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ty and Ins
A B S T R A C T

Fluorescent sensing for specific detection of berberine is an important issue in view of its potential
jeopardization to food safety and human health, but remains less investigated. To the best of our
knowledge, there is no fluorescence turn-on and ratiometric sensors available for specific detection of
berberine. In this study, calix[4]carbazole (3) has been synthesized and its property of recognizing
berberine has been evaluated by UV–vis, fluorescence, NMR, DLS and TEM techniques. The results show
that 3 selectively recognizes berberine among the tested drugs and detects it with turn-on and
ratiometric fluorescence due to their co-assembly nature. Moreover, 3 is not only low toxic and can
reduce toxicity of berberine to human normal liver L02 cell, but also can release berberine to tumor
HepG2 cells at acid micro-environment. It therefore holds a great potential for further exploration
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Berberine, a naturally occurring isoquinoline alkaloid, is
clinically used to treat bacterial diarrhea [1,2]. Recently, its
diversified potency against various diseases, such as antimicrobial,
antitumor activity as well as the ability of ameliorating metabolic
disorders, has also been found [3–7]. To cure these diseases, a
certain plasma concentration is required. However, animal studies
indicate that the exorbitant concentration of berberine may be
fatal to human health [8]. On the other hand, the extensive use of
berberine in foods, animal husbandry as well as breeding industry
in recent years has caused much concern due to its potential
jeopardization to food safety [9–11]. Therefore, both clinical
therapy and food stuff require a safety concentration range of
berberine. In view of the importance of detection of berberine,
several strategies including chromatographic, electrochemical and
spectral analyses have been proposed and lots of efforts have been
made [12–21]. Among them, the fluorescent detection is a
sensitive, rapid, low cost, easily managed method and especially
valuable for biological systems. Unfortunately, fluorescent sensors
for berberine remain less reported [22]. To the best of our
knowledge, there is no fluorescence turn-on and ratiometric
sensors available for specific detection of berberine.
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A sensor is usually composed of both a fluorophore and a
receptor, the latter of which determines its specificity. Various
macrocycles including cyclodextrins, cucurbiturils as well as
calixarenes are reported to be able to serve as receptors of
berberine [23–35]. But neither the specificity nor the sensing
ability is satisfactory so far. Moreover, in order to gain a specific
macrocyclic sensor, sophisticated synthetic works are usually
required and sometimes may be challenging.

Our group has ever reported a novel series of carbazole-based
macrocyles in 2016, named as calix[n]carbazoles [36]. Due to the
fluorescent properties of its carbazolyl moiety, these macrocycles
are inherent sensors without being conjugated with additional
fluorophores. Our previous works show that differently modified
calix[n]carbazoles could be able to detect different guests [37–42].
Those results promote us to further explore its potential of serving
as the sensor for berberine. Toward this end, we recently
synthesized a calix[4]carbazole (3, Scheme 1) with the head
group of thiophenecarboxylic acid and examined its property of
sensing drugs. To our joy, this molecule is able to detect berberine
selectively with fluorescence turn-on and ratiometric signals via
Fluorescence Resonance Energy Transfer (FRET) mechanism, in
which an excited state donor transfers its energy to a ground state
acceptor through a certain long distance [43]. Moreover, this
molecule is not only of low toxicity but also can reduce the toxicity
of berberine toward human normal liver cell line L02 due to its pH-
dependent drug-releasing nature. To the best of our knowledge,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. The synthetic routes for target compound 3.
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this smart macrocycle represents the first fluorescent sensor
capable of turn-on and ratiometric detecting berberine as well as
detoxicating it. We herein report our findings.

Scheme 1 presents the synthetic route for the target compound
3. In this study, 2-thiophenecarboxylic acid ester substituted
carbazole, other than acetic acid ester substituted one in the
previouswork [36–42], is used as themonomer (I) to construct the
macrocycle. We propose that such a rigid spacer between acid unit
and carbazolyl moiety may favor its molecular recognition
property. The methoxytriglycol acetate side chain is used to
expand the solubility of the target compound in various solvents
and in order to facilitate the purification [36]. The synthesis of I
follows the literature [44]. The cyclization reaction is carried out
based on our previously developed procedure [36]. As usual, the
cyclization gives two major products of both the cyclotrimer and
the cyclotetramer (2). The different numbers between calix[3]-
carbazole and calix[4]carbazole could be clarified by the differ-
ences of their 1H NMR, MS as well as their TLC patterns
(Schemes S1 and S2 in Supporting information). 2 is hydrolyzed
under basic condition to give the target compound 3. I is
hydrolyzed to give 1, used as the control in this work. All of these
compounds are fully characterized (Figs. S1–S21 in Supporting
information).
[(Fig._1)TD$FIG]

Fig.1. Fluorescence spectrumof 3 (lex = 290nm) andUV–vis spectrum of berberine
in deionized water containing 40% DMSO.
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One of the merits of FRET sensors is that it can detect targets
with turn-on and ratiometric fluorescence. But it takes place only
when the acceptor can absorb the energy at the emission
wavelength of the donor. To explore the possibility of 3 as a FRET
sensor for berberine, we firstly examined their UV–vis and
fluorescence spectra, which were shown in Fig. S22 (Supporting
information). Fig. 1 shows both the fluorescence spectrum of 3 and
UV–vis spectrum of berberine. It can be seen that the fluorescence
of 3 at �350nm and �465nm is overlapped with the absorption
bands of berberine at �350nm and �420nm. The emission
spectrum of the donor (3) fully covers the absorption spectrum of
the berberine acceptor. The spectral features make it possible that
3 could be able to act as the FRET sensor of berberine, as long as it
could specifically interact with berberine.

With this idea in mind, we then recorded the fluorescence of 3
upon addition of berberine. Fig. 2a shows that upon addition of
berberine, the emissions of 3 at both �350nm and �465nm drop
gradually, whereas the fluorescent peak of berberine at �545nm
increases gradually, a typical FRET spectral pattern. A distinct
isoemission point at 507nm is observed, an indicative of the
specific host-guest binding. A calibration curve in Fig. 2b shows a
good linear relationship between F545nm/F465nm and the concen-
tration of berberine hydrochloride in the range of 2.25�30mmol/L.
The standard regression equation is F545nm/F465nm=0.6110 +0.0220
c (R2 = 0.9936). This result indicates that 3 is able to ratiometrically
detect berberine and the calculated limit of detection (LOD) is
9.35nmol/L.

For comparison, we recorded the fluorescent spectra of the
control compound 1 upon addition of berberine (Fig. S23 in
Supporting information). It can be seen that the addition of
berberine quenches the fluorescence of 1. However, the emission
peak of berberine at�545nm is not observed. In other words, FRET
between 1 and berberine does not occur. This result indicates that
the interaction between berberine and 1 is different from its
binding pattern to 3. Compared to 3,1 lacks awell-defined cavity so
that it cannot encapsulate berberine. It interacts with berberine
only through non-specific binding forces such as electronic static
binding, p-p stacking as well as hydrophilic/hydrophobic binding.

In order to learn binding selectivity, we examined the
fluorescence of 3 upon binding to some other analytes including
various ions and drugs (Fig. S24 in Supporting information). The
results are listed in Fig. 3 and Fig. S25 (Supporting information). It
can be seen that these analytes do not change F545nm/F465nm of 3 as
remarkably as berberine does, which indicates the berberine-
specific sensing nature of 3. In comparison with other analytes,
F545nm/F465nm ratio of 3 upon binding to berberine is the highest,
which indicates its excellent selectivity.

In order to gain insight of 3-berberine binding mechanism, we
firstly look back into the fluorescent spectrum of 3 in Fig. 1, in
which two major peaks at �350nm and at �465nm are observed.
Based on our previous knowledge, the fluorescence at �350nm

[(Fig._2)TD$FIG]

Fig. 2. (a) Fluorescence of 3 (10mmol/L) upon addition of berberine (3, 9, 15, 21, 27,
35, 40, 50mmol/L) in deionized water containing 40% DMSO (lex = 290nm). (b)
Linear relationship between F545nm/F465nm with the concentration of berberine.
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Fig. 3. F545nm/F465 nm of 3 (10mmol/L) in the presence of various analytes (20
mmol/L) in deionized water containing 40% DMSO (lex = 290nm). (a) Cytarabine;
(b) Taxol; (c) Artemisinine; (d) D-Tetrandrine; (e) Berbamine; (f) Demethylene-
berberine; (g) Glutathione ; (h) D-Ribose; (i) Cytosine; (j) Berberine; (k) Ba2+; (l) Ca2
+; (m) K+; (n) Mg2+; (o) Zn2+; (p) COO�; (q) I� and (r) NO�.
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should be attributed to the monomer of 2,7-dimethoxylcarbazole
moiety of 3, which can also be clarified by the spectrum of 1
(Fig. S23). As for the peak at 465nm, it should result either from
intramolecular stacked 2,7-dimethoxylcarbazole moiety of 1,3-
alternate conformation of 3, or from its intermolecular aggrega-
tions, or from both. Dynamic light scattering (DLS) (Fig. S26a in
Supporting information) shows that the average diameter of 3 is
�209nm and polydispersity index (PDI) value is 0.596. Both the
large average diameter and the poor PDI value indicate that 3 exists
in non-specific intermolecular aggregated forms, which accounts
for its emission peak at 465nm.

Fig. S26g (Supporting information) shows that berberine alone
is not well dispersed either and its average diameter is 1219nm
with PDI of 1.0. However, when 3 is mixed with berberine, the
average diameter becomes smaller and PDI becomes better
(Figs. S26b–f in Supporting information). The 3/berbeine com-
plexes at 1/2molar ratio possess the best PDI (0.209) and the
smallest average diameter (�31nm), as shown in Fig. 4. This result
indicates that the 3/berberine complexes in 1:2M ratio form awell
defined nanometer-sized assembly. In contrast, DLS data (Fig. S27
in Supporting information) shows that the addition of berberine
remarkably increases the average diameter of 1 and the PDI value,
indicating the existence of precipitation in 1-berberine non-
specific binding system.

Transmission electron microscopy (TEM) images are also
recorded (Fig. S28 in Supporting information). Neither free
berberine nor free 3 exhibits a well defined morphology. However,
3/berberine (1:2) complexes generate a highly dispersed nanopar-
ticle (Fig. 4b). Twomajormorphologies are observed, one is hollow
sphere-like structure and the other is solid rodlike (or ellipse)
[(Fig._4)TD$FIG]

Fig. 4. (a) DLS size distribution of berberine + 3 (molar ratio = 2/1); (b) TEM image of
lyophilized sample of berberine + 3 (molar ratio = 2/1).
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particle. The latter one is the dominated structure within the field
of vision. Based on TEM image of 3/berberine complexes, the
determined diameter of spherical aggregates is around 32nm; the
length (long axis) and width (short axis) of rod-like particle are
�47nm, �28nm, respectively, consisting with the results of the
above-mentioned DLS experiments. As a control, the 1/berberine
complexes simply present the large particle (Fig. S29 in Supporting
information).

In order to further understand the interaction ratio between 3
and berberine, we recorded UV–vis spectra of berberine upon
addition of 3 (Fig. S30 in Supporting information). In this way of
titration, the absorbance of berberine at �420nm is not over-
lapped with that of 3 (Fig. S22), the association constant can be
accurately calculated because of the excluded interference from
overlapped spectra. Jobs plot clarifies the 1:2 binding stoichiome-
try of 3/berberine (Fig. S31 in Supporting information). A475nm in
Fig. S30 is used as y-axis to plot a curve as a function of [3], which is
listed in Fig. S32 (Supporting information). The curve can be fitted
well using a 1:2model [45], which gives the association constant of
1.2�108 (mol/L)�2 with a satisfactory R2 value (0.9884). Subse-
quently, UV–vis spectra of berberine upon addition of the control
compound 1 are recorded and it can be seen that 1 does not affect
the absorption spectrum of berberine (Fig. S33 in Supporting
information).

To further illustrate the binding nature, 1H NMR of berberine
was recorded upon addition of 3. Fig. 5 shows that addition of 3
makes Ha, Hb, Hc, Hd and He of berberine shift upfield, while the
other protons remain unaffected (Fig. S34 in Supporting informa-
tion). It indicates that only one side of berberine is shielded by the
carbazole moiety of 3. When more 3 is added ([3]/[berberine] >
0.5), the solution in NMR tube becomes cloudy and the signals of
protons of berberine become broad, due possibly to production of
the large size particles or precipitation. As such, we cannot obtain
an informative NOESY and have to resort to our previous
knowledge to gain more insight of their possible binding pattern.
Calix[4]carbazole often possesses 1,3-alternate conformation and
behaves like a two perpendicular molecular tweezer [37,40,41],
which is also clarified by amolecular model in Fig. S35 (Supporting
information). Considering the 1:2 host/guest binding ratio resulted
fromUV–vis, DLS and TEM experiments, themost possible binding
pattern would be that one molecule of 3 clamps two molecules of
berberine by its two perpendicular molecular tweezers. As such,
the host-guest complexes possess the two hydrophilic ammonium
carboxylates head groups and the hydrophobic carbazole moieties
in between two hydrophilic head groups. So, the host-guest
complexes can be considered as an amphiphilic molecule, and thus
self-assembling to become nanoparticles (Fig. 6). As for the
existence of the rodlike (ellipse) nanoparticle, we propose that it
mayexperience a process of sphere vesicles - necklace like - rodlike
structures, proposed by Huang et al. [46].

As we know, an ideal sensor should possess a low toxicity. If it
can help to reduce the toxicity of berberine, such a sensor would be
more valuable.

[(Fig._5)TD$FIG]

Fig. 5. Partial 1H NMR spectra of berberine (2mmol/L) upon addition of 3 in D2O
containing 40% DMSO-d6.
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Fig. 6. The possible assembling mode.

[(Fig._8)TD$FIG]

Fig. 8. (a) DLS size distribution of berberine + 3 (molar ratio = 2/1) in pH 5.5 PBS
buffer. (b) Fluorescence of berberine and 3-berberine complexes in different pH
buffer. (c) TEM of 3-berberine complexes in pH 5.5 PBS buffer.
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To examine these properties of 3, we measured the toxicities of
the free berberine, the free 3 as well the 3-berberine complexes,
respectively, towards the human liver normal cell L02. As IC50 value
cannot be measured accurately because cell growth is inhibited by
berberine at relatively high concentration, where it begins to
precipitate. We simply present the cell viabilities to show the
toxicity of 3 and its berberine-detoxicating property.

Fig. 7 shows that the cell viabilities of 3 at 75mmol/L and at
100mmol/L are 84% and 78%, respectively, which indicates its low
toxicity. The cell viabilities of the 1:2 complexes of 3/berberine at
75/150mmol/L and at 100/200mmol/L are 89% and 85%, respec-
tively, which are higher than that of both the free 3 and the free
berberine. These results definitely illustrate that 3 not only
possesses a low toxicity but also can reduce the toxicity of
berberine towards L02 cell.

As for the reasonwhy 3 can reduce the toxicity of berberine, we
propose that its acid structure accounts for it. 3 possesses the
sodium carboxylates head groups, which makes it soluble inwater
at neutral pH. This feature would make it retain berberine at
neutral pH, which is in agreement with the fact that the normal
cells survive more, due to the fewer drugs cellular uptake.

On the other hand, under acid condition, the sodium
carboxylates head groups of 3 will be protonated, which will
decrease its solubility in water. This feature may make it release
drugs under acid condition, which is usually the characteristic
micro-environment of some diseases such as tumor and inflam-
matory cells/tissues. To verify this surmise, we measured the
berberine-releasing property of 3 under acid condition. The DLS,
fluorescence and TEM of 3/berberine complexes under acid
condition have been examined. Fig. 8a presents that at pH 5.5,
the average diameter of host-guest assembled system becomes

[(Fig._7)TD$FIG]

Fig. 7. Viability of L02 cell treated with free berberine, free 3 and the 3-berberine
complexes 48h at different concentrations.
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larger (�103nm) and PDI turns to be worse (0.914); Fig. 8b shows
that fluorescence intensity of host-guest complexes is higher at pH
5.5 than that at pH 7.4. TEM image in Fig. 8c shows that at pH 5.5,
the original well-defined nanoparticles become poorly dispersed
pieces. The above results indicate that the encapsulated berberine
is released under acid condition. The calculated drug-loading rate
and the releasing rate are 33%, 77% respectively.

We further measured the release of berberine to cells under
acid condition. As shown in Fig. 8b, when berberine is released, its
fluorescence turns on. This property could be used to stain the
cells. As HepG2 cells often generate acid micro-environment, we
then use it as the model disease cell. HepG2 cells are then treated
with drugs for 10h either in pH 7.4 buffer or in pH 5.5 buffer. Cells
are subsequently washed, visualized by fluorescence confocal
microscopy to determine the cell uptake efficiency (Fig. S36 in
Supporting information). The normalized result in Fig. S35b shows
that at neutral micro-environment, the 3/berberine complexes are
uptaken less than the free berberine. In contrast, at pH 5.5, the 3/
berberine complexes are uptake by HepG2 as efficiently as the free
berberine does. This result further confirms that berberine is
retained in pH 7.4 buffer, but is released under acid condition.
Moreover, 3 does not affect themitochondrion-targeting feature of
berberine (Fig. S37 in Supporting information).

In the end, in order to learn our sensor’s relative merits, the
properties of some other reported fluorescent sensors have been
listed in Table S1 (Supporting information). It could be seen that
most of them possess the excellent selectivity and sensitivity, and
that different sensors have their own advantages and disadvan-
tages. However, as shown in Table S1, molecular sensors are
relatively less than the material-based sensors and the ratiometric
sensor for berberine is rarer. Moreover, fewer sensors’ cell toxicity
has been reported. As such, our macrocyclic probe is advantageous
in its fluorescence turn-on and ratiometric detection of berberine,
a low toxicity as well as its detoxicating property for this drug.

In conclusion, we recently synthesized a thiophenecarboxylic
acid derived calix[4]carbazole (3) and determined its drug-sensing
property. This macrocyclic probe can not only specifically and
ratiometrically detect berberine, but also reduce berberine’s
toxicity to human normal L02 cell lines. The reason is that 3 is
able to be co-assembled with berberine to form well-defined
particles. Furthermore, 3 neither retard berberine’ release to the
tumor cells and nor change its mitochondrion-targeting feature.
Therefore, 3 is a low toxic, turn-on and ratiometric sensor capable
of detoxicating berberine.
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