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Abstract

Visual detection

Berberine hydrochloride (BH) is an isoquinoline alkaloid normally used as drug to treat diseases. Compared with the
traditional detection methods, the carbon quantum dots (CQDs) have better selectivity, high sensitivity, easy
operation, and is inexpensive which could be widely utilized as fluorescent nanoprobes to detect various
compounds quantificationally. And ratiometric fluorescent sensors conspicuously increase sensitivity and precision
detection and improve quantification. In this work, we use water-soluble and fluorescent cationic carbon dots
cetylpyridinium chloride monohydrate (CPC)-CQDs to connect with pinacyanol chloride (PC) and sodium
tetraphenylborate (ST) as the ratiometric fluorescent probe to detect BH. The ratiometric fluorescent probe has high
sensitivity towards alkaloids and metal ions, photochemical stability (60 min), and pH stability (from 6.0 to 8.0), with
the detection range from 0 to 200 uM, and limit was as low as 57.35 nM. The accuracy of the method was verified
by spiked recovery experiment in different human blood serums which were drawn from healthy adult volunteers
to explore the practicability. The recoveries were in the range 94.34 to 105.48% with relative standard deviations
(RSD) of 0.80 to 2.92%. In addition, we could observe that the fluorescence was gradually darkened, and the color
turned yellow to realize the visual detection. It is expected that this work would open up a new strategy for
detecting BH in the environment and human blood serums.
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Introduction

Berberine hydrochloride (BH) is an isoquinoline alkaloid
from the Berberis species. Because of the inhibitory ef-
fect on Dysentery bacillus, Escherichia coli, Streptococcus
aureus, Pneumococcus, Typhoid bacillus, and Amoeba,
the extensive anti-cancer and anti-inflammation effects
have been widely used as drug to treat some diseases in-
cluding diarrhea, dysentery, and stomatitis (X. W. Jiang
et al, 2013). It also has certain curative effect on
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tuberculosis, scarlet fever, acute tonsillitis, and respira-
tory tract infection (J. S. Wang et al, 2020; Z. Wang
et al, 2017). Up to now, the detection methods of BH
include resonance Rayleigh scattering, ultraviolet spec-
trophotometry, chemiluminescence, fractional imprint-
ing electrode, capillary electrophoresis, and fluorescence
spectrometry (Biparva, Abedirad, Kazemi, & Shanehsaz,
2016; Liang, Kuang, Ma, Chen, & Long, 2016; S. P. Liu,
Yang, Liu, Liu, & Shi, 2006). Most of detection methods
require to use the expensive, sophisticated instrument
and troublesome pretreatment procedures. Therefore,
the establishment of a rapid and simple method for the
detection of BH is of great significance. Fluorescence
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analysis has been widely used for pollutant analysis and
detection in recent years because of its better selection,
high sensitivity, uncomplicated instruments, low cost,
and easy operation (Baker & Baker, 2010; Das, Bandyo-
padhyay, & Pramanik, 2018; Molaei, 2019). At the same
time, as an environment-friendly optical probe, carbon
quantum dots (CQDs) are widely used in the field of
analysis and detection (Li, Kang, Liu, & Lee, 2012).

Fluorescent carbon nanoparticles or carbon quantum
dots (CQDs) are a new class of carbon nanomaterials
that have emerged recently, which have been identified
as a new class of “zero-dimensional” nanomaterials (Li
et al, 2012). On the account of CQDs have remarkable
chemical and physical properties, such as, easy synthesis,
high water solubility, stable fluorescence, low toxicity,
and good biocompatibility, they have been widely ap-
plied in bioimaging, sensor, photocatalysis, drug delivery,
and medical diagnosis (Feng, Ai, An, Yang, & Zhao,
2016; Guo, Zhang, Cao, & Leng, 2016; K. Jiang et al,
2015; Wu et al, 2016; Zhu et al.,, 2013). Since fluores-
cence sensing is usually aimed at small molecules, it is
necessary to achieve highly selective quantitative deter-
mination of a given analyte. Although most of the fluor-
escent probes are absolute intensity-dependent signal
readout, they may fail to accurately analyze the concen-
tration of target substance because of the presence of
various analyte-independent factors, such as instrument
parameters, background light scattering, and the micro-
environment around the probe molecule (Chen, Prad-
han, Wang, Kim, & Yoon, 2012; Kim, Guo, Zhu, Yoon,
& Tian, 2011; Kim, Ren, Kim, & Yoon, 2012; J. Shen,
Shang, Chen, Wang, & Cai, 2017; Vaz et al, 2017).
Ratiometric fluorescent sensors were proposed to over-
come these problems and insure reliability. Ratiometric
fluorescent sensors rely on the intensity of two or more
emission bands and offer self-calibration for environ-
mental interference which could conspicuously increase
sensitivity and precision detection and improve quantifi-
cation under conditions of quantitative analysis (Haidek-
ker & Theodorakis, 2016; Kumar et al., 2016; J. T. Liu
et al., 2009).

In this work, we designed a ratiometric fluorescent
sensor to measure BH in the deionized water and human
blood serums. Firstly, we synthesized cetylpyridinium
chloride monohydrate (CPC)-CQDs according to a re-
ported, rapid and eco-friendly method. Then, CPC-
CQDs conjugated with pinacyanol chloride (PC) and so-
dium tetraphenylborate (ST) to build the ratiometric
fluorescent probe. We studied the fluorescence response
of the sensing sensor to BH, with the detection range
from 0 to 200 uM, and limit was as low as 57.35 nM. In
addition, we measured the high resistance of the probe
for metal ions and alkaloid reagents, photostability (60
min), and pH stability (from 6.0 to 8.0). The accuracy of
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the method was verified by spiked recovery experiment in
different human blood serums which were taken from
healthy adult volunteers from Peking University Third
Hospital to explore the practicability. In addition, we
could observe that the fluorescence was gradually dark-
ened, and the color turned yellow to realize the visual de-
tection. All in all, this ratiometric fluorescent probe could
be used to detect BH visually, sensitively, and precisely.

Materials and methods

Chemicals

Pinacyanol chloride (PC), sodium tetraphenylborate (ST),
cetylpyridinium chloride monohydrate (CPC), and all de-
tected objects (berberine hydrochloride (BH), omeprazole
(OPZ), D-tetrandrine, reserpine, quinidine, sulfamethazine
(SM2), sulfapyridine) were purchased from Shanghai Alad-
din, Ltd. (Shanghai, China). All metal salts (AgCl,
BaCl,2H,O, FeCl,, FeCl;, CdCl,2%:H,O, ZnSO,,
MgCl,-6H,0, CuSO,4 CaCly, CoCly6H,0) were supplied
from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
Deionized water and tap water were obtained from the la-
boratory in China Agricultural University (Beijing, China).

Instrument

The morphologies of CPC-CQDs were characterized by
transmission electron microscope (TEM) and high-
resolution transmission electron microscope (HRTEM)
(STEM; FEI Tecnai G2 F30, 300kV). Fourier transform
infrared (FTIR) spectra were recorded on a Nicolet
NEXUS-470 Spectrometer (Madison, USA), using the
KBr pellet method. X-ray photoelectron spectroscopy
(XPS) from Thermo Escalab 250Xi (USA) was acquired
and processed by the advanced advantage data system in
order to investigate the chemical structures. Fluores-
cence spectra were recorded on an F-7000 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan). Ultraviolet
—visible (UV-Vis) spectra were recorded on a WTF UV-
2102PC UV-Vis spectrophotometer (UNICO Shanghai
Instrument Co., Ltd., China).

Preparation of CPC-CQDs and the fluorescent probe

The CPC-CQDs were prepared according to the previ-
ously reported method (Gao et al, 2019). CPC-CQDs
were carbon quantum dots with CPC as the carbon
source. The setting of reaction conditions (including
NaOH concentration, response time, and temperature)
would affect the properties of CQDs. By comparison, the
CQDs were synthesized via a simple method: 400 puL of
1M NaOH was added into 10 mL CPC solution (50
mM), followed by ultrasonic treatment at room
temperature for 12 h. To end the synthetic reaction, add-
ing HCl into the solution to adjust pH to 7.0. Then, the
solution was extracted by dichloromethane solution to
get the upper and dialyzed for 48 h with dialysis bags in
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Scheme 1 Preparation process of CPC-CQDs, the sensing probe, and the proposed sensing mechanism
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deionized water to remove interference substances. After
vacuum freeze drying, we could obtain the CPC-CQDs
powder. Then, we prepared the sensing probe: adding
0.05mg CPC-CQDs, 1puL of 1mM PC solution, and
25uL of 1 mM tetraphenylborate solution into 1mL
sample.

Quantum yields
Qy of the CPC-CQDs was calculated as:

(1)

Dy

_® A=\ (L (1,=°
° Ay I ”SZ
where Os is the Qy of the standard, A is the optical
density, I is absorbance at the excitation wavelength
(370 nm), # is the refractive index of the solvent (both

are 1.33), x subscript denotes unknown, and s is the
standard (rhodamine B).
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Fig. 1 a TEM images of CPC-CQDs (inset: HRTEM image of CPC-CQDs; background: particle size distribution of CPC-CQDs). b Absorption (blue),
excitation spectra (red), and emission spectra (black) of CPC-CQDs. ¢ FTIR spectra of CPC-CQDs. d Absorption of the materials and mixture
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Fig. 2 X-ray photoelectron spectroscopy (XPS) spectra of CPC-CQDs (a) and Cls, O1s, and N1s of CPC-CQDs (b, ¢, and d) respectively
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Assay procedures

The detection of BH was performed at room
temperature in deionized water. The change in fluores-
cence intensity was recorded at 370 nm after adding dif-
ferent concentrations of BH (from 0 to 200 pM) under
well-mixing conditions. Then, the same concentration
(50 uM) of metal ions and alkaloid reagents was added
to study the selectivity and anti-interference of the CPC-
CQDs. In addition, we investigated the photostability
and pH stability by recoding the fluorescence intensity
change every 10 min under 1 h and pH from 5.0 to 9.0.

Preparation of real samples

To investigate the detection of BH by the detecting sys-
tem in real samples, we prepared different human blood
serums. Human blood serums were taken from healthy
adult volunteers from Peking University Third Hospital.
The blood samples were pretreated to eliminate any pro-
tein interference and to improve the recovery, adding 3
mL portion of trichloroacetic acid (quality fraction 15%)
to 1 mL serum to destroy the activity of proteins in the
serum and to precipitate them from the solution. The
mixture was centrifuged at 10,000 rpm for 10 min after
vigorous shaking for 15 min. The supernatant was ob-
tained and modulated to pH7.0 utilizing NaOH

solution. The treated serum samples were diluted 50
times using deionized water.

Results and discussion

Characterizations of CPC-CQDs and ratiometric
fluorescent probe

As shown in Scheme 1, to obtain CPC-CQDs, we adopted
a simple and efficient “bottom-up” method (Feng et al,
2016). CPC-CQDs were carbon quantum dots with CPC
as the carbon source because the CPC-CQDs had posi-
tively charged surfaces, so it could as the electron donor
group (EDG). While quaternary ammonium group could
as the electron withdrawing group (EWG), formed a
“push-pull” electron conjugate system (D-m-A), which
showed yellow fluorescence emission (Zheng et al., 2015).
We study the morphology, optical, and structure of the
CPC-CQDs through TEM image, HRTEM image, XPS,
UV-vis absorption, FTIR, and fluorescence spectra.

The morphology and particle size of CPC-CQDs were
characterized by transmission electron microscopy
(TEM) and high resolution transmission electron mi-
croscopy (HRTEM). As shown in Fig. 1a, the small black
dots in the picture were carbon dots; we could observe
that the synthesized CPC-CQDs were uniformly distrib-
uted without aggregation. The particle size of the
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Fig. 3 a Fluorescence emission spectra of ratiometric fluorescent probe respond to different concentrations of BH (from 0 to 200 uM) (insets
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synthesized CPC-CQDs was found mainly distributed
from 0.78 to 6.10 nm, with an average particle size of
3.20 nm, on analyzing 100 individual particles. HRTEM
image demonstrated a lattice spacing of 0.21 nm corre-
sponding to graphene (1100) plane (Zheng, Ananthanar-
ayanan, Luo, & Chen, 2015).

From Fig. 1b, we could research the optical properties
of CPC-CQDs. The fluorescence emission peak of CPC-
CQDs was at 540 nm, and the fluorescence excitation
peak was at 340 nm and 370 nm;. in this work, we used
the 370 nm as the Ex wavelength because the absorption
peak of BH at 340 nm overlapped resulting in internal
filtration. In addition, when we irradiated the carbon
quantum dot solution with UV lamp at 365 nm, the solu-
tion was bright orange (Fig. 3a inset). Furthermore, the
quantum yield (Qy) of the prepared CPC-CQDs was de-
termined to be 22.30% (Guan, Huang, Qian, & Yu, 2017).

As shown in the Fig. 1c, we could speculate the func-
tional groups on the surface of CPC-CQDs by FTIR ex-
periments. The characteristic absorption peaks at
3383 cm ' ascribed to O—H/N-H stretching bond, at
2917 cm™ ! and 2850 cm™ ! for the stretching vibration of

C-H, CH; and CH, moieties, and the peaks at 1636
ecm™ ' and 1470 cm™ ' were assigned to C=C and C=N in
pyridine, respectively. The series of bands from 1636 to
1470 cm™ ! were ascribed to a CH, stretching vibration
deformation (Hu et al., 2014; Prasannan & Imae, 2013).
Figure 1d showed the UV absorption spectra of the
materials and the mixture. The two peaks at 334 and
400 nm of CPC-CQDs refer to the m—m* transitions of
aromatic sp> domains and n—rm* transitions. We specu-
lated the fluorescence quenching mechanism from the
UV absorption spectra and the fluorescence spectra. It
could be seen that BH had absorption peaks at 227, 263,
343, and 420 nm. The fluorescence emission peak and
the fluorescence excitation peak of CPC-CQDs were at
540 nm, 340 nm, and 370 nm, respectively. The excita-
tion and emission spectra overlapped with the absorp-
tion spectra of BH, so the fluorescence quenching may
be caused by the internal filtration between them (Xu
et al, 2020). What's more, the fluorescence static
quenching caused by electrostatic effect was another rea-
son for fluorescence quenching. The second peak of
fluorescence quenching at 630 nm quenched faster than
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Fig. 4 Selectivity of the CPC-CQDs sensors in the presence of 50 uM various alkaloids and metal ions

the fluorescence peak at 525nm because CPC-CQDs
and PC were positive electrical conductivity, and sodium
tetraphenylborate was negative electrical conductivity
(Gao et al,, 2019; Lee, Kim, & Sessler, 2015). The sensing
probe could connect with BH through electrostatic effect
resulting in fluorescence quenching. In conclusion,
fluorescence quenching mechanism of BH on the ratio-
metric fluorescent probe is synergistic effect of internal
filtration and static quenching induced by electrostatic
action.

XPS measurement could further investigate the surface
functional groups and elemental states of CPC-CQDs as
shown in the Fig. 2. The XPS survey (Fig. 2a) showed
that CPC-CQDs mainly contain carbon (Cls), oxygen
(O1s), and nitrogen (N1s), and their composition con-
tents were 85.71%, 3.34%, and 3.25% respectively.
Among them, the Cls spectrum of CPC-CQDs (Fig. 2b)
showed three peaks at 284.6 eV, 285.2 ¢V, and 286.7 eV,
respectively, indicating that the carbon belongs to three
different chemical environments, corresponding to C-C/
C=C, C-0O/C-N, and C=0/0-C=0 groups, respectively
(Huang et al., 2014; J. Wang, Wang, & Chen, 2012).
Then, we analyzed the Ols spectra, as shown in Fig. 2¢;
the Ols spectra show three peaks at 530.9 eV, 532.1 ¢V,
and 533.3 eV, which referred to C-O, C=0, and C-OH/
C-O-C groups (Wohlgemuth, White, Willinger, Titirici,
& Antonietti, 2012). In the high-resolution N1s spectra
(Fig. 2d), the three peaks at 399.5, 401.7, and 403.0eV
could be attributed to C-N-C, N*-4C, and N-H groups
(Lu et al., 2012). Together with the analysis of FTIR, these

analytical results indicated the pyridinium rings and vari-
ous of aliphatic carbon on the surface of CPC-CQDs.

Then, adding PC (positive charged) and ST (electrical
charged) to build a ratiometric fluorescent probe to de-
tect BH. Because of the mechanism of J-aggregate, the
sensing system showed orange fluorescence emission in
visual (Deshmukh et al,, 2020; C. A. Shen & Wurthner,
2020; Sun et al, 2020; Zhang et al, 2020). The ratio-
metric fluorescent probe showed two fluorescence emis-
sion peaks at 525 nm and 630 nm.

Fluorescence response of ratiometric fluorescent probe to
BH

Figure 3a displayed the fluorescence intensity of the
ratiometric fluorescent probe decreased at different ex-
tent at 525 nm and 630 nm with an increase in the BH
concentration from 0 to 200 uM. And we could observed
that the fluorescence color changes from orange to yel-
low. As shown in Fig. 3b, it could be seen that the
fluorescent intensity ratio (Isys/lg30) increased with
the addition of BH to the solution. And I595/Ig30
(Fig. 3b insert) exhibited good linearity with the con-
centration of BH ranging from 0 to 1M, 1 to 5uM,
and 5 to 200 uM. The linear regression equation is
Isos/leso = 0.2025C + 3.4162 (R* = 0.99) from 0 to
1 uM; Isps/lgz0 = 0.3415C + 3.5828 (R* = 0.99) from
1 to 5uM; and Isys/leso = 0.0049C + 3.7825 (R* =
0.99) from 5 to 200 puM, in which, I refers to the
fluorescence intensities and C refers to the concen-
tration of BH. The detection limit was recorded to
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be 57.35nM from 3 o/m (Wu, Su, Wang, Wong, &
Zhu, 2017). As shown in Fig. 3c and d, we could see
the fluorescence change of the solution with the in-
crease of the concentration of BH from 0 to 5uM.
The fluorescence intensity decreased with the
addition of BH, and the fluorescence color gradually
turned yellow and dark.

Selectivity and stability of the sensing system
For BH sensing in a complex environment, we tested the
selectivity and anti-interference performance of this sen-
sor during some potential interferences including de-
tected objects (OPZ, D-tetrandrine, reserpine, quinidine,
SM2, sulfapyridine), metal ions (Ag*, Ba®**, Ca®*, Cd*",
Co**, Cu**, Fe**, Fe**, Mg®*, Zn*"), and the mixture
under the same conditions (50 uM). I/l referred to the
ratio of Isys/lg30 in the presence and absence of these
interferential ions. As shown in Fig. 4, other ions dis-
played weak or even negligible effects on their fluores-
cence intensities compared with BH. The fluorescence
intensity was almost the same as that of single BH, with
a slight decrease in that of the metal mixture, mainly
due to the quenching of iron and the BH. It is proved
that this probe has good selectivity.

To study the stability of CPC-CQDs and the sensing
probe, the fluorescence intensity of CPC-CQDs and the
sensing probe were measured under the conditions of
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varying pH and long-term illumination. We investigated
the photostability and pH stability of CPC-CQDs and
the sensing probe. Figure 5a and c¢ showed fluorescence
intensity of CPC-CQDs and the sensing probe as a func-
tion of pH. From Fig. 5a, we could speculate that CPC-
CQDs had no obvious change when the pH increased
from 5.0 to 9.0. But for the fluorescent probe, because
pH would affect the ionization of water, affecting the J-
aggregate light emission between CPC-CQDs, QB, and
ST, resulting in a decrease in the fluorescence intensity
of the two peaks at 525 nm and 630 nm. As shown as
Fig. 5¢c, the fluorescence intensity of the two peaks de-
creased to a similar degree, which indicated the sensing
probe had no obvious change when the pH was from 6.0
to 8.0. Figure 5b and d showed that the fluorescence in-
tensity of CPC-CQDs and the sensing probe was as al-
most unchanged under 60min continuous UV
irradiation indicating that it had good bleaching resist-
ance, and the stability time range was relatively wide. Ex-
cellent stability provided possible applications for the
sensing probe in complex system.

Application in real samples

To explore the practicability of the sensing probe for the
detection, the accuracy of the method was verified by
spiked recovery experiment in different human blood
serums taken from healthy adult volunteers from Peking
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Table 1 Detection of berberine hydrochloride in blood samples

Sample Add (uM) Found (uM) Recovery (%, n=5) RSD (%)
Sample 1 40 42.19 105.48 292

50 5147 10293 3.27

60 56.60 94.34 1.15
Sample 2 30 29.75 99.15 1.96

60 60.17 100.28 1.57

70 73.21 104.59 0.99
Sample 3 10 10.01 100.06 0.97

15 14.66 97.72 132

40 40.70 101.75 0.80

University Third Hospital. And then, we pretreated the
blood samples to eliminate protein interference. As
shown in Table 1, the recoveries of blood sample 1 were
in the range 94.34 to 105.48% with relative standard de-
viations (RSD) of 1.15 to 2.92%; the recoveries of blood
sample 2 were in the range 99.15 to 104.59% with rela-
tive standard deviations (RSD) of 0.99 to 1.96%; the re-
coveries of blood sample 3 were in the range 97.72 to
101.75% with relative standard deviations (RSD) of 0.80
to 1.32%. The result indicated that the sensing system
could be an efficient probe to detect BH in human blood
serum samples. As shown in Table 2, the CPC-CQDs in
this work performed well compared with the analytical
performance of some relevant works for BH detection.

Conclusion

We built a ratiometric fluorescent sensor which could
conspicuously increase sensitivity and precision detec-
tion and improve quantification to realize visual detec-
tion of BH in the environment. We build a cationic
carbon quantum fluorescent probe based on CPC-
CQDs, PC, and ST. We used the mechanism of J-
aggregate; the sensing system showed orange fluores-
cence emission in visual. The fluorescence-quenching
mechanism of BH on the ratiometric fluorescent probe
is synergistic effect of internal filtration and static

Table 2 Comparison of several typical methods for BH

detection

Sensor system  LOD/MM  Linear range/uM  Ref.

HPTS 1.24 2.0-50 Guo et al. (2019)
PTMA 0.27 0.3-130 Gao et al. (2020)
SiO,NPs 0.002 0.005-0.13 Liu et al. (2018)
BNOB 020 04-282 Liu et al. (1998)
F-AuNCs 0.075 1-100 Wen et al. (2018)
PDPA 0.75 0.75-750 Huang et al. (2002)
Ag NPs 0.013 0.05-04 Ling et al. (2008)
CPC 0.057 0-200 This work
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quenching induced by electrostatic action. The sensing
system has high sensitivity and selectivity towards alka-
loids and metal ions, photochemical stability (60 min),
and pH stability (from 6.0 to 8.0), with the detection
range from 0 to 200 uM, and limit was as low as 57.35
nM. The accuracy of the method was verified by spiked
recovery experiment in different human blood serums to
explore the practicability. The CPC-CQDs-based fluores-
cence detection system possesses promising potential in
the environmental and bioassay applications.
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