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In this study, dual-emission fluorescent carbon dots (DE-CDs) with high fluorescence quantum yield (46%)
were efficiently prepared through a one-step hydrothermal strategy using L-arginine and 1-
pyrenecarboxaldehyde as precursors. The hydrothermal reaction conditions were optimized, and the
morphological structure and elemental composition were characterized. The investigation of optical
properties showed that the as-prepared DE-CDs displayed two maximum emissions at 378 and 398 nm
upon excitation at 340 nm with superior photobleaching resistance, thermostability, pH stability and salt
tolerance. In addition, the two fluorescence emissions could be selectively quenched by berberine
hydrochloride (BH) with good linear correlation (R> = 0.9970 and 0.9967) in the range of 0-10 uM.
Therefore, a fluorescence detection platform for BH was developed with low detection limits (0.32 and
0.30 uM), short response time (<10 s) as well as good recoveries for actual samples (92-110%). Finally,
the quenching mechanism was studied and proposed to be a combination of the inner-filter effect (IFE,
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Introduction

Berberine is a quaternary isoquinoline-based alkaloid that
naturally occurs in traditional Chinese medicine, such as cop-
tis, cypress and goldenseal. It is also known as Coptis rhizome
and is typically used in the form of berberine hydrochloride
(BH). Numerous studies have shown that BH displays tremen-
dous therapeutic potential, including for the treatment of
hypertension® and obesity,® pain relief,* liver protection® and
anticancer activity.*” Due to its bioactivity and wide applica-
tions, the development of sensitive and rapid detection
methods for BH is particularly important in the quality evalu-
ation of traditional Chinese medicine and in pharmaceutical
analysis. The conventionally used detection methods are redox
titration and high-performance liquid chromatography
(HPLC).® However, these methods suffer from complicated and
time-consuming detection processes as well as expensive
instruments. In order to realize sensitive and convenient
detection of BH, new detection strategies, such as capillary
electrophoresis,” electrochemical analysis,'” photoelectro-
chemical' and metal nanoparticle-based chemiluminescence*
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62.66%) and fluorescence resonance energy transfer (FRET).

methods, have been rapidly developed in recent years. Although
these strategies have the advantages of good selectivity and
sensitivity, they still have the disadvantages of complex prepa-
ration processes®™ and employment of noble or heavy metals
(e.g. Ag, Au, and Cu).”” Therefore, it is of great significance to
establish a rapid, simple and low-cost method for the quanti-
tative analysis of BH.

To address this issue, carbon dot (CD)-based fluorescence
methods stand out due to their low-cost and simple prepara-
tion, excellent photoluminescence as well as good selectivity
and sensitivity." Similar probes were developed for BH detec-
tion by Yan et al., Ren et al. and Tan et al. in 2021 and 2022."
However, all the CDs employed in these methods exhibited
single-fluorescence emission and were easily affected by the
concentration and uniformity of sensors, environmental
conditions and instrument status.” Comparatively, dual-
emission fluorescent CDs can overcome these disadvantages
and improve the sensitivity and accuracy by simultaneously
monitoring two fluorescence intensities.*® Therefore, dual-
emission CDs have developed very rapidly in the fields of
pharmaceutical analysis, environmental monitoring and bio-
imaging.'”” However, despite the great achievements made on
the applications of CDs, the pursuit of CDs with efficient
preparation method, simple synthetic precursors, high
quantum yield and excellent optical properties never ends.

Based on the above considerations and our previous works
relating to the facile synthesis and application of novel CDs,®
we would like to demonstrate here an efficient preparation of
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dual-emission CDs (DE-CDs) using easily available r-arginine
and 1-pyrenecarboxaldehyde as precursors through a one-step
hydrothermal method at 190 °C for 4 h, as shown in Scheme
1. The morphological structure and elemental compositions
were carefully characterized and indicated the successful
synthesis of carbon dots. The dual blue fluorescence emission
at 378 and 398 nm of DE-CDs showed superior photobleaching
resistance, thermostability, pH stability and salt tolerance with
relatively high fluorescence quantum yield (FLQY: 46%).
Importantly, the two emission peaks could be instantly
quenched by BH with good linearity and a low detection limit
over the range of 0-10 uM. Furthermore, the detection of BH in
actual samples (berberine hydrochloride tablets and capsules)
showed good recoveries with relative standard deviations (RSD)
less than 5%. Finally, the quenching mechanism was proposed
to be a combination of the inner-filter effect (IFE) and fluores-
cence resonance energy transfer (FRET).

Results and discussion
Synthesis and characterization

Firstly, a series of experiments were conducted to optimize the
hydrothermal reaction conditions for DE-CDs. As summarized
in Table S1, three typical factors (precursor ratio, reaction
temperature and time) were investigated and the optimal
conditions for DE-CDs with the highest fluorescence intensity
were obtained: r-arginine (0.9 g) and 1-pyrenecarboxaldehyde
(0.02 g) in pure water (12.5 mL) at 190 °C for 4 h (Table S1 and
entry 2).

Then, the morphological structure and surface functional
groups of DE-CDs were characterized. As shown in the trans-
mission electron microscopy (TEM) image, DE-CDs are uniform
in size (Fig. 1a) and narrowly distributed with an average
particle size of 1.79 nm (Fig. 1b). The high-resolution TEM
(HRTEM) image reveals that the DE-CDs have lattice fringes
with lattice spacing of 0.15 nm, indicating the graphene struc-
ture of DE-CDs (Fig. 1c). From the typical X-ray diffraction (XRD)
pattern in Fig. S1, a broad peak at 11° might be caused by the
layered structure of carbon material," and a weak peak at
around 20° corresponds to the peak of graphite (002).*° The
surface functional groups of DE-CDs were analyzed by Fourier
transform infrared spectroscopy (FTIR). As shown in Fig. 1d, the
broad absorption peak at 3226 cm ™" corresponds to the N-H/O-
H bond stretching vibration.?* Peaks at 2932 and 1468 cm ™" are
attributed to the stretching and bending vibrations of C-H
bonds, respectively.'**?> The two peaks at 1640 and 1548 cm ™"

"
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Scheme 1 Synthesis of DE-CDs and the fluorescence detection of BH.
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Fig.1 (a) TEM image of DE-CDs; (b) size distribution histogram of DE-
CDs; (c) HRTEM image of DE-CDs; and (d) FTIR spectrum of DE-CDs.

correspond to the stretching vibrations of the C=0/C=N and
C=C bonds, respectively."**>> The peak at 1325 cm ™" and the
absorption band from 1203 to 1030 cm ™' correspond to the
stretching vibrations of the C-N and C-O bonds, respectively.**
These results show the successful synthesis of carbon dots, and
the hydrophilic surface groups would be helpful in enhancing
the stability and sensing ability of DE-CDs in aqueous solution.

Next, the elemental composition was investigated by X-ray
photoelectron spectroscopy (XPS) as shown in Fig. 2. The full-
scan XPS spectrum shows three distinct peaks at 284.09,
399.95 and 530.43 eV, indicating the presence of C 1s
(65.55%), N 1s (17.13%) and O 1s (17.32%), respectively
(Fig. 2a). The high-resolution C 1s spectrum shows three fitted
peaks at 283.92, 285.02 and 287.33 eV, corresponding to C-C/
C=C, C-0O and C=0 bonds, respectively (Fig. 2b).* On the
high-resolution O 1s spectrum (Fig. 2¢), two fitted peaks appear
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Fig. 2 XPS spectra of DE-CDs: (a) full scan. (b—d) High-resolution
spectra of C 1s, O 1s and N 1s.
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at 530.29 and 531.07 eV, representing C=0 and C-O bonds,
respectively.”® The high-resolution N 1s spectrum (Fig. 2d)
shows two peaks at 398.84 and 400.42 eV, indicating the exis-
tence of C-N and N-H bonds, respectively.”*** All these results
are consistent with those of FTIR studies, showing the presence
of a large amount of oxygen- and nitrogen-containing groups on
DE-CDs and providing the basis for the subsequent fluores-
cence sensing in aqueous solution.

Optical properties

The optical properties were characterized by UV-vis and fluo-
rescence spectroscopy. As shown in Fig. 3a, the UV-vis absorp-
tion spectrum of DE-CDs shows an absorption band at 269 nm,
which should be attributed to the m-m* transition of the
conjugated C=C bond. Besides, the peak at 334 nm might be
caused by the n—-m* transition of the C=N/C=0 bond.***” The
fluorescence spectrum shows that the optimal excitation and
emission wavelengths of DE-CDs are 340 and 378/398 nm,
respectively. The fluorescence quantum yield (FLQY) of DE-CDs
is measured to be 46% using quinine sulfate as reference
(Fig. S2). Due to the short absorption wavelength and highly
dual-fluorescence emission, the aqueous solution of DE-CDs
shows a light-yellow color under sunlight and strong blue
fluorescence under 365 nm UV light (inset of Fig. 3a). When the
excitation wavelength increases from 280 to 360 nm, the fluo-
rescence emission peaks of DE-CDs are almost unchanged
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Fig. 3 (a) UV-vis absorption, fluorescence excitation and emission

spectra of DE-CDs (insets: photographs of DE-CDs solution under
sunlight (left) and 365 nm UV light (right)). (b) Fluorescence emission
spectra of DE-CDs excited at different wavelengths. (c—f) Fluores-
cence intensities of DE-CDs at 378/398 nm (black/red): (c) on
continuous excitation at 340 nm and (d-f) at different incubation
temperatures, pH and NaCl concentrations (n = 3).
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(Fig. 3b). Generally, the excitation-independent emission
property indicates uniform particle size and similar surface
states of DE-CDs. In addition, the fluorescence intensities under
different conditions were recorded to study the stability of DE-
CDs (Fig. 3c-f). It can be seen that the two fluorescence emis-
sion peaks remain almost unchanged under continuous irra-
diation at 340 nm for 90 min, incubation temperatures (5-85 °
C), pH values (3-12) and NacCl concentrations (0-100 mM). The
excellent performance of DE-CDs (photobleaching resistance,
thermostability, pH stability and salt tolerance) indicate that
DE-CDs could adapt well to its environment and provide
a guarantee for its application in fluorescence sensing.

Sensing property

The sensing selectivity of DE-CDs was investigated by adding 16
common ions (AI**, Ca**, Cu®*, Fe**, K*, Mg**, Na*, zn**, Br™,
Cl-, CO>7, F, I, NO;~, PO,*” and SO,>") and 11 common
compounds (glutathione (GSH), glucose, r-glycine (L-Gly), t-
arginine (t-Arg), r-glutamic acid (t-Glu), r-histidine (r-His),
ascorbic acid (AA), nicotinamide, citric acid (CA), urea and
berberine chloride (BH)) to DE-CDs aqueous solutions. As
shown in Fig. 4a, the fluorescence intensities of the two emis-
sion peaks (378/398 nm) are both more significantly quenched
by BH than by other ions and compounds. The anti-interference
ability of DE-CDs was also investigated (Fig. S3) and showed
that the selectivity of DE-CDs for BH was not affected. The
investigation of response time shows that the fluorescence
signals of DE-CDs at 378/398 nm were completely quenched by
BH at the beginning of the reaction (<10 s) (Fig. S4). In order to
investigate the applicability and sensitivity of DE-CDs for
sensing BH, the fluorescence intensities of DE-CDs solutions
containing different amounts of BH were measured. As shown
in Fig. 4b, the fluorescence intensities of DE-CDs gradually
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Fig. 4 (a) Fluorescence spectra of DE-CDs with different ions or
compounds (BH = 50 uM, other ions or compounds = 100 uM). (b)
Fluorescence spectra of DE-CDs at different concentrations of BH
(insets: photographs of DE-CDs solutions without (left)/with (right) BH
(50 uM) under 365 nm UV light. (c and d) The relationship between F/Fg
and the concentration of BH at (c) 378 and (d) 398 nm.
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decreased with increasing amount of BH. Fig. 4c and d display
the quenching efficiency F/F, at 378 and 398 nm versus the BH
concentration, where F, and F are the fluorescence intensities of
DE-CDs solution without and with BH, respectively. The linear
equation for the peak at 378 nm was defined as F/F, = —0.0440
C(BH) + 0.9888 with a correlation coefficient of R = 0.9970 and
that at 398 nm was defined as F/F, = —0.0444 C(BH) + 0.9888
with R” = 0.9967 over the range of 0-10 uM (insets of Fig. 4c and
d). It can be seen that the two peaks showed similar sensitivity
to BH in aqueous solution. The limit of detection (LoD) was
calculated to be 0.32 and 0.30 uM at 378 and 398 nm, respec-
tively, through the (30/k) method, where ¢ is the standard
deviation of the blank sample (n = 10) (Table S2) and k is the
slope of the linear calibration curve. Compared with previously
reported works," DE-CDs in this work exhibit a fast and dual
response to BH, which indicates that DE-CDs may serve as
a more sensitive fluorescence sensor for the rapid quantitative
analysis of BH.

Actual sample testing

In order to validate the practical feasibility of the above method,
the detection of BH in actual samples was further investigated,
and the results calculated through the two linear equations at
378 and 398 nm are shown in Table 1. As can be seen, the
recoveries of BH in berberine hydrochloride tablet and capsule
were both 92-110% with acceptable relative standard deviations
(RSD < 5%). These results make DE-CDs a potential double-
guarantee sensor for BH detection in pharmaceutical analysis.

Quenching mechanism

In order to explore the possible quenching mechanism of DE-
CDs, a series of experiments were carried out as follows.
Firstly, as shown in Fig. 5a, the experimental UV-visible
absorption spectra of DE-CDs/BH mixtures were consistent
with the theoretical absorption spectra, which rules out the
formation of non-fluorescent ground state complexes.™ Fig. 5b
shows that the UV-vis absorption spectrum of BH overlaps with
both the excitation and emission spectra of DE-CDs, which
suggests the possible presence of the internal filtering effect
(IFE) and fluorescence resonance energy transfer (FRET).'®
Three negative zeta potentials of —27.6, —18.0 and —2.6 mV
indicate that there was no electrostatic attraction between the
DE-CDs and the BH (Fig. 5¢). From Fig. 5d, we can see that the
fluorescence lifetimes of the DE-CDs changed significantly

Table 1 Detection of BH in actual samples (Aem = 378/398 nm, n = 3)

Sample Added (uM)  Found (uM)  Recovery (%)  RSD (%)
BH tablet 0 3.43/2.70 — 0.83/0.93
2 5.86/5.16 108.07/109.68  0.58/0.61
4 7.97/7.31 107.35/109.07  1.97/1.93
6 9.26/8.62 98.25/99.00 1.28/1.26
BH capsule 0 2.19/1.84 — 3.39/1.50
2 4.10/3.98 97.83/103.74 4.53/4.54
4 5.78/5.66 93.33/96.87 4.62/4.57
6 7.5717.42 92.46/94.60 2.00/2.18
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Fig. 5 (a) UV-vis absorption spectra of DE-CDs and BH, theoretical
and experimental spectra of DE-CDs/BH. (b) UV-vis absorption spectra
of BH, fluorescence excitation and emission spectra of DE-CDs. (c)
Zeta potentials of DE-CDs, BH, and DE-CDs/BH (n = 3). (d) Fluores-
cence lifetimes of DE-CDs without/with BH (Aex = 340 nm, Ae, = 378
nm).

before and after the addition of different concentrations of BH
(70.80, 70.20, 66.78 and 61.23 ns), which suggests the existence
of FRET.”® Finally, the occupancy of the IFE was calculated to be
62.66% at 378 nm according to Parker's equation. The static and
dynamic quenching mechanisms of DE-CDs were further ruled
out by the Stern-Volmer equation (Table S3 and Fig. S6).*°
Therefore, the quenching mechanism of DE-CDs by BH was
proposed to be a combination of IFE and FRET.

Conclusions

In summary, blue fluorescent DE-CDs with high fluorescence
quantum yield (46%) and dual-emission property were effi-
ciently prepared from r-arginine and 1-pyrenecarboxaldehyde
by a one-pot hydrothermal method. Morphological and optical
characterization showed the successful synthesis of carbon dots
with uniform size, and the as-prepared DE-CDs demonstrated
superior photobleaching resistance, thermostability, pH
stability and salt tolerance. In addition, the two fluorescence
emission peaks could be quenched by BH through a combina-
tion mechanism involving IFE (62.66%) and FRET, with good
linear correlation in the range of 0-10 puM. Based on this,
a fluorescence sensing platform was developed for the detection
of BH with high selectivity and sensitivity (LoD = 0.32 and 0.3
uM), short response time (<10 s) and acceptable recoveries and
RSD in actual samples. The above outstanding advantages of
DE-CDs are expected to make them an alternative double-
guarantee sensor for BH detection in the quality evaluation of
traditional Chinese medicine and in pharmaceutical analysis.
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