mixed and the fluorescence emission
spectra are recorded. With a larger concentration of spiked Au®*, the
peak intensity is smaller. After referring to the established equation
for standard Au®", the concentrations of Au*" in the lake samples are
calculated, which approximate to the added concentrations (Fig. 3G).
We have also collected serum samples. After diluting with PBS
containing CD/Au*', the solutions were spiked with different con-
centrations of Cys and GSH. The increased fluorescence recovery can
be observed with more biothiols (Fig. 3H and I), demonstrating that
the biological samples do not significantly interfere with the sensing
system. This demonstrates that the proposed “on-off-on” biosensor
shows great potential for practical applications.

Conclusions

In summary, we have achieved the synthesis of bright CDs through
a one-pot solvothermal method. o-Phenylenediamine and hydro-
quinone are selected as the carbon precursors. The prepared CDs
exhibit satisfactory photostability, high sensitivity and selectivity
towards Au®*" sensing. After the ions are reduced to Au(0), the
fluorescence emission of the CDs is effectively quenched due to the
electron transfer. The decline in intensity reflects the level of initial
Au’". Moreover, biothiols including Cys and GSH preferentially
interact with the gold layers around the CDs, leading to the recovery
of fluorescence emission, realizing “on-off-on” sensing perfor-
mances. The analytical results of Au®>" and biothiols in real samples
also indicate good performances. In general, the proposed strategy
has promising prospects in environmental and biological fields.
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