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Abstract We describe a solid-phase extraction adsorbent
based on molecularly imprinted polymers (MIPs), prepared
with use of a mimic template. The MIPs were used for the
selective extraction and determination of three chlorogenic
acids as combined quality markers for Lonicera japonica
and Lianhua gingwen granules. The morphologies and surface
groups of the MIPs were assessed by scanning electron
microscopy, Brunauer—Emmett—Teller surface area analysis,
and Fourier transform infrared spectroscopy. The adsorption
isotherms, kinetics, and selectivity of the MIPs were sys-
tematically compared with those of non-molecularly
imprinted polymers. The MIPs showed high selectivity toward
three structurally similar chlorogenic acids (chlorogenic acid,
cryptochlorogenic acid, and neochlorogenic acid). A procedure
using molecularly imprinted solid-phase extraction coupled
with high-performance liquid chromatography was established
for the determination of three chlorogenic acids from Lonicera
Jjaponica and Lianhua gingwen granules. The recoveries of the
chlorogenic acids ranged from 93.1% to 101.4%. The limits of
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detection and limits of quantification for the three chlorogenic
acids were 0.003 mg g ' and 0.01 mg g ', respectively. The
newly developed method is thus a promising technique for the
enrichment and determination of chlorogenic acids from herbal
medicines.
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Introduction

The increase in global demand for herbal medicines (HMs)
means that quality control is becoming increasingly important
in both clinical and business applications [1]. HMs, which
contain unrefined mixtures of phytochemical compounds,
are different from Western drugs, and the selection of
appropriate compounds as quality markers presents a signifi-
cant challenge [2]. Many bioactive components have been
used as quality control markers for HMs [3, 4] but insufficient
pharmacological and chemical evidence is usually available to
justify the selection of a single molecule as a quality marker,
resulting in poor biological relevance. The therapeutic benefits
of HMs are widely acknowledged to result from the combined
effects of multiple components on multiple targets [5]. Better
quality control of HMs could, therefore, be achieved by use of
combinations of compounds with congruent pharmacological
activities.

Chlorogenic acid (CHA) and its structural analogues,
cryptochlorogenic acid (CPCHA) and neochlorogenic acid
(NCHA) (Fig. 1), have the congruent pharmacological activities
19.6967ptof scavenging free radicals, acting as antioxidants,
and suppressing mutations [6]. Since chlorogenic acids (CGAs)
are the main bioactive components of HMs such as Eucommia
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Fig. 1 The chemical structures of
chlorogenic acids and the
synthesis of the mimic template
reduced chlorogenic acid
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ulmodies, honeysuckle, and Lianhua gingwen granules, it is
more appropriate to use a family of CGAs for the quality control
of such HMs. However, the presence of related compounds, such
as isochlorogenic acid A (ICHA-A) (Fig. 1), with similar
chemical properties, means that the three CGAs of interest
cannot be selectively extracted with organic solvents. The
analysis of a family of CGAs in HMs is rendered more difficult
by the fact that CPCHA and NCHA are often present in trace,
or even ultratrace, amounts. Sample pretreatment steps are
thus often required to increase the sensitivity and accuracy of
methods used for the determination of these three CGAs.
Molecularly imprinted solid-phase extraction (MISPE) is
widely used for the selective recognition of target molecules
[7], and solid-phase extraction (SPE) cartridges packed with
molecularly imprinted polymers (MIPs) have been shown to
have significantly increased selectivity [8—14]. MIPs can be
prepared by copolymerization of cross-linkers and functional
monomers in the presence of template molecules [15].
CHA-MIPs have been used for the enrichment and purification
of CHA from samples of HMs, such as honeysuckle [16—18]
and E. ulmodies [19-22]. Because of their good molecular
recognition properties, MIPs provide both high selectivity
and good recoveries for CHA. However, all previously
reported CHA MIPs were synthesized with CHA as the
template. The potential leakage of template molecules
when MISPE is used, even after exhaustive washing steps,
could seriously compromise the accuracy of the analytical
method and cannot be ignored [23]. Template leakage could
even render MISPE unsuitable for the simultaneous analysis
of the whole family of CGAs. The best way to avoid template
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Reduced chlorogenic acid (R-CHA)

leakage is to use a structural analogue (a “mimic template™) of
the target analyte as the template [24-32].

In the present work, we prepared MIPs using reduced CHA
(R-CHA), which was synthesized by catalytic hydrogenation
of CHA, as the mimic template. The influence of template
leakage on quantitative analysis of CHA was eliminated by
use of the mimic template. MIPs and non-molecularly
imprinted polymers (NIPs) were characterized by systematic
investigation of adsorption isotherms, kinetics, and selectivity.
A new method, using MISPE coupled with high-performance
liquid chromatography (HPLC), was developed to analyze
three CGAs in the model traditional Chinese medicines
Lonicera japonica Thunb. and Lianhua gingwen granules.
Parameters such as linearity, limits of detection (LODs), limits
of quantitation (LOQs), accuracy, and precision were used to
validate the method.

Materials and methods
Materials

CHA, CPCHA, NCHA, and ICHA-A were purchased from
Puxi Technology Co. (Beijing, China). Analytical grade CHA,
which was used for the preparation of R-CHA, was obtained
from Yuanye Biological Technology Co. (Shanghai, China).
4-Vinylpyridine (4-VP; functional monomer), divinylbenzene
(DVB; cross-linker), and 2,2-azoisobutyronitrile (AIBN;
initiator), and 10% Pd/C (hydrogenation catalyst) were
purchased from J&K Scientific (Beijing, China). HPLC
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grade acetonitrile and methanol (MeOH) were purchased
from Merck (Darmstadt, Germany). Analytical grade organic
solvents were obtained from Sinopharm Chemical Reagent
Co. (Shanghai, China).

Preparation of R-CHA

A suspension of CHA (3.54 g, 10 mmol) and 10% Pd/C
(1.0 g) in MeOH (100 mL) was stirred at 20 °C under a H,
atmosphere for 4 h. After filtration through a pad of Celite,
the filtrate was concentrated under reduced pressure. Flash
column chromatography (silica gel, 20% MeOH—ethyl acetate)
afforded R-CHA (3.38 g, 95%) as a white solid. "H NMR (400
MHz, MeOD) 6 (ppm) 6.57-6.54 (m, 2H), 6.42 (dd, 1H,J=1.2
and 8.0 Hz), 5.15 (s, 1H), 4.07 (s, 1H), 3.49-3.39 (m, 1H), 2.68
(t,2H,J=7.6 Hz), 2.49 (t, 2H, J = 8.0 Hz), 2.05-1.99 (m, 3H),
1.90-1.81 (m, 1H). '*C NMR (100 MHz, MeOD) & (ppm)
175.9, 172.2, 145.5, 143.9, 131.8, 119.2, 116.1, 115.9, 72.9,
71.6,63.5,56.5,37.8,36.2,30.1, 19.0. Electrospray ionization
mass spectrometry m/z = 355.1 [M — H*]. Anal calcd for
C16H2000: C, 53.93; H, 5.66. Found: C, 53.66; H, 5.81.

Calibration for potentiometric titration

The pH values of R-CHA solutions in MeOH-water (2:1, v/v)
were determined with a PHS-3C pH meter (INESA, Shanghai,
China), which had been standardized with aqueous buffer
prepared from the standard sample. Subsequent calibration
was conducted with the method described by Van Uitert and
Haas [33], which is based on pH measurements of R-CHA in
hydroalcoholic solution and in aqueous solution. The relation
between the pH in MeOH-water (2:1, v/v) (pHy,.o1) and the
pH in pure water (pH,,) was determined as follows:

pH,, o = 0.898 + 1.19 x pH,,. (1)

Preparation of MIPs

Preparation of the mimic imprinted polymers is shown
schematically in Fig. 2. MIPs were synthesized by bulk
polymerization with a noncovalent approach. The mimic
template molecules (R-CHA, 1.0 mmol) and functional
monomers (4-VP, 4.0 mmol) were mixed in MeOH-water
(6 mL, 2:1, v/v) under magnetic stirring for 0.5 h to allow them
to self-assemble by molecular interactions. After removal of
the stirrer bar, cross-linker (DVB, 8.0 mmol) and initiator
(AIBN, 0.05 g) were added to the solution of preassembled
molecules. The mixture was thermopolymerized (55 °C) under
a N, atmosphere for 10 h. The rigid polymers obtained were
crushed, ground, sieved (35-45 um), sedimented in acetone,
and dried under a vacuum. Because of the excellent solubility
of R-CHA in water, the mimic template molecules were

extracted with water—acetic acid (9:1, v/v), until no R-CHA
was detected by HPLC in the extract. NIPs were simultaneously
synthesized by the same method in the absence of the mimic
template molecules. The composition of the prepolymerization
mixtures is listed in Table S1.

Characterization

The functional groups of the synthesized particles were
investigated by Fourier transform infrared spectroscopy
(FT-IR; Nicolet iS10, Thermo Fisher Scientific, Waltham,
MA, USA). Morphologies were determined by scanning
electron microscopy (SWPRATMSS, Carl Zeiss, Aalen,
Germany). N, adsorption isotherms were determined with
an ASAP 2020 accelerated surface area and porosimetry
system (Micromeritics Instrument, Norcross, GA, USA).
Surface area and total pore volume were determined by
the Brunauer—Emmett—Teller method [34].

Chromatographic conditions

A 1120 liquid chromatography system (Agilent Technologies,
Santa Clara, CA, USA), equipped with an ultraviolet detector,
was used to analyze the samples. A ZORBAX octadecylsilane
analytical column (5 pum, 4.6 mm x 250 mm, Agilent
Technologies, Palo Alto, USA) was used for the separation
of analytes. The mobile phase was 0.2% formic acid in water
(solvent A) and acetonitrile (solvent B). The gradient elution
program was as follows: 0—10 min, 92% to 90% solvent A; 10
—20 min, 90% to 85% solvent A; 20—30 min, 85% solvent A;
30—40 min, 85% to 75% solvent A; 40—50 min, 75% to 70%
solvent A; 50—51 min, 70% to 92% solvent A. The flow rate
was maintained at 1.0 mL min~', and the column temperature
was 30 °C. The injection volume and detection wavelength
were 10 puL and 280 nm, respectively.

Binding characteristics

The adsorption isotherms were investigated by our mixing
MIPs or NIPs (10 mg) with CHA solutions (5 mL) of
different concentration (10—500 mg L"). The mixtures
were shaken for 100 min at 22 °C, and the sorbents were
then collected by centrifugation. The quantity of CHA in
the supernatants was analyzed by HPLC. The equilibrium
adsorption capacity (Q.; mg g ') of the MIPs was calculated
with the following equation:

Q. = (Ci=Ce)v/m, (2)

where C; and C, (mg L") are the initial and equilibrium
concentration of CHA, respectively, m (mg) is the weight
of sorbents, and v (mL) is the volume of the solution.
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Fig. 2. The principle of the mimic imprinted polymers. AIBN 2,2-azoisobutyronitrile, DVB divinylbenzene, MIPs molecularly imprinted polymers, R-

CHA reduced chlorogenic acid, 4-VP 4-vinylpyridine

The adsorption isotherms were described by the Langmuir
binding isotherm model as follows [35, 36]:

Ce/Qe = 1/(QmKL> + Ce/Qm7 (3)

where K| and Q,, are the Langmuir equilibrium constant and
theoretical maximum adsorption capacity, respectively.

Adsorption kinetics were investigated by our mixing MIPs
or NIPs (10 mg) with CHA solution (5 mL, 300 mg L") and
shaking the mixture for different times (0—150 min). The
binding quantity of CHA (Q,, mg g ') was calculated with the
following equation [37]:

O, = (Gi=Cy)v/m, (4)

where C, (mg LY represents the CHA concentration at time .

ICHA-A was chosen as the reference compound to evaluate
the selectivity of the MIPs toward the three CGAs. The
reference compound is a phenylpropanoid that is widely
present in L. japonica. The working solutions of ICHA-A
and the three CGAs were prepared at an initial concentration of
300 mg L™'. The sorbent (10 mg) was shaken with working
solution (5 mL) for 100 min at 22 °C. After removal of the
sorbent, the quantity of analyte in the supernatant was analyzed
by HPLC. The imprinting factor (IF) and selectivity coefficient
(SC) were used to assess the selectivity of the MIPs:

IF = Qe,M[Ps/ Qe,NJP.w (5)

SC = Qe,M]Ps to CHA/ Qe,M]Px to ICHA-A* (6)

Extraction of three CGAs from HM samples using MISPE

L. japonica or Lianhua gingwen granules (0.1 g) were refluxed
with the deionized water (50 mL) for 1 h. After filtration through
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a 0.45-pum polytetrafluoroethylene membrane, the supernatant
was accurately diluted with deionized water to 50 mL for further
experiments.

MIPs (500 mg) were packed into empty SPE columns (5
mL). After wetting with deionized water (10 mL), extraction
solution (50 mL) was passed through the MISPE columns
(flow rate 10.0 mL min '). The columns were then washed
and the contents eluted with MeOH—acetic acid (9:1, v/v, 3
mL) and water—acetic acid (6:4, v/v, 3 mL). Finally, the
amount of the three CGAs was analyzed by HPLC.

Results and discussion
Choice of template and functional monomer

The structural difference between CHA and R-CHA is
shown in Fig. 1. R-CHA has the same functional groups
as CHA but lacks the C=C double bond, suggesting that R-CHA
would be a more suitable template. In support of this, the
recovery of the template from different MIPs after free-radical
bulk polymerization was significantly higher when R-CHA,
rather than CHA, was used as the template (93.5% vs 69.1%,
respectively). The functional groups of R-CHA MIPs (after
and before removal of R-CHA), CHA MIPs (after and before
removal of CHA), and NIPs were investigated by FT-IR spec-
troscopy (see Fig. S1). The peak around 1731 cm ™' indicated
the presence of a C=0 group, demonstrating the retention of
CHA in CHA MIPs after removal of CHA. In sharp contrast,
the FT-IR spectrum of R-CHA MIPs after removal of R-CHA
was similar to that of NIPs, and showed no obvious peaks
around 1731 cm™ . These results, taken together, demonstrate
that R-CHA is more suitable as a template molecule and can
avoid interference caused by template leakage during the
chromatographic quantification of CHA.



Selective extraction and determination of chlorogenic acids as combined quality markers in herbal medicines... 7091

180

160 MIPs
140
120 4
'_‘/\ b
"o 100 A
on
2 |
<, 80+
Ql 1 -
60 - NIPs
40
20 -
0 -
T T T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
-1
Cp(mgL ")

Fig. 3 Adsorption isotherm curves for chlorogenic acid on molecularly
imprinted polymers (MIPs) and non-molecularly imprinted polymers

(NIPs)

Results from the binding experiments (Table S1) showed
that MIPs synthesized with 4-VP had higher IFs than those
synthesized with methacrylic acid (acidic monomer), likely
because of favorable interactions between the basic 4-VP
monomer and the acidic template. In addition to electrostatic
interactions, 7 interactions between 4-VP and R-CHA are
expected to contribute to the greater ability of MIPs to
selectively recognize the acidic compound CHA, compared
with those synthesized with methacrylic acid. These results
are in agreement with previously reported results for CHA
[19] and its analogues chicoric acid [38] and caffeic acid
[39]. Therefore, 4-VP was chosen as the functional monomer
to prepare CHA MIPs.

The amount of the functional monomer and the strength of
its interaction with the template are two important factors in
providing MIPs with effective recognition properties.
Optimization of prepolymerization complexes is a crucial step

6
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Fig. 4 Langmuir plots of molecularly imprinted polymers (MIPs) and
non-molecularly imprinted polymers (NIPs).
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Fig. 5 Kinetic adsorption curves for chlorogenic acid on molecularly
imprinted polymers (MIPs) and non-molecularly imprinted polymers

(NIPs)

in the preparation of MIPs [36]. Molar ratios of R-CHA to
4-VP were defined by pH titration studies so as to evaluate
the effect of increasing the quantity of 4-VP on the interaction
between the mimic template and the functional monomer. The
pH values of R-CHA solutions (100 mL, 5 mmol L!in
MeOH-water) were measured in the presence of 4-VP
(0-10.0 mmol), with use of a PHS-3C pH meter. The pH
of the solution increased from 3.1 to 6.9 as the concentration
of 4-VP was increased from 0 to 1.9 mmol (Fig. S2), but
further increases in the concentration of 4-VP caused no
further change in pH. A molar ratio of 1:4 for template to
functional monomer was thus used to prepare MIPs.

Choice of cross-linker

The cross-linker must provide an appropriate degree of
flexibility for the MIPs, to allow both rapid achievement
of binding equilibrium and good accessibility to the active
sites. Polymers C in Table S1, which were synthesized with
DVB as the cross-linker (template to functional monomer
to cross-linker ratio 1:4:8), showed good IFs and rebinding
results. DVB can form 7—7 interactions with R-CHA. On

Table 1  Selectivity of molecularly imprinted polymers (MIPs) and
non-molecularly imprinted polymers (NIPs) toward different compounds
Analyte Qo wies(mggh)  QOconies(mgg’)  IF sc
CHA 112 50 224 2.41
CPCHA 109 45 242 2.60
NCHA 119 41 2.90 3.12
ICHA-A 41 44 0.93 -

CHA chlorogenic acid, CPCHA cryptochlorogenic acid, /CHA-A
isochlorogenic acid A, /F imprinting factor, NCHA neochlorogenic acid,
SC selectivity coefficient
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the basis studies of the described so far, the best MIPs were
composed of R-CHA as the mimic template, 4-VP as the
functional monomer, and DVB as the cross-linker, in a molar
ratio of 1:4:8 (Table S1, MIPs C). MIPs C were used to further
investigate binding properties in subsequent experiments.

Characterization of morphology

The morphologies of MIPs and the corresponding NIPs were
determined by scanning electron microscopy (Fig. S3).
Because bulk polymerization was used, the morphologies of
the MIPs and NIPs were similar and the particles did not have
a well-defined shape [40]. Particle sizes were in the range
30-50 wm, which is suitable for packing SPE columns.
The MIPs had a more porous and rougher structure, which
would contribute to the adsorption of compounds. The surface
area and pore volume of the MIPs and NIPs were calculated
by the Brunauer—Emmett—Teller method. Values for the
MIPs (282.2 m* g ' and 0.453 m® g~ ', respectively) were
significantly higher than those for the NIPs (132.2 m* g
and 0.191 m® g', respectively). The larger surface area
and pore volume increase the adsorption capacity of MIPs,
indicating that MIPs are very suitable for use as an adsorbent
material.

Binding characteristics
Adsorption isotherms

Static adsorption experiments, with CHA as the model
molecule, were conducted to evaluate the imprinting efficiency
of the MIPs. As shown in Fig. 3, the amount of CHA adsorbed
increased with increasing concentration of the working
standard solution (10—500 mg LY. The amounts of CHA
adsorbed by the NIPs were much lower than those adsorbed
by the MIPs, indicating that imprinted sites had been formed
in the MIPs. The adsorption data were processed with the
Langmuir equation (Eq. 3), whereby the ratio of free to bound
CHA (Cy/Q.) was plotted against the amount of free CHA
(Ce). The linear regression equations for MIPs and NIPs were
¥ =0.0038x + 0.5162 (R* = 0.905) and y = 0.0045x + 3.5984
(R? = 0.973), respectively (Fig. 4). The theoretical maximum
adsorption amounts (O,,) were 222 mg g ' and 263 mg g ! for
NIPs and MIPs, respectively, indicating that adsorption of
CHA by MIPs is more favorable.

Adsorption kinetics

Adsorption kinetics of MIPs and NIPs were studied over
different periods, with a constant concentration of CHA (300 mg
L"). The adsorption capacity of MIPs increased rapidly during
the first 12 min and then approached equilibrium (Fig. 5). In
contrast, the adsorption capacity of the NIPs was lower and
approached equilibrium only after 90 min. These results suggest
that the imprinted cavities of the MIPs led to both faster
adsorption and higher binding affinity for the analyte.

Selectivity of adsorption

IFs and SCs were used to indicate the selective recognition
by MIPs and NIPs of the three CGAs and the reference
compound (ICHA-A). The results are summarized in
Table 1. The IFs for CHA, CPCHA, and NCHA were 2.24,
2.42, and 2.90, respectively, suggesting that the adsorption
capacity of MIPs for CGAs was much greater than that of
NIPs. The SCs for CHA, CPCHA, and NCHA were 2.41,
2.60, and 3.12, respectively, indicating that MIPs showed

Table 2 Parameters of

molecularly imprinted solid- Analyte  Linearity (mgg") R’ LOD (mgg")  LOQ(mgg')  RSD (%)

phase extraction column—high-

performance liquid chromatogra- Intraday Interday

phy method (n=6) (n=16)
CHA 0.01-60 0.9991 0.003 0.01 35 59
CPCHA  0.01-60 09998  0.003 0.01 39 6.8
NCHA 0.01-60 0.9992 0.003 0.01 43 7.1

CHA chlorogenic acid, CPCHA cryptochlorogenic acid, LOD limit of detection, LOQ limit of quantitation, NCHA
neochlorogenic acid, RSD relative standard deviation
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Table 3  Recoveries of the molecularly imprinted solid-phase extraction column—high-performance liquid chromatography method for herbal med-

icine (HM) samples (n =3)

Analyte Recovery for spiked Salvia miltiorrhiza (%) Concentrations of CGAs in HMs (mg g)
0.05* 1.0 20° Lonicera japonica Lianhua gingwen granules®
Henan® Shandong® Jiangxi® Gansu®
CHA 101.443.2 97.9+4.9 94.2+5.9 16.7 17.2 16.3 16.4 7.4
CPCHA 97.3+4.1 98.7+4.9 93.1+4.9 5.6 54 5.7 5.2 1.5
NCHA 98.243.7 95.5+5.7 93.1+3.7 5.4 5.5 4.8 4.6 1.3

CGAs chlorogenic acids, CHA chlorogenic acid, CPCHA cryptochlorogenic acid, NCHA neochlorogenic acid

2 The spiking concentration (mg g™ )
® The city in China

¢ Purchased from Shijiazhuang Yiling Pharmaceutical Co. (Shijiazhuang, China)

excellent selectivity for CGAs compared with the competitor
molecule, ICHA-A. Notably, Q. of ICHA-A on MIPs was
similar to that on NIPs. This is because the structure of the
mimic template is very different from that of ICHA-A, which
means that the competitor molecule cannot be captured by the
imprinted sites. The high adsorption capacity and excellent
selectivity of MIPs toward CGAs can be attributed to the
specific imprinting sites. MIPs could, therefore, be used for
the selective enrichment of CGAs.

Optimization of the MISPE procedure

To eliminate interference and achieve satisfactory recoveries
of the three CGAs, several parameters of the MISPE method
were investigated. These included flow rate and types and
volumes of loading, washing, and elution solvents.

Effect of sample loading solvents

Water (50 mL) spiked with different amounts of CGA
standards (0.3, 0.6, 0.9, 1.2, and 1.5 mg for each CGA)
was percolated through the cartridges to determine the
mass capacity of the MISPE columns. Over the tested range,
recoveries of more than 95% fort the CGAs were achieved.
Recoveries of more than 85% were still achieved when the total
loading amount was as high as 9.0 mg (3.0 mg for each CGA),
indicating that the MISPE columns have good mass capacity
for CGAs. Taking into consideration the concentration of
CGAs in L. japonica and Lianhua gingwen granules, we used
water (50 mL) spiked with 1.5 mg of each CGA (total 4.5 mg)
to optimize other parameters.

Effect of flow rate

The effect of flow rates in the range 1.0~13.0 mL min ' on the
recoveries of CGAs was investigated. The recoveries of all three
CGAs were more than 95% as the flow rate was increased from

1.0 to 10.0 mL min ', but the recoveries decreased as the flow
rate was increased from 10.0 to 13.0 mL min ', A flow rate of
10.0 mL min ! was thus selected for further studies.

Effect of washing solvent

The washing procedure plays an important role in reducing
interference from impurities in the matrix, as well as in
maximizing the specific interactions between MISPE columns
and the analytes. After spiked water (50 mL) had been loaded
onto the columns, water, acetonitrile, MeOH, MeOH-acetic
acid (9:1, v/v), and water—acetic acid (9:1, v/v) (3 mL each)
were evaluated as washing solvents. Water, acetonitrile, and
MeOH provided high recoveries for both MISPE and
non-molecularly imprinted SPE (NISPE) columns (Fig. S4),
indicating that they were not appropriate as washing solvents.
After washing with MeOH—acetic acid (9:1, v/v), the recoveries
of all three CGAs for the MISPE columns were more than 90%,
but the recoveries for the NISPE columns decreased to less than
70%, indicating that the selective interactions between CGAs
and MISPE columns had been retained. CGAs could be
sufficiently eluted from NISPE columns by water—acetic
acid (9:1, v/v), whereas most of the CGAs were also
removed from MISPE columns simultaneously. To reduce sol-
vent consumption, different volumes of MeOH-acetic acid
(9:1, v/, 1-5 mL) were evaluated. As shown in Fig. S5, puri-
fication and recoveries were satisfactory with a volume of 3.0
mL, but recoveries of CGAs from MISPE columns significant-
ly decreased with larger volumes. Therefore, 3 mL of MeOH-
acetic acid (9:1, v/v) was used as the washing solution.

Effect of elution solvents
The elution solvent should sufficiently remove analytes from

MISPE columns. Water (4 mL) spiked with different volumes
of acetic acid was investigated as the elution solvent, and 6:4
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Fig.7 Typical high-performance liquid chromatography chromatograms
for the determination of chlorogenic acids in herbal medicine samples:
concentrated extract before percolation through a solid-phase extraction
column (a); eluting solutions from a C;g column (b); eluting solutions
from a hydrophilic-lipophilic balance column (c); eluting solutions from

(v/v) water—acetic acid was found to give the highest recoveries
(Fig. 6). Different volumes (1-5 mL) of water—acetic acid (6:4,
v/v) were then evaluated. The recoveries of CGAs increased as
the volume of eluent increased from 1 to 3 mL, and were then
almost constant. Thus, 3 mL of water—acetic acid (6:4, v/v) was
used as the elution solvent.

Validation of the MISPE-HPLC method

To validate the optimized MISPE method for extracting CGAs
from real HM samples, the linearity, accuracy, precision, LODs,
LOQs, and recoveries for the method were systematically
established. Deionized water, which had been demonstrated
to contain no CGAs, was spiked with the three CGAs to obtain
real samples. Good linearity, with R>> 0.999, was obtained for
the three CGAs over the concentration range 0.01-60 mg g '
(Table 2). LODs and LOQs were calculated at three and ten
times the signal-to-noise ratio. The LODs for CHA, CPCHA,
and NCHA were 0.003, 0.003, and 0.003 mg g, respectively.
The LOQs for CHA, CPCHA, and NCHA were 0.01, 0.01 and
0.01 mg g ', respectively. The intraday and interday precision
(relative standard deviations) were 3.5-4.3% and 5.9-7.1%,
respectively, when evaluated with the method on the same
day (n = 6) and on four consecutive days.

To evaluate the applicability of MISPE for recognizing
CGAs in more complex HM matrixes, Salvia miltiorrhiza
samples, which have been verified to contain no CGAs, were
spiked with the CGAs at three concentrations (0.05, 1.0, and
20 mg g ') to validate the recoveries. The recoveries of the
three CGAs ranged from 93.1% to 101.4% with relative
standard deviations less than 5.9% (Table 3), indicating that
the newly developed MISPE method could be used for accurate
and sensitive measurements.
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a non-molecularly imprinted solid-phase extraction column; eluting solu-
tions from a molecularly imprinted solid-phase extraction column (e).
Peaks: 1 neochlorogenic acid, 2 chlorogenic acid, 3 cryptochlorogenic
acid

Analysis of HM samples

The concentrations of the three CGAs in commercial L.
Jjaponica and Lianhua qingwen granules were analyzed by
the newly developed MISPE-HPLC method. The concentrations
of CHA in all samples of L japonica were greater than 15.0 mg
g ! (Table 3), in accordance with the quality standard established
by the Chinese Pharmacopoeia [41]. Typical chromatograms for
L. japonica and Lianhua gingwen granules are shown in Fig. 7.
Only the CHA chromatographic peak was visible after 50
mL of extract had been concentrated to 3 mL (Fig. 7, chro-
matograms a), mainly because matrix interference was maxi-
mized by concentration of the sample and the impurity peaks
became more obvious. Pretreatment by concentration of the
sample was thus not suitable for the analysis of CGAs in HM
samples. The chromatographic peaks obtained from the
MISPE columns were markedly clearer than those obtained
with three other adsorbents, C;g, hydrophilic—lipophilic
balance, and NISPE adsorbents (Fig. 7, chromatograms
b—e). The peaks seen with MISPE were also noticeably
bigger, implying higher recovery with MISPE. All of the
results demonstrate that the MISPE method developed in
this work has the ability to recognize a family of CGAs by
specific imprinting. The MISPE-HPLC method could thus
be used to analyze a family of CGAs as combined quality
markers for the quality control of HMs.

Conclusions
In summary, an MISPE method has been developed for the

selective extraction of CGAs (CHA, CPCHA, and NCHA)
from L. japonica and Lianhua gingwen granules. MIPs, which
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were prepared with R-CHA as the mimic template, showed
fast binding kinetics and a large adsorption capacity for CHA.
The MISPE-HPLC method showed good recoveries, together
with high repeatability and selectivity, in the determination of
three CGAs in L. japonica and Lianhua gingwen granules.
These excellent properties mean that MISPE is a promising
candidate for other applications, especially for the analysis of
CGAs in clinical samples based on SPE.
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