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Abstract

In view of the limitations of existing berberine solid-phase extraction adsorbents, this paper proposes a novel carbonized
n-conjugated polymer-coated porous silica (Si0,@C-n-CP) adsorbent with simple process and low cost for efficient extraction
of berberine by multiple interactions. Characterization methods, including Brunner—-Emmet—Teller measurement, thermo-
gravimetric analysis, X-ray photoelectron spectroscopy, and scanning electron microscopy techniques, were used to verify the
successful modification of carbonized n-conjugated polymer on the surface of porous silica. The berberine was selected as
target molecule, and the adsorption mechanism and process were investigated through adsorption kinetics, adsorption isotherms,
and thermodynamic studies. The fitting results show that the adsorption of berberine by SiO,@C-n-CP well conforms to the
pseudo-second-order and Langmuir models. By optimizing the main SPE parameters, the SPE method based on SiO, @C-n-CP
was developed. Excellent results were obtained, including low limit of detection (0.75 ng mL™!) and limit of quantification
(2 ng mL™"), wide linearity (2-13,000 ng mL™"), and satisfactory relative standard deviations (RSD) of inter-day (1.5%) and
intra-day (6.2%). Finally, the SiO,@C-z-CP also has been successfully used to the enrichment of berberine in real urine samples.

This research makes clear that SiO,@C-n-CP has outstanding potential for trace enrichment of berberine alkaloids.

Keywords Berberine - Solid-phase extraction - Adsorbent - Carbonized polymer - Urine analysis

Introduction

Berberine is a natural isoquinoline alkaloid mainly extracted
from the rhizomes of Coptidis Rhizoma [1, 2]. For now, the
activities of berberine that have been found include antidi-
arrheal [3], antibacterial [4], antiviral [5], antimalarial [6],
antitumor [7], hypoglycemic [8], hypolipidemic [9, 10],
anti-inflammatory, and anti-angiogenic [11, 12]. With the
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advantages of extensive natural sources [13, 14], it has a
very broad therapeutic prospect and is already one of the
most commonly used alkaloid drugs in clinical practice.
Therefore, it is necessary to realize the efficient determina-
tion of berberine and its metabolites in complex biological
matrices. This makes it an urgent need to develop a user-
friendly efficient pre-treatment method for complex berber-
ine body fluid samples.

Solid-phase extraction (SPE) has been a powerful and
widely used sample pretreatment technology due to its
unique features, such as high recovery, short extraction time,
high enrichment factor, low organic solvents consumption,
and ease of automation [15]. In the procedure of SPE, the
type of sorbent plays an important role to obtain higher
enrichment efficiency of analytes [16].

The combination of novel high-efficiency adsorbents
and SPE technology may have become a powerful method
to determine the content of berberine in complex matrices.
Many efforts have been made in related areas. For example,
Zhu et al. [15] developed a novel type of PAA-PZNs adsor-
bent, combined with a non-aqueous SPE process to effi-
ciently enrich alkaloids. Then, in order to quickly separate
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alkaloids isomers from green tea, Li et al. [17] designed
a novel DESs-Fe;0,/MIPs adsorbent. In combination with
magnetic solid-phase extraction technology, this adsorbent
performed very well in the pretreatment process of green
tea samples. Also, in Hu’s work [18], a magnetic sorbent
(Ni@POFs) with high extraction effect was synthesized for
the preconcentration and determination of trace alkaloids in
human urine. Although all the adsorbents mentioned above
have quite good analytical results, most of their synthesis
processes are complicated and their commercialization
potential is poor.

About the research of isolating and purifying berberine
alkaloids from complex systems, our group selected four
quaternary ammonium alkaloids (QAAs: coptisine chlo-
ride, sanguinarine, berberine chloride, and chelerythrine)
as analytes and also did a related work. In that study, a dou-
ble carboxyl silicane modified graphene oxide coated silica
composite (TSPSAcide @ GO @Si0,) [19] was successfully
designed, which has satisfactory extraction performance for
QAAs. However, the synthesis steps of TSPSAcide @GO @
Si0O, is equally complicated as those existing adsorbents, and
the foreseeable high-cost future inevitably limits the pro-
motion of TSPSAcide @ GO @SiO,. Thus, it is still a very
meaningful work to develop a berberine alkaloids adsorbent
with an economic synthetic process.

In 2017, Hirotaka Ihara et al. reported a novel
n-conjugated polymer (n-CP) [20], which is rich in polar
functional groups and conjugated structures, having strong
multiple interactions with berberine alkaloids [19, 21-23].
Also, in theory, ©-CP can be coated on any desired carrier
surface [24, 25], which makes its application range no longer
limited. Most importantly, the synthesis of n-CP is fairly
simple. It only requires two monomers to react in ethanol
(or any other suitable solvent) at 80 °C for 10 h, without
additional catalyst, without high temperature and high pres-
sure. So, we planned to deposit n-CP onto the surface of
mesoporous silica, obtaining w-conjugated polymer-coated
porous silica composite (SiO,@n-CP), for berberine adsorp-
tion. SiO, @n-CP would have both polar groups and conju-
gated structure, which makes it have strong multiple inter-
actions with berberine. However, after n-CP modification,
part of the pore structures on the silica support were to be
masked, resulting in a decrease in the effective adsorption
area.

In the same year in 2017, another work published by
Hirotaka Ihara’s research group [26] mentioned that heat
treatment (200-560 ‘C) would eliminate the polar groups
on the surface of n-CP and form long-range n-conjugated
structures. Also, the higher the temperature, the richer the
long-range m-conjugated structure formed. When the car-
bonization temperature is higher than 560 °C, the polar
groups are basically no longer eliminated. Heat treatment
is a very common processing method in material synthesis
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[27-29], often shrinking the material and giving it better
stability. Therefore, SiO,@7n-CP was finally carbonized for
superior performance. This is because high-temperature
heating would enrich the conjugated structure of the n-CP
shell and shrink it, weakening the cover of the pores and
correspondingly increasing the effective action sites.

In short, for the analysis of trace berberine in body
fluids, a carbonized n-conjugated polymer-coated porous
silica (Si0,@C-n-CP) was designed based on a very eco-
nomical modifier. Urine was selected as the actual sample
matrix to evaluate the anti-interference and practicability
ability of SiO,@C-n-CP. The effect of heat treatment on
material properties will also be briefly explored by ana-
lyzing the characterization results. Finally, by this work,
the application potential of t-conjugated polymers would
be further developed and it also opened up new ideas for
efficient pre-treatment of trace berberine alkaloids in com-
plex matrices.

Experimental
Reagents

The Stober silica particles used as the coating matrix were
obtained from Welch Materials, Inc. (Tianjin, China, http://
www.welchmat.com); their diameter, specific surface area,
pore volume, and pore size are 20-40 um, 321 m? g~!,
0.82 mL g_l, and 102 A, respectively. The Purifier FST-
IV-10 Ultra-Pure Water System (18.2 MQ.cm at 25 °C) used
throughout the experiments was produced by Shanghai Fush-
ite Instrument Equipment Co., Ltd. (Shanghai, China, http://
fstyqsb.com). The SPE blank column tubes and polyethyl-
ene cribriform plates used to pack adsorbent were purchased
from Shenzhen Comma Biotechnology Co., Ltd.; the column
volume is 3 mL and the sieve pore size is 10 um. Two com-
mercial SPE cartridges, silica SPE cartridge and C18 SPE
cartridge, used in preliminary adsorption quantity compari-
son experiment were also provided by Shenzhen Comma
Biotechnology Co., Ltd. (Shenzhen, China, http://www.
biocomma.cn). Two monomers, 1,5-dihydroxynaphthalene
(DHN,>99%) and 1,3,5-trimethylhexahydro-1,3,5-triazine
(TMTA, >98%), used for polymerization were purchased
from Tokyo Chemical Industry Co., Ltd. (Shanghai, China,
https://www.tcichemicals.com/CN/zh/). Berberine chloride
hydrate (>95%) was provided by Aladdin Chemical Reagent
Co., Ltd. (Shanghai, China, https://www.aladdin-e.com).
The acetonitrile used for HPLC analysis was provided by
Oceanpak Company (Sweden). Triethylamine, phosphoric
acid (H;PO,), and sodium hydroxide were all obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China,
https://www.sinoreagent.com).
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Apparatus

All HPLC tests were completed on Agilent 1260 HPLC
system equipped with a quaternary pump and diode array
detector (Agilent, USA). The ZNCL-GS intelligent mag-
netic stirrer, purchased from Zhengzhou Ketai Laboratory
Equipment Co., Ltd. (Zhengzhou, China, http://www.zzket
ai.com), was used to synthesize the adsorbent material. All
the SPE processes involved in this work were completed on
the SPE 80 semi-automatic solid-phase extraction system
(Hanon Advanced Technology Group Co., Ltd, Jinan, China,
http://www.hanon.cc). ASAP 2020/TriStar 3000 (Micromer-
itics) apparatus (USA), Gemini SEM 300 electron micro-
scope (Carl Zeiss Microscopy GmbH), TGA Q50 (USA),
and PHI 5000 Versaprobe II (VP-II) electron spectrometer
(Ulvac-Phi) were used to obtain the N, adsorption—desorp-
tion isotherm (BET), scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), and X-ray photoelec-
tron spectroscopy (XPS) data in material characterization
section, respectively. There are some instruments used dur-
ing sample processing, including KQ-3200DE ultrasonic
cleaning machine (Kunshan Ultrasonic Instrument Co.,
Ltd., Jiangsu, China, http://www.ks-csyq.com), TGL-16C
Benchtop High Speed Centrifuge (Shanghai Anting Scien-
tific Instrument Factory, Shanghai, China, http://www.centr
ifuge.com.cn), and DZF-6050 vacuum drying oven (Shang-
hai Jinghong Experimental Equipment Co., Ltd., Shanghai,
China, http://jinghongsh.com).

Preparation of carbonized n-conjugated polymer
modified silica composite (Si0,@C-n-CP)

As shown in Scheme 1, first, ultrasonic treatment was used to
completely disperse the silica matrix (1.0 g), DHN (5 mM),

Polymerization
ﬁ

Mesoporous silica

OH
NT ™
| I
OH n

n-conjugated polymer
modified silica

and TMTA (5 mM) in 100 mL ethanol. The dispersion was
refluxed for 10 h at 80 °C under magnetic stirring. When
reaction was finished, the obtained n-conjugated polymer
modified silica composite (SiO,@7n-CP) was washed with
ethanol several times and dried under vacuum at 50 °C for
12 h.

Then, the dried SiO,@n-CP was heat-treated at 560 C
for 2 h in a nitrogen atmosphere, obtaining the resultant
carbonized n-conjugated polymer modified silica composite
(Si0,@C-n-CP).

Preparation of standard solution

The berberine chloride hydrate was dissolved with metha-
nol to prepare a standard stock solution of 500 pg mL™",
stored in a refrigerator at 4 °C. This stock solution was used
after being diluted with pure water during the subsequent
experiments.

SPE procedure

In the first step, a polyethylene sieve plate was placed at
the bottom of the blank column tube, and 50 mg dried
S10,@C-n-CP was loaded, and then another plate was used
to block the upper end of the compacted packing. Under the
optimized extraction conditions (summarized in Table S1),
the final eluents were first vacuum dried, then re-dissolved
with 100 pL 50% ethanol solution (volume ratio), and finally
analyzed by HPLC.

Batch adsorption studies

First, 20 mL of berberine solutions with different initial concen-
trations were prepared, adding 50 mg SiO, @C-n-CP adsorbent

Heat treatment
ﬁ

Carbonized n-conjugated
polymer modified silica

Scheme 1 Schematic illustration showing the preparation procedures of SiO,@C-x-CP
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to each. After dispersing, incubating, and centrifugation, the
adsorption tests were finished by the detection of the superna-
tants. The calculation of the specific adsorption capacity of the
Si0,@C-n-CP for berberine is abided by Q=(Cy—C,)X V. Q
represents rebinding capacity on 50 mg SiO, @C-n-CP adsor-
bent, C,, and C, are the concentrations of berberine at initial time
and equilibrium time, and V is the volume of sample solution.

In this research, all experimental data were tested repeat-
edly three times, and the calculated average value was taken
as the final data.

Application of Si0O,@C-n-CP in human urine samples

All human urine used in experiments was provided by
healthy volunteers. First, the collected human urine was
filtered and stored at 4 °C for later use. When using, first
rewarm the low-temperature urine to room temperature, add
berberine standard solution to prepare a berberine urine sam-
ple with a certain concentration, and then test according to
the “SPE procedure” section. Finally, the recovery is calcu-
lated according to the following formula:

Recovery = (Ctesl Veluent)/(caddvloading) x 100

Here, C,. is the concentration of the eluate detected by
HPLC and Ve, is the volume of eluent. C,qq and V), g, are
the known concentration and volume of the loaded berberine
urine sample solution, respectively.

Chromatographic conditions

The column used to analyze berberine was ChromCore 120
C18 (dimension 4.6 X 150 mm, 5 pm). The HPLC mobile

phase consisted of ACN (35%) and 1% triethylamine buffer
(65%, H;PO, adjusted the pH to 3). The flow rate, column
temperature, and DAD detector wavelength of the 1260
HPLC system were 1.0 mL min~!, 30 °C, and 345 nm,
respectively. The injection volume of the sample was 20 pL.

Results and discussion
Characterization of Si0,@C-n-CP

The experimental data of nitrogen adsorption—desorption
shown in Fig. 1a and Table S2 can provide specific surface
area and pore structure information of SiO,, SiO,@x-CP,
and Si0,@C-xn-CP. For SiO,, the H1-type mesoporous
hysteresis loop, which represents the existence of capillary
condensation step, appears at the relative pressures (P/P,)
of 0.6-0.9, corresponding to a total pore volume of ~0.82
cm?® ¢! and a pore size of 9.0-12.0 nm (~ 10 nm). Due to
the modification of ©n-CP on silica surface, the capillary
condensation step of SiO,@n-CP exists in a lower P/P
range (0.6-0.85) with the decrease of pore volume (~0.82
cm?® g~! drops to~0.66 cm® g~1), pore size (~ 10 nm drops
to~5.8 nm), and specific surface area (337 m? g~! drops
to 281 m? g~ !). For Si0,@C-n-CP, undergone heat treat-
ment, the size shrinkage occurs, resulting in the increase of
specific BET surface area (281 m* g~! rises to 321 m? g7!),
pore volume (~0.66 cm® g~! rises to~0.80 cm® g 1), and
pore size (~5.8 nm rises to~7.2 nm). These sandwiched
data for SiO,@C-n-CP show that an approximately 0.9-nm-
thick C-n-CP shell was formed on the surface of silica. Also,
the n-CP modification did partially block the pores in SiO,;
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Fig.1 N, adsorption—desorption isotherm and pore size distribution (inset) of SiO,, SiO,@zn-CP, and SiO,@C-n-CP (a). The thermogravimetric

analysis curves of SiO,@zn-CP and SiO,@C-n-CP (b)
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heat treatment can effectively solve the problem of channel
blockage accordingly, as we expected.

The results of thermogravimetric analysis in the range
of 0-800 °C are shown in Fig. 1b. For SiO,@zn-CP, dur-
ing the heat treatment progress, first stage, the remaining
solvent or physically adsorbed water rapidly release (5.3%
weight loss). Subsequently, n-CP shell starts to carbonize
and shrink, resulting in apparent weight loss (- 6.1%). In
stark contrast, the weight loss curve of SiO, @C-n-CP tends
to be flat except for the slight mass loss starting from 0 to
200 C (= 1.5%), which is most likely due to the physically
adsorbed water. This is because SiO,@C-n-CP was obtained
from SiO, @n-CP after heat treatment at 560 °C and naturally
has better thermal stability.

X-ray photoelectron spectroscopy (XPS) is used to
obtain the information about the elemental composition,
chemical status, and molecular structure on the mate-
rial surface. The XPS characteristics of SiO, @n-CP and
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Si0,@C-n-CP are shown in Fig. 2a and b, the characteris-
tic peaks of N, (401 eV) and C, (285.5 eV) are from the
modified n-CP and C-n-CP, and the peak of O, (533 eV)
is from SiO, core and n-CP/C-n-CP. Comparing the set
of data, the peak intensity of O, and N, decreased, and
C,, increased. However, because the dominant sector of
Si0,@n-CP and SiO,@C-xn-CP is SiO,, the element con-
tent changes are not obvious. So, the second set of data
for pure n-CP and C-n-CP are also conducted. From
Fig. 2c and d, the data indicate that after heat treatment,
the content of O, and N, of C-n-CP obviously decreased
and the content of C,, evidently increased. These two sets
of data all explained that heat treatment promotes cycliza-
tion accompanied by elimination of nitrogen and oxygen
to form long-range n-conjugated structure, resulting in the
increasing of carbon content [26]. Compared with =n-CP,
that is, the C-n-CP modified layer has more abundant con-
jugated structures.
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Fig.2 The X-ray photoelectron spectroscopy of SiO,@n-CP (a), SiO, @C-rn-CP (b), n-CP (c¢), and C-n-CP (d)
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The SEM is used to investigate the size, dispersibility,
surface topography of SiO,@C-n-CP, and the changes
before and after heat treatment. It can be seen from Fig. S1
that the particle sizes of SiO,@C-n-CP and SiO,@xn-CP
are basically the same. This is because the polymer shell
covered on the surface is very thin (only about 0.9 nm on
average) compared with the SiO, core (2040 um). A signifi-
cant change is the polymer surface of SiO,@C-n-CP that is
smoother and tighter than that of SiO,@=-CP, which can be
ascribed to the shrinkage of modification layer after high-
temperature treatment.

Determination of saturated adsorption capacity

In order to estimate whether the adsorption capacity of
Si0,@n-CP had changed significantly after carboniza-
tion, the saturated adsorption capacity of SiO,@n-CP and
Si0,@C-n-CP to berberine was investigated, respectively.
Also, two commonly used commercial SPE cartridges, silica
SPE cartridge and C18 SPE cartridge, were tested to initially
assess the commercialization potential of SiO,@C-n-CP.
The details of the two commercial SPE cartridges are shown
in Table S3 and the saturated adsorption capacity compari-
son results are shown in Fig. 3. The adsorption capacity
of Si0,@C-n-CP (14.2 pg mg~!) to berberine is much
higher than that of SiO,@=-CP (8.6 pg mg~!), which has
been better than that of the two commercial SPE cartridges
(3.9 pg mg~! and 7.3 pg mg~!). It can be preliminarily
determined that the adsorption capacity of SiO,@n-CP is
significantly improved after carbonization and C-n-CP modi-
fied silica-based adsorbent has excellent commercialization
potential. It is so convenient that just by adding a simple
heat treatment process, the conjugated structure of 7-CP can

20 - —@— Silica cartridge
—&— C18 cartridge
5 —0—Si0,@n-CP
=1}
= 16| —o—Si0,@C-n-CP
on
=
o 121
]
=
3
= 87
(=
[72]
=
< 44
0 T T T

0 50 100 150 200 250 300 350
Cumulative Loading Volume (mL)

Fig.3 The saturated adsorption capacity of commercial silica car-
tridge, C18 cartridge, SiO,@xn-CP, and SiO,@C-n-CP to berberine
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be significantly increased, the polymer modified layer can
be tightened, more adsorption sites are released, and the
adsorption advantages of n-CP can be further exerted.

Adsorption kinetics

The kinetic study of the adsorption process is mainly used to
describe the rate of the adsorbent that adsorbs the adsorbate, and
the data is fitted through the kinetic models, so as to explore
its adsorption mechanism. Figure 4d describes the adsorption
kinetics of berberine on SiO,@C-n-CP with different initial
concentrations. It clearly shows that as the initial concentration
increases, the adsorption capacity increases. Moreover, they
all can achieve adsorption equilibrium within 30 min. This is
because in the initial stage of adsorption, there are a large number
of unoccupied sites, and gradually, the binding sites are saturated,
and finally the adsorption equilibrium is reached.

In this work, three classic dynamical models were used to fit
the experimental data. Their equations are given as

Pseudo — first — order model In (¢, —¢,) =Ing, — K1

ey
Pseudo — second — order model ¢/q, = 1/(K2qe2) +1t/q,

@)
Intra — particle dif fusion model ¢, = K,,* + C 3)

Here, g, (mg g~!) and q. (mg g~ are the adsorption
capacity of berberine by the adsorbents in real time ¢ (h)
and at the adsorption equilibrium, respectively; K; (h™H,
K, (g mg~" h7!), and K,y (g mg™" h™"2) are the kinetic rate
constants of the corresponding models, respectively. C (mg
g~!) is a constant related to thickness and boundary layer.

The fitting curves are displayed in Fig. 4a, b, and c. The above-
mentioned kinetic parameters and correlation coefficients obtained
from model fitting are summarized in Table 1. It can be seen that
under different initial concentrations, the correlation coefficients
obtained by linear fitting using the pseudo-second-order model all
reach 0.999, which are significantly higher than that of pseudo-
first-order model (0.558-0.972) and intra-particle diffusion model
(0.960-0.982). Moreover, the g, values obtained by the pseudo-
second-order model fitting are well consistent with the data meas-
ured in the actual experiment. So, the pseudo-second-order kinetic
model provides the best correlation with experimental data among
the three kinetic models, indicating that during the adsorption
process, there was electron sharing or electron transfer between
Si0, @C-n-CP and berberine in aqueous media [30].

The intra-particle diffusion model is used to confirm the
mass transfer steps. Shown in Fig. 4c, the piecewise linear
regression of the data shows that there are two steps in the
entire adsorption process: adsorption on the surface of the
adsorbent and diffusion in the pores. The two straight lines
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Fig.4 The adsorption kinetics of berberine at different concentrations
onto SiO,@C-n-CP fitted by pseudo-first-order model (a), pseudo-
second-order model (b), and intra-particle diffusion model (c). Effect

do not pass through the origin, indicating that internal dif-
fusion is not the only step to control the adsorption process.

Adsorption isotherms

The adsorption isotherms describe the equilibrium relations
between adsorbent and adsorbate at a certain temperature. In
this study, three frequently used adsorption isotherm mod-
els, namely, the Langmuir, Freundlich, and Temkin mod-
els, were used to fit the adsorption isotherm of berberine on
Si0, @C-n-CP. Their mathematical equations are described as
follows:

Langmuir model ¢,/q, = ¢,/ @ + 1 (K Lqmax) 4)

1.04(b)
0.8
_ 0.6
=2
=
0.4 -
0.2~
0.0+
0 2 4 6 8 10
Time (h)
16 -
|(d) o .
3 i S —3
129 §
'-A _
V)
on 8-
é 30 pg mL"'
= 4 —o—40 pg mL"'
——50 pg mL"'
01 JI
0 2 4 6 8 10
Time (h)

of contact time on the adsorption of berberine at different initial con-
centrations onto SiO,@C-n-CP (d)

Freundlich model Ing, = (Inc,)/n + InK, 5)

Temkin model g, = RTln(KTce)/bT 6)

In the above equations, g, (mg g~') is the amount of ber-
berine adsorbed by adsorbent at the equilibrium time, ¢, (mg
L) is the concentration of berberine in the equilibrated
solution, g,,,, (mg g~") is the theoretical maximum amount
for adsorbing berberine on a single layer of adsorbent, and
K, (L mg~') is the Langmuir constant which is related to
the adsorption free energy. K (mg g~! (mg L™))~") and
1/n are the Freundlich constants which indicate the adsorp-
tion capacity and the adsorption intensity, respectively [31].
Also, the smaller the value of 1/n, the better the adsorption
performance of the adsorbent [32]. R (8.314 ] mol ' K1) is
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Table 1 Parameters of different kinetic models at different concentrations for berberine adsorption on SiO,@C-n-CP

Interparticle diffusion

Pseudo-second-order

Pseudo-first-order

qe; €Xp

Initial concentrations (mg LY

R2

Cc2

Kid’2

C1

Kid’l

R2

qe

RZ

K,

qe

(mgg™)

(mgg™'h™"?)

(mgg™ h"?)

(gmg™'h™)

(mgg™)

(mgg'h™

(mgg™)

0.968

9.916
12.210
12.997

0.105
0.292

8.849
10.618
12.524

1.493
2.304
0.983

0.999
0.999
0.999

3.663
1.319

0.974

10.245
13.123
14.184

0.558

0.699 0.074

10.611

30
40
50

0.960
0.982

0.853

0.165
0.144

1.075

1.324

13.325
14.466

0.367

0.972

the ideal gas constant, 7 (K) is the incubation temperature,
K (L g_l) is the Temkin isotherm constant, and » (kJ mol™")
is the constant related to the heat of sorption [33, 34].

The fitting results are summarized in Table 2 and Fig. 5.
In the comprehensive comparison of the correlation coef-
ficients, it can be seen that the Langmuir equation is bet-
ter than the Freundlich and Temkin models for describing
the adsorption behavior of berberine hydrochloride on
Si0,@C-n-CP. It indicates that the adsorption of berberine
by SiO,@C-n-CP is monolayer adsorption. The adsorption
capacity of the adsorbent is limited by the number of sorp-
tion sites and all sorption sites are equivalent and isolate
from each other [35].

As can see from Fig. 5d, the amount of berberine
adsorbed on SiO,@C-n-CP increased with the increase of
the initial berberine concentration and decreased with the
increase of temperature. Namely, low temperature is more
beneficial to the adsorption of berberine on Si0,@C-n-CP.

Thermodynamic studies

According to the analysis in adsorption isotherms, they
clearly indicate that within the range of test, the adsorption
capacity changes with temperature. The following thermo-
dynamic equations are used to calculate thermodynamic
parameters, including standard free energy change (AG),
standard entropy change (AS%), and standard enthalpy
change (AHY):

InK, = AS°/R — AH® /(RT) (7

AG® = AH? — TAS° (®

Here, the K, obtained by plotting the In(g./C.) against
q. (Fig. S2(a)) is the thermodynamic equilibrium constant;
T (K) is the temperature of berberine absolution. The AH°
and AS° values can be calculated by the slope and inter-
cept of the linear regression equation of 1/T versus InK;
(Fig. S2(b)).

The fitted thermodynamic data are listed in Table 3. The
negative values of AG° state that the adsorption process is
spontaneous, which means that the adsorption occurs without
any external energy source, and the degree of spontaneity of
the adsorption reaction decreased by increasing temperature
[33]. The values of AG? (from—6.778 to—7.226 J mol ") are
all higher than —20 kJ mol™!, which means that the adsorp-
tion is a physical adsorption progress. The negative values
of AH show that the adsorption process is exothermic, sug-
gesting that the adsorption capacity should decrease with the
increase in temperature. It is consistent with the analysis result
of the adsorption isotherm part. Also, the absolute value of
AH® (0.003 J mol™") is less than 40 kJ mol ™', which indicates
that the adsorption process is physical adsorption, consistent
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Table 2 Parameters of different

. . Different Langmuir Freundlich Temkin
isotherm models at different temperatures
temperatures for berberine (K) Ky Grnax R? Kx 1/n R? Kt b R?
adsorption on SiO,@C-n-CP (Lmg™) (mgg™h (mg g~! (Lmg™) (kI mol™)
in;llg)—lln)
303 1.736 15.698 0.986 9.988 0.131 0.821 577.612 1.583 0.878
313 0.826 14.204 0.928 8.239 0.148 0.859 121.744 1.562 0.892
323 0.427 13.812 0.976 7.093 0.165 0.816 45349 1.548 0.848
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Fig.5 The adsorption isotherms of berberine at different temperatures onto SiO,@C-n-CP fitted by Langmuir model (a), Freundlich model (b),
and Temkin model (c). Effect of initial concentration on the adsorption of berberine at different temperatures onto SiO,@C-n-CP (d)

with the results of the AG® values. The value of AS® is posi-
tive, indicating that during the adsorption of berberine on the
surface of SiO,@C-n-CP, the entropy of the system increases,
which means that the randomness of the solid-liquid interface
increases. This is because during the adsorption progress, both

solute and solvent would be adsorbed. The adsorption of sol-
ute is a process of entropy reduction, accompanied by solvent
desorption which is a process of entropy increase. The entropy
change in the adsorption process is the result of a comprehen-
sive interaction [36].
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Table 3 Thermodynamic parameters for berberine adsorption on
Si0,@C-n-CP under different temperatures

Tempera- K, Ink;  AG° AH° AS°

tures (K) @mol™)  (@mol™) (T mol K
303 5726 1745 —6.778 —-0.003  0.022

313 4497 1503  —7.002

323 3.191 1160 —7.226

Optimization of SPE parameters
Effect of loading volume

During the SPE process, as the volume of the loading solution
increased, the adsorption sites were gradually saturated, and
the adsorption capacity of the adsorbent to the sample gradu-
ally decreased. So, it is very necessary to know the optimal
loading volume. In this work, a 10 pg mL~! berberine solu-
tion was used as the sample loading solution. As shown in
Fig. 6a, when the loading volume reaches 16 mL, the recov-
eries only show a slight downward trend, which is basically
close to complete adsorption (>98.6%). When the loading
volume exceeds 16 mL, the recoveries continue to decrease
significantly. Therefore, when a 10 ug mL~! berberine solu-
tion is used as the sample loading solution, the corresponding
optimal sample loading volume is 16 mL.

Effect of salt concentration

The same material may have completely different adsorp-
tion behaviors in the loading system with different salt
concentrations. The salt concentration mainly affects the
adsorption by changing the interaction environment. In
this research, five NaCl concentrations (0, 5%, 10%, 15%,

and 20%) were set. As shown in Fig. 6b, when the load-
ing concentration is 10 pg mL~!, the recoveries remain
unchanged as the salt concentration increases. However,
when the loading concentration increased to 20 pg mL ™!,
as the salt concentration increased, the recoveries first
decreased and then increased, but all still maintain at a
high level (=96.7%). By heat treatment, SiO,@C-n-CP
has abundant surface conjugation. When the loading sam-
ple concentration was only 10 pg mL™~!, the amount of ana-
lyte was much lower than the adsorption capacity of adsor-
bent, and the analyte can be completely adsorbed only by
conjugation interaction; therefore, the salt did not cause
the recoveries changes. When the loading concentration
increased to 20 pg mL™!, it was difficult to achieve com-
plete analyte adsorption only by conjugation interaction;
therefore, as the salt concentration increases, the recover-
ies gradually decrease. However, as the salt concentration
continues to increase, the ion concentration in the solution
continues to increase. At this moment, the solution envi-
ronment was more inclined to reduce the ion concentra-
tion and “drive out” the analyte, which was manifested as
an increase in the recoveries. So, taken together, 0% was
selected as the best salt concentration.

Effect of sample pH

The pH value of sample solution determines the ionization
state of analyte, which may affect the adsorption capacity.
So, in this work, different pH conditions (pH 2 to 11) were
investigated, and the results are shown in Fig. 6¢. From pH
2 to 5, the recoveries first decrease and then increase. When
pH > 6, the recoveries reach 100% and no longer change.
After high-temperature carbonization treatment, the polar
groups of n-CP shell sharply decrease, and the proportion
of conjugated structures is greatly increased. Conjugation
became the main interaction between C-n-CP shell and

110 ( ) 110 110
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s s S S (©)
o 100 3-0-3. Y < 100 -—3—a
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Fig. 6 Effects of cumulative volume (a), salt concentration (b), and pH of loading sample (c) on extraction efficiency
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berberine, which is less affected by pH changes. At the same
time, heat treatment also made the isoelectric point (p/) of
the polymer lower (drops to ~4). When the pH of the sample
solution changes around the isoelectric point, the charges on
Si0,@C-n-CP surface change accordingly [37]. This is the
reason why the change in recoveries occurs only around 4.
In order to simplify the subsequent experiment operation,
pH 6 was selected as the best sample pH, that is, pure water
was used as the sample medium.

Effect of organic solvent type

It can be seen from the effect of sample pH that the inter-
action between SiO,@C-n-CP and berberine is affected by
the pH value of the adsorption environment. Therefore, the
elution efficiencies of methanol (MeOH), ethanol (EtOH),

120
1(@)
100 —a— pH not be adjusted

—o—pH=3

80
60 -

40-

Recovery (%)

201

Recovery (%)
D
(=]

MeOH EtOH ACN Ac IPA
Type of Organic Solvent
120

1(¢)

100+
80
60

40-

Recovery (%)

20

Recovery (%
=S

0 T v T v T T T T T T T
2 4 6 8 10 12

pH of Eluent

acetonitrile (ACN), acetone (Ac), and isopropanol (IPA)
were all tested under two different pH conditions. Fig-
ure 7a shows that among the two groups of pH conditions
and five eluents investigated, the recovery of the ethanol
solution at pH 3 is the highest.

Effect of ethanol and water ratio

Under certain conditions, a certain proportion of water may
enhance the elution efficiency of eluents. Therefore, after
determining that ethanol was the most suitable organic sol-
vent, a series of ethanol-water solutions with different vol-
ume ratios (adjusted to pH 3 with phosphoric acid) were
investigated. From the results shown in Fig. 7b, we can
clearly see that the recoveries are highest when pure etha-
nol or ethanol-water solution with a volume ratio of 4:1 is
used as the eluent. Then, as the water phase ratio continues

1204 (b)
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S
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0
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Fig. 7 Effects of organic solvent type (a), ethanol and water ratio (b), pH of eluent (¢), and elution volume (d) on extraction efficiency
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to increase, the recoveries decline. This is because the main
force between berberine and the adsorbent is conjugation
interaction. Also, ethanol is less polar than water; so, it is
easier to “peel” berberine from SiO, @C-n-CP. Based on the
considerations of green scientific research and easy-to-adjust
pH, the ethanol-water solution with a volume ratio of 4:1
was the best, finally.

Effect of eluent pH

The elution effect is affected by the pH value of the
eluent. The recoveries of eluents with different pH val-
ues showed obvious differences. In this work, the pHs
ranging from 2.4 to 11.7 were conducted. As shown in
Fig. 7c, when the pH values are in the range of 2.4 to
4.2, the recoveries are all maintained at a relatively high
level. When the pH values are higher than 5.2, the recov-
eries begin to drop sharply and then up and down again.
This is because pH changes could cause simultaneously
changes in the charge on SiO,@C-n-CP surface and the
form of berberine present. When the pH value of eluent
is higher than p/ (about 4), the charge on Si0,@C-n-CP
is mainly negative, enhanced the electrostatic interac-
tion between berberine and SiO,@C-n-CP, and impeded
elution. When the alkalinity of the solution increases,
part of the berberine will change from the hydrophilic
quaternary ammonium form to the lipophilic aldehyde or
alcohol form. The combined effect of these two results
in abnormal fluctuations in recovery. Finally, consider-
ing that the hydrolysis of SiO, will be enhanced under
strong acidic conditions, pH 4 was selected as the opti-
mal pH condition for elution.

Effect of elution volume

Based on the consideration of elution efficiency, it is neces-
sary to explore a proper eluent volume. So, this work inves-
tigated the effect of elution volume in the range of 0.5-3 mL.
The results in Fig. 7d show that 1 mL of eluent is sufficient
to achieve complete elution, so 1 mL was chosen as the opti-
mal elution volume.

Reusability of Si0,@C-n-CP

The reusability of SiO,@C-n-CP was tested under the opti-
mal SPE conditions, and the results are shown in Fig. S3.
Si0,@C-xn-CP still maintained satisfactory recoveries of
berberine even after 12 cycles of use. The recoveries in
the whole process were maintained above 99%, indicat-
ing that the physical structure and chemical properties of
Si0,@C-n-CP have high stability.

@ Springer

Method validation for Si0,@C-n-CP

Under the optimal SPE conditions, the method valida-
tion of the SPE-HPLC/DAD analysis method based on
Si0,@C-n-CP adsorbent had been completed. Good lin-
earities were obtained in the range of 2-13,000 ng mL ™" for
berberine with correlation coefficients better than 99.3%.
LODs (signal/noise =3) and LOQs (signal/noise = 10) were
0.75 ng mL~" and 2 ng mL~!, respectively. Intra-day (n=3)
and inter-day (n = 6) repeatability were tested to determine
the method precision. The RSDs of inter-day and intra-day
were 1.5% and 6.2%, respectively. These above data could
show that the method proposed in this work is effective and
reliable.

Application in real sample

In order to verify whether the method established above is
applicable to the analysis of actual samples, the content of
berberine in human urine was determined in this test [38].
From the chromatograms in Fig. 8 and results listed in
Table S4, it can be clearly seen that the enrichment of trace
berberine in human urine samples can be achieved by this
established SPE method. In Fig. 8, no peaks of the berberine
were observed in blank human urine solution weather with
SPE or not. Also, for the spiked urine solution, the obvious
peak of berberine is also only seen after SPE. Besides, the
recoveries are all very satisfactory (98-103%) with RSD
(n=3) less than 5%. These all indicate that SiO,@C-n-CP
can resist interference from the urine matrix.
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Fig.8 Chromatograms of (/) berberine. (a) Blank human urine. (b)
Blank human urine by SPE. (¢) Human urine spiked with berberine
at 75 ng mL~!. (d) Real human urine sample spiked at 75 ng mL™"!
by SPE. (e) Berberine standard solution at a concentration of
10 pg mL.™!
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Table 4 Comparison of the proposed method with other extraction techniques for determination of berberine in different real samples

Ref

Real sample Recovery (%)

LODs

Linear range

Analytical methods

Adsorbent materials

90.6-103.2

81.3

Human plasma and urine

1.0 ng mL™!
1pgL™!

3-800 ng mL™!
2-100 pg L~

MI-p-SPE-HPLC/UV

SPE-HPLC/UV

Berberine-imprinted monolith
TSPSAcide@ GO@SiO,
Berberine M-MIPs
PNB-MNPs

Human urine

94.07-99.95
93.9-94.7

Cortex phellodendri and rat plasma

0.01 ng mL™!

0.1-150 ng mL™!

M-MI-SPE-HPLC/UV
UADM-SPE-HPLC/UV
MAPE-HPLC/UV
SPE-HPLC/UV

Human plasma and urine

0.17-0.19 ng mL™!

95.4-111.3
85.6

C. phellodendri extracts

HLSQ pills

Aptamer-functionalized Fe;0, MNPs

0.5pgL™!

1-50 pg L™!

GO-modified monolithic syringe

HP-B-CD

88.3-93.2

River water, orange juice, and tomato

Mini-SPE-UHPLC-Q-TOF/MS

juice

[44]

[41]

87.9-96.4

Gegen-Qinlian oral liquid

0.49 ng mL™!

0.003-3 pg mL™!

Dispersive admicelle SPE-HPLC/UV
Thermal-assisted DSPE-HPLC/UV

MSPE-UPLC-MS/MS
MSPE-HPLC/UV

SDS-coated Fe;O, NPs

T-MIR

A real plant

0.008 mg L~!

0.1-100.0 mg ™!
0.02-20 ng mL™!

[18]

[45]

95.8-97.8
71.6-76.1

Patient’s urine

0.006 ng mL™!

Ni@POFs

Coptis chinensis and Phellodendron

1.375-185 pg mL™!

UiO-66@PA @PEI@Fe;0,

amurense

3.13 ng mL™! Rat plasma 89.9-93.1 [46]

0.75 ng mL~!

0.048-200 pg mL~"!

MSPE-HPLC/UV
SPE-HPLC/UV

Fe,0,@YS-UiO-66-NH,

$i0,@C-1-CP

This work

98.1-98.8

Human urine

2-13,000 ng mL™!

Comparison with other extraction methods

Berberine is a commonly used drug in clinical treatment.
It is very necessary to realize the accurate determination of
trace berberine in clinical samples. Faced with this demand,
combined with the high-efficiency sample pretreatment
technology (SPE), a series of novel adsorption materials
were developed by researchers to analyze berberine. They
include customized imprinted materials [39—41], which were
designed and synthesized to achieve precise identification
and detection; magnetic SPE materials [18, 40, 42—46] that
were introduced into the analysis system for reaching rapid
solid-liquid separation during the extraction process; and
other composite materials [19, 22, 47].

Most of the above-developed analytical methods have
achieved satisfactory analysis efficiency, but the synthesis
process of these adsorbent materials was all not simple, and
some of them used LC/MS testing techniques that are not
yet widely popularized in domestic small and medium-sized
enterprises, which is very likely to restrict the promotion and
application of analysis method.

By comparison, the synthesis process of the
Si0,@C-n-CP adsorbent used in this work is very econom-
ical and the liquid chromatography detection technology
used is very popular, easy to implement, and highly accu-
rate. Moreover, the detection limit and linear range also have
absolute advantages. Therefore, compared with these exist-
ing berberine adsorbents, SiO, @C-n-CP is more suitable for
the actual clinical analysis process and has greater potential
for commercial development. More detailed comparison is
summarized in Table 4.

Conclusions

In this paper, based on a novel n-conjugated polymer, a SPE
adsorbent SiO,@C-n-CP with great commercial potential
was designed and successfully synthesized. Combined with
HPLC/DAD, SiO,@C-n-CP can achieve accurate deter-
mination of trace berberine in complex matrices. Com-
pared with the reported adsorbents for berberine analy-
sis, SiO,@C-n-CP has a simpler synthesis process, wider
detection range, excellent enrichment effect, and recy-
cling and anti-interference ability. It is precisely because
S10,@C-n-CP has these advantages that it is very likely to
go out of the laboratory and achieve commercial production,
breaking the shackles of existing materials that are difficult
to achieve market transformation. This work opens a novel
method for efficient determination of berberine; it is also
clarified that there is a possibility of commercial applica-
tion of the n-CP in berberine alkaloids sample pretreatment,
which would open up a new direction for the application of
these highly economical n-conjugated polymers.
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