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f berberine hydrochloride using
a fluorimetric method with silica nanoparticles as
a probe

Qing Liu, Zhihai Xie,* Tao Liu and Jin Fan

The interaction of silica nanoparticles (SiO2NPs) with berberine hydrochloride (BRH) was studied in aqueous

solution at pH 9.0 and room temperature by using fluorophotometry. Based on a significant enhancement

of the fluorescence intensity of the SiO2NPs–BRH aggregates, a spectrofluorimetric method which was

simple, sensitive and green was developed for the determination of BRH in aqueous solution. The linear

range of the method was from 2.0–50.0 mg L�1 with a detection limit of 0.73 mg L�1. There was no

interference from the compounds normally used to formulate pharmaceutical tablets. The proposed

method was applied to the determination of BRH in tablets with satisfactory results and good

consistency with the results obtained by standard methods.
1. Introduction

Berberine hydrochloride (BRH, the molecular structure is
shown in Fig. 1) is a signicant natural isoquinoline alkaloid,
which is a key active ingredient in traditional Chinesemedicine.
It is widely used as an antibacterial and anti-inammatory drug
in pharmaceutical products.1,2 Recently, there has been
a growing interest in the pharmaceutical activities of BRH
toward infectious diseases, cardiovascular disorders, diabetes,
and cancer.3–5 Due to the bioactivity and wide potential appli-
cations of BRH, many analytical methods have been reported
for the its determination, including spectrophotometry,6–8

resonance light scattering spectrometry (RLS),9,10 chem-
iluminescence,11 high performance liquid chromatography
(HPLC),12,13 capillary electrophoresis,14 and electrochemical
analysis.15,16 Another analytical method gaining importance is
uorophotometry, which is characterized by its high selectivity
and sensitivity, simple setup, and convenient operation. Fluo-
rophotometry has been widely applied for the determination of
different analytes, including inorganic ions, organic
compounds, biomacromolecules, and pharmaceuticals.17–20

Furthermore, sensitive uorophotometry has been reported
with metal nanoparticles as probes for the determination of
organic compounds and BRH,21–24 and receptor molecules such
as cyclodextrin,25,26 calixarenes,27 and cucurbituril28 have also
been used for the determination of BRH by uorophotometry.
These molecules are capable of interacting with the BRH
molecules through noncovalent intermolecular forces or cavity
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encapsulation to form aggregations (or supramolecular
complexes). The formation of the aggregation oen affects the
enhancements or perturbations of the photophysical and
photochemical properties of the included guest molecules.29

In recent years, silica nanoparticles (SiO2NPs) have attracted
remarkable interest for biomedical applications because of
their special physicochemical properties, such as good solid
dispersions, relatively large specic surface areas and biocom-
patibility, low cost, ease of production, and lack of toxicity. Pure
and dye-doped SiO2NPs were prepared, and their surfaces were
modied with enzymes and biocompatible chemical reagents
that allow them to function as biosensors and biomarkers.30–33

Sensitive and selective uorescent aptasensors based on SiO2-
NPs have been investigated for the determination of bio-
macromolecules or drugs.34,35 Moreover, Fan36 reported the use
of SiO2NPs as a probe for the determination of methylene blue
by RLS technique. Nevertheless, the determination of BRH by
uorophotometry with SiO2NPs as a probe has not been
reported.

In the present study, a marked increase was found in the
uorescence intensity of BRH in aqueous media with SiO2NPs.
Therefore, a simple, novel, and green method for the detection
of BRH in aqueous solution was developed by uorophotometry
Fig. 1 The chemical structure of berberine hydrochloride.
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Fig. 2 Absorption spectra. Conditions: (a) BRH, 20 mg L�1; (b–d) a +
SiO2NPs (0.01, 0.02, and 0.03%); pH 9.0.
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with SiO2NPs as a probe. In addition, the optimal factors for the
determination of BRH were investigated, and the related
mechanisms were also considered. This method was applied for
the analysis of practical samples with respectable results.

2. Experimental
2.1. Reagents

BRH was purchased from Aladdin Chemical Reagent (Los
Angeles, USA) and was used to prepare a 100.0 mg L�1 stock
solution. The working solutions were prepared by diluting the
stock solution to 100.0 mg L�1. SiO2NPs (CQ380) were obtained
from Emeishan Changqing Chemical New Material Co., Ltd.
(China). Acetic acid, boric acid, phosphoric acid, and sodium
hydroxide were supplied from the Xi'an Chemical Reagent
Factory (Xi'an, China). A Britton–Robinson (BR) buffer solution
was prepared by mixing 0.04 mol L�1 acetic acid, 0.04 mol L�1

boric acid, 0.04 mol L�1 phosphoric acid, and 0.2 mol L�1

sodium hydroxide solution in specic proportions. All chem-
icals used in the experiments were of analytical grade and used
without further purication. Deionized water was used for
preparing all samples and solutions.

2.2. Apparatus

The instruments used in this study were as follows: F-4500
spectrouorophotometer (Hitachi, Japan); UV-1700 spectropho-
tometer (Shimadzu, Japan); H-600 transmission electron micro-
scope (Hitachi, Japan); DB-525 Zeta Potential Analyzer
(Brookhaven, USA); pHs-3C digital pH meter (Shanghai Lei Ci
Device Works, China) with a glass electrode (Model E-201-C); and
magnetic stirrer (Gongyi Yuhua Instrument Factory, China).

2.3. Preparation of SiO2NPs dispersion

Exactly 0.10 g of SiO2NPs was weighed out and added into
200.0 mL of deionized water under vigorous stirring for 10 min,
and then the mixture was placed in an ultrasonic bath for
30 min at room temperature to completely disperse the SiO2-
NPs. The concentration of the dispersion was 0.05%.

2.4. Preparation of samples

The sugar coating was carefully removed from 10 tablets and the
contents were carefully pulverized. The powders were then
thoroughly mixed. A portion of the mixed powders was accu-
rately weighed and placed in a 100 mL volumetric ask. The
powder was dissolved by addition of deionized water up to the
mark and sonication for 10 min, and the solution was then
ltered. The rst 30 mL of the ltrate were discarded, a portion
of the remaining ltered sample solution was diluted to the
mark in a 100 mL volumetric ask, and this solution was
analyzed according to the general procedure.

2.5. General procedure

The general procedure for determination of BRH is as follows:
0.8 mL of 0.05% SiO2NPs dispersion, 0.5 mL of BR buffer
solution (pH 9.0), and a certain amount of BRH working
6076 | RSC Adv., 2018, 8, 6075–6082
solution were added into a 10.0 mL volumetric ask, diluted to
the mark with deionized water, and sonicated for 2 min. The
resulting solution was le at room temperature for 30 min, and
then the uorescence intensity was measured at 540 nmwith an
excitation wavelength of 355 nm. The enhanced uorescence
intensities of the solutions were calculated by the following
equation: DIF ¼ IF � IF0 (in which IF and IF0 are the uorescence
intensities of the SiO2NPs in the presence and absence of BRH).
All experiments were conducted at room temperature.
3. Results and discussion
3.1. Absorption spectra

The absorption spectra of BRH and the SiO2NPs–BRH aggre-
gates are shown in Fig. 2. The absorbance of the solution
gradually decreased and the absorption spectrum shied
toward longer wavelength (2–5 nm) with addition of SiO2NPs, as
well as there were three obvious isosbestic points (354 nm,
389 nm, 435 nm). This corresponds to the absorption of
aggregates which is clearly different from unaggregated. In
addition, the excitation spectrum at 450 nm was also observed
except for 355 nm (Fig. 3A). The phenomenons might be
because the positive charge of BRH causes it to be adsorbed on
the surface of the SiO2NPs to form SiO2NPs–BRH aggregates.37
3.2. Excitation and emission spectra

The excitation and emission spectra were measured according
to the general procedure. The results are shown in Fig. 3. The
excitation wavelengths were located at 355 and 450 nm, and the
emission wavelengths were at 540 nm. The uorescence inten-
sities of the BRH and SiO2NPs on their own were very small at
540 nm in aqueous solution. However, when SiO2NPs was
added to the aqueous solution of BRH, the uorescence inten-
sity was signicantly enhanced. Because BRH molecules were
bound to the surfaces of the SiO2NPs and protected as SiO2NPs–
BRH aggregates, the uorescence intensity increased.
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Excitation (A) and emission (B) spectra. Conditions: (a) BRH, 50 mg L�1; (b) SiO2NPs, 0.004%; (c, d) b + BRH (20, 50 mg L�1); pH 9.0.
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Therefore, the concentration of BRH could be determined by
uorophotometry by using SiO2NPs as a probe.

3.3. TEM images and the dynamic light scattering (DLS)

The TEM images of SiO2NPs and the SiO2NPs–BRH aggregates
are shown in Fig. 4. When the SiO2NPs reacted with BRH under
the optimal conditions, the size increased as the aggregates of
the BRH and SiO2NPs were formed. The SiO2NPs–BRH aggre-
gates exhibit tued shapes as shown in Fig. 4B.

The size distribution of SiO2NPs and SiO2NPs–BRH aggre-
gates were measured by the DLS in order to conrm the
formation of aggregates. As shown in Fig. 4C and D, the average
Fig. 4 TEM images of SiO2NPs (A) and SiO2NPs–BRH (B). The size distri

This journal is © The Royal Society of Chemistry 2018
diameters of the SiO2NPs in the solution were about 136.2 nm
in the absence of BRH and they were prominently increased by
roughly 90 nm at the addition of BRH due aggregation occurred.

3.4. Effect of pH

The pH of the solution plays an important role in the interac-
tion between the BRH and SiO2NPs, because it affects the
surface charge properties of the SiO2NPS. Hence, the inuence
of the pH on DIF was studied over a wide range of pH from 6 to
11. The results are shown in Fig. 5. The maximum value of DIF
was obtained at pH 9.0. Therefore, BR buffer with pH 9.0 was
used for further experiments.
bution curve of SiO2NPs (C) and SiO2NPs–BRH (D).
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Fig. 7 Effect of reaction temperature on DIF. Conditions: SiO2NPs:
0.004%; BRH: 20.0 mg L�1; pH 9.0.

Fig. 5 Effect of pH on DIF. Conditions: SiO2NPs: 0.004%; BRH:
20.0 mg L�1.
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3.5. Effect of reaction time and temperature

The effects of different reaction times and temperatures were
investigated. As shown in Fig. 6, the DIF reached a maximum
value aer 30 min and remained constant for 2 h. The
temperature test results (Fig. 7) indicated that the uorescence
intensity of the solution remained stable between 10 and 40 �C.
Thus, 30 min of reaction time and room temperature were
selected for further research.

3.6. Effect of concentration of SiO2NPs

The effect of the concentration of SiO2NPs on the DIF value was
investigated. The linear regression equations and R2 values are
given in Fig. 8. When the concentration of SiO2NPs was greater
than 0.004%, the reagent blank increased and the linear range
narrowed. If the concentration of SiO2NPs was lower than
0.004%, the linear range was relatively narrow because of
incompletion of the interaction between BRH and the SiO2NPs.
Fig. 6 Effect of reaction time on DIF. Conditions: SiO2NPs: 0.004%;
BRH: 20.0 mg L�1; pH 9.0.

6078 | RSC Adv., 2018, 8, 6075–6082
Therefore, 0.004% was selected as a suitable concentration for
further experiments.

3.7. Effect of ionic strength

The inuence of ionic strength on the DIF value was researched
by adding different amounts of NaCl into the SiO2NPs–BRH
solutions. As shown in Fig. 9, when the concentration of NaCl
was lower than 150 mg L�1, the DIF value remained constant. By
contrast, when the concentration of NaCl was higher than
150 mg L�1, the DIF value reduced as the concentration of NaCl
increased. This could be interpreted as the shielding and
competing effects of Cl� and Na+ on the binding process
between the BRH and SiO2NPs.

3.8. Effect of coexisting ions

Under the optimal experimental conditions, the interference of
coexisting ions in the solution was investigated for the
Fig. 8 Effect of SiO2NPs concentration. Conditions: pH 9.0.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Effect of ionic strength. Conditions: SiO2NPs: 0.004%; BRH:
20.0 mg L�1; pH 9.0.
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determination of BRH. The experiments were carried out by
xing the concentration of BRH at 10.0 mg L�1, and then the
uorescence intensities were recorded before and aer addition
Table 1 Interference of coexisting ions ([BRH] ¼ 10.0 mg L�1)

Interfering
ions Concentration (mg L�1) Relative error (%)

Na+ 150 5.0
K+ 35 3.5
NH4

+ 30 1.1
Mg2+ 1, 10a 3.8
Ca2+ 1.5, 10a 2.2
Cu2+ 0.02, 3a 2.1
Zn2+ 0.05 2.4
Mn2+ 0.8 2.6
Al3+ 0.8 3.2
Fe3+ 1 4.7
Fe2+ 1 1.7

a The acceptable concentration of coexisting ions aer addition of EDTA.

Fig. 10 The fluorescence spectra of SiO2NPs–BRH (A) and calibration c
(a–f): 0, 2.0, 5.0, 10.0, 20.0, and 50.0 mg L�1; pH 9.0.

This journal is © The Royal Society of Chemistry 2018
of coexisting ions to the solution. The permitted relative devi-
ation was less than �5%. The experimental results are listed in
Table 1. Most of the coexisting ions did not interfere with the
determination of BRH. Only Mg2+, Ca2+, Co2+, Ni2+ and Cu2+

ions showed interference with the determination of BRH at low
concentrations. In order to avoid interference from the metal
ions, 1.0 mL of the chelating agent ethylene diamine tetraacetic
acid (EDTA; 100.0 mg L�1) was added.
3.9. Working curve and detection limit

According to the general procedure above, when a certain
amount of BRH working solution was added, the uorescence
intensities of the solution and reagent blank were measured at
540 nm with an excitation wavelength of 355 nm. As shown in
Fig. 10A, the uorescence intensity increased with an
increasing concentration of BRH. There was a good linear
relationship (Fig. 10B) between the DIF value and the
concentration of BRH in the range of 2.0–50.0 mg L�1. The
linear equation was DIF ¼ 6.4484c + 21.04 (c in mg L�1), with R2

¼ 0.9963. The relative standard deviation is 1.58% (n ¼ 11).
Under the optimal conditions, the limit of detection (LOD; 3s/
k) was 0.73 mg L�1.
Interfering ions Concentration (mg L�1) Relative error (%)

Co2+ 0.1, 0.4a 1.7
Ni2+ 0.1, 0.4a 4.1
NO3

� 100 3.7
SO4

2� 100 �2.9
Cl� 150 5.0
SiO3

2� 30 4.2
Sucrose 300 3.1
Glucose 200 �1.0
Tragantine 80 �1.9
Urea 8 5.0

urve for determination of BRH (B). Conditions: SiO2NPs: 0.004%; BRH:

RSC Adv., 2018, 8, 6075–6082 | 6079
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Fig. 11 Zeta potential curve of SiO2NPs–BRH. Conditions: SiO2NPs:
0.004%; BRH: 0, 5.0, 10.0, 20.0, 30.0, 40.0, 50.0, 80.0 and
100.0 mg L�1; pH 9.0.

Fig. 12 Schematic illustration of the possible procedure for the
detection of BRH.

Table 2 Results of determination of BRH in tablets (n ¼ 6)

Sample Added (mg L�1) Founda (mg L�1) Recovery (%)

1b 0 18.71 � 0.309 —
10.0 28.54 � 0.260 98.27 � 2.60
15.0 33.27 � 0.541 97.06 � 3.60

2c 0 14.39 � 0.298 —
10.0 24.42 � 0.258 100.3 � 3.33
15.0 29.63 � 0.514 101.6 � 3.43

3d 0 17.06 � 0.541 —
10.0 27.20 � 0.559 101.4 � 5.54
15.0 31.75 � 0.545 97.94 � 3.64

a Mean � standard deviation (n ¼ 6). b Berberine hydrochloride tablets, Ch
ancklandia and berberine tablets, Grand Pharmaceutical Huangshi Feiyun
Fuzhou Neptunus Jinxiang Chinese Medicine Pharmaceutical Co., Ltd. (F

6080 | RSC Adv., 2018, 8, 6075–6082
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3.10. Mechanism of reaction

It is well known that BRH is almost nonuorescent in water, the
nonuorescent behaviour could either due to low lying intra-
molecular charge transfer state or vibrational coupling of
excited state with water molecules, but it uoresces appreciably
when it is dissolved in some organic solvents, or incorporated in
cyclodextrins,25,26 calixarenes,27 and cucurbits.38 In the paper, it
was found that the uorescence intensity of BRH was increased
in aqueous media with SiO2NPs. In order to further investigate
interaction between SiO2NPs and BRH, the zeta potential of the
SiO2NPs–BRH solution was measured and the results were
shown in Fig. 11. The zeta potential of the SiO2NPs was
�42.6 mV because of dissociation of silicon hydroxyl on the
surface. The zeta potential move gradually toward zero with the
increase in BRH with positive charges. The binding of SiO2NPs
with BRH would make the surface of SiO2NPs–BRH aggregates
more hydrophobic. The results indicated that the aggregation of
SiO2NPs–BRH was the neutralization of charges upon electro-
static interaction and increase of hydrophobicity. The marked
enhancement of uorescence intensity is due to aggregation
induced emission enhancement.39–41 A schematic diagram of
the possible procedure is presented in Fig. 12.
4. Application

To demonstrate the viability of this method, the developed
procedure was used for the determination of BRH in real
samples. The reliability and accuracy of the method was proved
by recovery tests. The determination of each sample was con-
ducted six times in parallel. The recoveries were between 97.06
and 101.6%. The determination results were compared with the
results from the pharmaceutical method42 through a t-test
analysis. There was no signicant difference between the
proposed and standard method under the condence level of
95%. The results are shown in Table 2.

In addition, this method was also compared with previous
methods for BRH determination. The comparison is given in
Table 3 and indicates that this method has better sensitivity
than most other methods.
Pharmaceutical
method (mg per piece)

This method (mg
per piece)

t-Test
t0.05,5 ¼ 2.57

99.50 100.4 � 1.66 1.35
— — —
— — —
49.33 50.38 � 1.04 2.46
— — —
— — —
34.88 34.40 � 1.09 1.09
— — —
— — —

engdu Jinhua Pharmaceutical Co., Ltd. (Chengdu, China). c Compound
Pharmaceutical Co., Ltd. (Hubei, China). d Amaranth berberine capsule,
uzhou, China).

This journal is © The Royal Society of Chemistry 2018
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Table 3 Comparison of this work with some of other reported
methods for BRH determination

Method Probe LDRe (mg L�1)
LOD
(mg L�1) Ref.

UVa — 118–706.0 — 6
UV AuNPs 240–860 60 8
HPLC — 50–5.0 � 104 10 13
RRSb AuNPs 1.33–240.0 0.40 10
CEc Cyclodextrin 100–13.4 � 103 15.7 14
ECd — 58.8–7.06 � 103 32.9 15
Fluorescence Cucurbit[7]uril 3.20–2.00 � 103 1.1 28
Fluorescence Cucurbit[7]uril 7.43–11.2 � 103 4.2 38
Fluorescence Cyclodextrin 12.8–1.00 � 104 3.6 25
Fluorescence Cyclodextrin 94.1–4.71 � 103 11.8 26
Fluorescence SiO2NPs 2.0–50.0 0.73 This work

a Ultraviolet absorption. b Resonance Rayleigh scattering. c Capillary
electrophoresis. d Electrochemical analysis. e Linear dynamic range.
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5. Conclusions

This paper describes the development of a simple and novel
uorimetric method based on the increase in the uorescence
intensity of BRH aer addition of SiO2NPs. The mechanism of
the enhancement of uorescence intensity has been discussed
and the effects of the key experimental parameters on the
uorescence enhancement have also been described in detail.
The proposed method allows the direct determination of BRH
in aqueous solution with good accuracy, sensitivity, and toler-
ance. The amount of BRH can be measured without any
complicated or time-consuming sample pretreatment
processes. Compared with other reported methods, the
proposed method is more sensitive, rapid, and environmentally
friendly. This method was used for the detection of BRH in
actual samples with satisfactory results.
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