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termination of phenols in the four
main original plants of the famous traditional
Chinese medicine Shihu by pressurized capillary
electrochromatography

Xiao-Quan Liu,ac Chao-Feng Qin,†ac Nai-Dong Chen, *abc Jing-Wen Hao,*ab

Shi-Tang Ma,ab Min Zhang,ab Yu Song,d Yun-Jiang Min,ab Ya-Qin Buac and Sheng Liac

A rapid pressurized capillary electrochromatography (pCEC) method has been established for the

simultaneous analysis of 11 phenols in the four main original plants of the famous traditional Chinese

medicine (TCM) Shihu. The effects of wavelength, mobile phase, flow rate, pH value, concentration of

buffer, and applied voltage were systematically studied. The investigated 11 phenols could be isolated in

35 min on a reversed-phase EP-100-20/45-3-C18 capillary column using the established method. To

apply the established pCEC method, all phenols except tristin (11) were detected in the four Dendrobium

plants. A total of 10 components were detected in D. huoshanense, 6 components in D. nobile, 3

components in D. chrysotoxum, and 4 components in D. fimbriatum. The consistent evaluation revealed

that the similarities among the four original plants of Shihu were 38.2–86.0% based on the 11

polyphenols and 92.5–97.7% based on the pCEC fingerprints. These further suggested that the

components of the four original plants of TCM Shihu might be significantly different. Further

investigation should be conducted to confirm and evaluate if the four species could be used as the same

medicine with the same amount according to Chinese Pharmacopoeia (ChP).
1. Introduction

Dendrobium is one of the biggest genera of the Orchidaceae
family with more than 1100 species worldwide, among which 74
species and 2 varieties are distributed in China. Most Den-
drobium plants are used as the famous traditional Chinese
medicine (TCM) Shihu for a very long time.1 Dendrobium
huoshanense C. Z. Tang and S. J. Cheng, Dendrobium nobile
Lindl, Dendrobium chrysotoxum Lindl, and Dendrobium m-
briatum Hook are the most important original plants of the
TCM Shihu owing to their similar and prominent biological
activities.2,3 The stems of the four different herbs are believed to
produce the same functions, such as the treatment of stomach,
salivary, and ophthalmic disorders, and thus can be used as the
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same medicine based on Chinese Pharmacopoeia (ChP). The
phytochemical documents indicated that Shihu is rich in
polysaccharides, polyphenols, and alkaloids.4–6 These metabo-
lites exhibited multiple pharmacological properties, including
the immunoenhancement of the body and the special curative
effect on the human eye, pharynx, lung, stomach, intestine,
kidney, and the cardiovascular system,7–9 and thus were the
main bioactive components of Shihu. One medicine from
multiple origins was common in herbs besides Shihu. This
demands the chemical compositions, at least the main bioac-
tive components from the different original plants are the same,
so that they may be used instead of the other in the clinic. The
rationality of using the four Dendrobium plants as one medicine
needs to be claried. As the major active constituents of Shihu,
polyphenols are also rich inmany other natural sources, such as
crude extracts of fruits, herbs, vegetables, grains, and nuts. In
short, phenols are increasingly attracting considerable interest
in most elds, including the food industry, and signicant
efforts have been spent to develop and enhance the analytical
methods for their detection including bioassay,10 ELISA,11,12 and
chromatographic methods, such as high-performance liquid
chromatography (HPLC), gas chromatography with mass spec-
trometry (GC-MS), and liquid chromatography with mass
spectrometry (LC-MS).13–18 Compared with the previous analyt-
ical techniques, pressurized capillary electrochromatography
RSC Adv., 2023, 13, 19455–19463 | 19455
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(pCEC)19,20 is a potential separation system in which a mobile
phase is driven by both a pressurized ow and an electro-
osmotic ow (EOF). This setup is especially compatible with
the isolation of highly polar compounds, for example, poly-
phenols.21 To our knowledge, few references had ever
mentioned the application of the pCEC technique for the
analysis of polyphenols in natural medicines and food. Zhu
used pressurized capillary electrochromatography for deter-
mining three isoavones from Pueraria lobata.23 Derazshamshir
A. used capillary electrochromatography to determine cate-
cholamines (CAs) and their metabolites.24 Zhao used pressur-
ized capillary electrochromatography to determine costunolide
and dehydrocostus lactone in Maren Runchang Wan.25 The
method we established simultaneously determined 11
compounds, which is more than the sample of compounds
measured by others using this method.26 The accuracy of the
method we established is also better than that of others, and the
results showed that the RSD value was less than 1.84%, and the
method's accuracy was adequate.27

Based on the above foundation, a fast pCEC method was
established for the simultaneous determination of the phenols
in the major original plants of Shihu. In order to isolate and
simultaneously quantify the phenols in D. huoshanense, D.
nobile, D. chrysotoxum and D. mbriatum, the proposed method
was then effectively used and veried. The consistency of the
four Dendrobium plants was then evaluated based on the
composition of polyphenols and the pCEC ngerprints of their
methanol extracts to explore the logic of the use of four different
Dendrobium species as the same medicine and thus providing
references for other multiple-origin plants.
2. Materials and methods
2.1. Chemicals and reagents

Methanol and acetonitrile (chromatographic grade) were
purchased from Tedia High-Purity Solvent Co., Ltd. (USA).
Secondary distilled water was made in the laboratory using
a Milli-Q Plus purication system (Millipore, Billerica, MA,
USA). Ammonium acetate, formic acid, potassium dihydrogen
phosphate, borax, and sodium hydroxide were bought from
Aladdin Reagent Co., Ltd. (Shanghai, China). Standards of
schaoside (1) 2,4,7-trihydroxy-9,10-dihydrophenanthrene (2),
dihydroresveratrol (3), nudol (4), coelonin (5), batatasin III (6),
gigantol (7), 3′-hydroxy-3,4,5′-trimethoxybibenzy (8), erianin (9),
dihydropinosylvin methyl ether (10), and tristin (11) were ob-
tained from Sichuan Weikeqi Biological Technology Co., Ltd.
(Sichuan, Chengdu, China). The structures of these standards
are shown in Fig. 1.
2.2. Sample preparation and purication procedures

D. huoshanense, D. nobile, D. chrysotoxum, and D. mbriatum
samples were collected on November 14, 2020, in Huoshan
County, Anhui Province, China, and identied by Pro. Nai-Fu
Chen, West Anhui University, China. The samples were
prepared as follows: the fresh stems were freeze-dried at −50 °C
to constant weight, then separately powdered using a blender
19456 | RSC Adv., 2023, 13, 19455–19463
and screened using a 200 mesh sieve. 2.0 g of each powdered
sample was extracted with 100 mL 90% methanol 3 times. By
decompressing and concentrating the ltrate to dryness, the
methanol extracts of 4 Dendrobium plants were produced.

A CNWBOND LC-C18 SPE cartridge (2 g 10 mL; ANPEL
Laboratory Technologies Inc., Shanghai, China) was used for
solid-phase extraction according to our previous study;2 the
detailed steps were as follows: the cartridge was activated using
50 mL of methanol followed by 30 mL of Milli-Q water. An
accurate 10 mL of the sample solution was injected into the
activated and conditioned SPE cartridge. The elution was per-
formed with 50 mL of 60% methanol solution (the required
substance is in the elution), concentrated eluent to 1 mL under
reduced pressure to prepare the puried sample.

2.3. Preparation of standard solutions

Appropriate amounts of the substances were mixed and dis-
solved in methanol. Diluted working standard solutions were
prepared as follows: (1) 0.11 mg mL−1, (2) 0.12 mg mL−1, (3)
0.21 mg mL−1, (4) 0.67 mg mL−1, (5) 0.32 mg mL−1, (6) 0.13 mg
mL−1, (7) 0.33 mg mL−1, (8) 0.15 mg mL−1, (9) 0.25 mg mL−1,
(10) 0.10 mg mL−1, (11) 0.12 mg mL−1. All the solutions were
stored at 4 °C.

2.4. Instruments and analytical conditions

The prepared standard phenolic compounds were analyzed
using a TriSep™ 2100 pCEC system (Unimicro Technologies
Co., Ltd., Pleasanton, CA, USA) comprising two high-pressure
infusion modules, a microuidic module, a high-voltage
power module (±30 kV), and a variable-wavelength UV
detector (190–800 nm). Chromatographic separation was per-
formed on an EP-100-20/45-3-C18 (Electropak™, C18, ODS, 3
mm, effective length 20 cm × 100 mm i.d.). In this experiment,
the wavelength and chromatographic conditions were opti-
mized. The detection wavelength was selected over a range of
190–400 nm. The optimization of chromatographic conditions
includes the composition of mobile phases, mobile phase
concentration, pH, ow rate, and voltage. In order to better
realize the effective separation of chromatographic peaks in the
sample, ACN–borax buffer, ACN–phosphate buffer, ACN–
ammonium acetate buffer, and ACN–formic acid buffer were
selected for comparison. In our experiment, the effect of buffer
concentrations on the separation of the 11 analytes was inves-
tigated using 0.0 mM, 2.5 mM, 5.0 mM, 7.5 mM, and 10.0 mM,
12.5 mM borax buffer solution in ACN. In pCEC, the pH value of
the mobile phase is an important factor to maintain EOF. As
such, we compared the resolution of the objective chemicals
isolated using the 10.0 mM borax buffer solution in ACN at pH
= 7, 8, 9, 10, and 11. The effect of the pCEC ow rate on the
resolution of the analytes was investigated by various ow rates
of 0.02–0.06 mL min−1. In addition, the inuence of applied
voltage (from −2.5 kV to +10 kV) was chosen for further opti-
mization so as to shorten the analysis time and prevent peak
broadening.

Column EP-100-20/45-3-C18 (Electropak™, C18, ODS, 3 mm,
effective length 20 cm × 100 mm i.d.); detection wavelength
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of 11 phenolic compounds. Schaftoside (1), 2,4,7-trihydroxy-9,10-dihydrophenanthrene (2), dihydroresveratrol (3),
nudol (4), coelonin (5), batatasin III (6), gigantol (7), 3′-hydroxy-3,4,5′-trimethoxybibenzy (8), erianin (9), dihydropinosylvin methyl ether (10), and
tristin (11).
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280 nm; the voltage applied to the column +5 kV; ow rate 0.03
mL min−1; ACN/10.0 mM borax buffer (containing 0.1 mol L−1

NaOH, pH = 9) as the mobile phase, using gradient elution
mode as follows 0 min–10% ACN; 6 min–10% ACN; 7 min–30%
ACN; 15min–30% ACN; 16min–40% ACN; 20min–40% ACN; 24
min–80% ACN; 29 min–80% ACN; 31 min–100% ACN; 35 min–
100% ACN; the analysis time of each sample was 35 minutes,
and een more minutes were needed to equilibrate the
column at the end, the injection volume was 3 mL (the volume of
the sampling loop was 0.05 mL).

To perform pCEC's response surface methodology optimi-
zation, design expert soware version 13 was used. Similarity
analysis (SA) was performed on the basis of the relative reten-
tion time (RRT) and relative peak area (RPA) using the profes-
sional soware Similarity Evaluation System for
Chromatographic Fingerprint of Traditional Chinese Medicine
(2004A).

2.5. Method validation

The developed pCEC method was validated by linearity, sensi-
tivity, precision, recovery, stability, and specicity, in accor-
dance with the ICH Q2(R2) guidelines.22

In order to create calibration curves, a minimum of eight
calibration concentration levels were used, and the peak area (x)
was plotted as a function of the corresponding mass (y, ng) of
the working solution. The limit of detection (LOD) and quan-
tication (LOQ) were the lowest concentrations of target ana-
lytes that could be detected and measured at a signal-to-noise
ratio (S/N) of 3 and 10, respectively. The peak area was
© 2023 The Author(s). Published by the Royal Society of Chemistry
determined, a precision indicator known as the relative stan-
dard deviation (RSD) was computed and the stability was per-
formed using a single standard solution sampled at 0, 2, 4, 8, 12,
and 24 h. To evaluate the accuracy of the method, three
different concentration levels (75%, 100%, and 125%) of the
standard solutions were added to the samples with known
content for the recovery tests. Three parallel samples were
extracted for each level. Specicity evaluation was performed by
injecting separately 3 mL solution of the mixed working stan-
dards, sample and blank into the chromatographic system.
3. Results and discussion
3.1. Optimization of pCEC conditions

3.1.1. Wavelength. Optimization of the UV-visible spec-
trum of the 11 phenolics was performed (Fig. 2). Considering
the demands on simultaneous detection with higher efficiency,
a wavelength of 280 nm was chosen in the following
experiments.

3.1.2. Separation performance. Electroosmotic ow has the
same function as a pump in HPLC, driving particles forward,
and completing the separation of cations, anions, and neutral
particles by adding differences in the electrophoresis speed and
direction of different particles. To obtain higher resolution and
shorter elution time, the mobile phase composed of acetonitrile
(ACN) and different kinds of buffer salts were optimized. Since
ACNwas used as an organic modier, it has the ability to modify
and lower the viscosity of the mobile phase, lower the system's
pressure, and increase the solubility of chemicals in the sample,
RSC Adv., 2023, 13, 19455–19463 | 19457
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Fig. 2 UV-visible spectra of 11 phenolic compounds. Schaftoside (1),
2,4,7-trihydroxy-9,10-dihydrophenanthrene (2), dihydroresveratrol
(3), nudol (4), coelonin (5), batatasin III (6), gigantol (7), 3′-hydroxy-
3,4,5′-trimethoxybibenzy (8), erianin (9), dihydropinosylvin methyl
ether (10), and tristin (11).
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which was helpful to obtain a quick analysis time, it was oen
chosen as the initial organic modier. In the present study, the
following mobile phases with different ratios, which succeeded
in the analysis of phenolic compounds by LC or LC-MS in pCEC
were compared as follows: ACN–formic acid buffer (pH = 3),
ACN–ammonium acetate buffer (pH = 7), ACN–phosphate
buffer (pH= 7) and ACN–borax buffer (pH = 9). Peak forms and
resolution were the major indices in the condition optimization
Fig. 3 Optimization of pCEC conditions. (3-1) Separation performance,
acetate buffer; IV: ACN–formic acid buffer; (3-2) effect of borax concen
12.5 mM; (3-3) effect of pH values of buffer solution, I: pH= 7; II: pH= 8; I
0.02 mL min−1; II: flow rate = 0.03 mL min−1; III: flow rate = 0.04 mL mi
effect of applied voltage, I: −2.5 kV; II: 0 kV; III: +2.5 kV; IV: +5 kV; V: +7

19458 | RSC Adv., 2023, 13, 19455–19463
of the pCEC analysis. Poor resolution and serious peak tailing of
the mixed standards were displayed when ACN–formic acid or
ACN–ammonium acetate buffer was employed as the mobile
phase. The resolution of the ACN–phosphate buffer was higher
than that of the ACN–formic acid and ACN–ammonium acetate
system, however, it was obviously lower than that of the ACN–
borax buffer (Fig. 3-1). Thus, the ACN–borax system was chosen
as the mobile phase for further optimization. According to the
results, the mobile phase which consisted of (A) ACN and (B)
Milli-Q water was chosen and its gradient mode was as follows:
0 min–10% ACN; 6 min–10% ACN; 7 min–30% ACN; 15 min–
30% ACN; 16 min–40% ACN; 20 min–40% ACN; 24 min–80%
ACN; 29 min–80% ACN; 31–35 min–100% ACN. The analysis
time of each sample was 35 minutes, and een more minutes
were also needed to equilibrate the column at the end.

3.1.3. Effect of borax concentration in buffer solution.
Capillary electrochromatography (CEC), in which the electro-
osmotic ow (EOF) created from the electrical double layer was
made to act as a pump to drive the mobile phase in a capillary
column packed with micro-particulates or coated with
a stationary phase. Both neutral and charged species can be
resolved by CEC. It has been demonstrated that the efficiency of
a separation obtained by electroosmotic propulsion is superior
to that obtained by pressure-driven ow (as is the case in HPLC).
CEC combines the best features of CE and versatile selectivity
and large sample capacity of HPLC, promising high efficiency,
I: ACN–borax buffer; II: ACN–phosphate buffer; III: ACN–ammonium
tration, I: 0.0 mM; II: 2.5 mM; III: 5.0 mM; IV: 7.5 mM; V: 10.0 mM; VI:
II: pH= 9; IV: pH= 10; V: pH= 11; (3-4) effect of flow rate, I: flow rate=

n−1; IV: flow rate = 0.05 mL min−1; V: flow rate = 0.06 mL min−1; (3-5)
.5 kV; VI: +10 kV.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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high resolution, high selectivity, and high peak capacity.
However, in practice, when CEC is used without pressure, oen
in a commercial CE instrument, there are problems and diffi-
culties associated with bubble formation and column dry-out.
These difficulties can be overcome by a pressurized CEC
(pCEC) system, in which a supplementary pressure is applied to
the column in addition to the EOF. In such a system, pressure
can be applied to the capillary column to suppress the bubble
formation. Quantitative sample introduction in pCEC can be
easily achieved through a rotary-type injector. Most importantly,
it is amenable to a solvent gradient mode, similar to that in
HPLC, by programming the composition of the mobile phase.

The resolution of the investigated phenols will be affected by
the change in the buffer concentration since it will alter the EOF
of the pCEC system. Therefore, our experiments systematically
investigated the effects of the borax buffer concentration
(0.0 mM, 2.5 mM, 5.0 mM, 7.5 mM, 10.0 mM, and 12.5 mM of
borax in ACN at pH 9.0) on the separation system. The results
showed that the resolutions and RTs of the analytes were slightly
increased with buffer concentration rising from 0.0 mM to
12.5 mM. Fig. 3-2 shows that the separation resolution became
better as the borax concentration increased, but a longer analysis
time was needed and the chromatographic column was very easy
to be blocked at 12.5 mM borax. In this case, 10 mM was chosen
as the optimum concentration of borax for further optimization.

3.1.4. Effect of pH values of buffer solution. In pCEC, the
pH of the mobile phase has a strong impact on the resolution,
retention time, and detection sensitivity of analytes. Anions
moved toward the anode at the capillary sample end in the
pCEC system. Greater bulk EOF of buffer through the capillary
towards the cathode at the detector end of the capillary caused
anions to roam towards the detector. Because the pH of the
10 mM borax buffer solution was about 9, the pH range of 7 to
11 was considered. However, it was shown that when the pHwas
less than or greater than 9, the resolution of the sample
decreased. In order to further upgrade the mobile phase, a pH
of 9.0 for the ACN borax buffer was adopted (Fig. 3-3).

3.1.5. Effect of ow rate. The ow rates from 0.02 to 0.06
mL min−1 were adopted to investigate the inuence of ow
Table 1 Analytical parameters of 11 phenolic compoundsa

Analyte Calibration curve
Liner range
(mg mL−1)

LOD
(mg mL−1)

1 y = 502.44x + 106.33 0.19–17.11 0.05
2 y = 778.02x + 149.19 0.21–18.42 0.03
3 y = 652.68x + 252.38 0.37–33.16 0.04
4 y = 149.55x − 281.58 5.30–105.26 0.08
5 y = 675.55x + 17.219 0.56–50.00 0.02
6 y = 875.38x − 232.15 0.49–20.72 0.02
7 y = 1269.6x − 675.23 0.59–52.63 0.01
8 y = 768.73x − 101.34 0.55–23.16 0.02
9 y = 197.19x − 287.03 1.99–6.14 0.07
10 y = 1640.5x − 123.02 0.18–15.79 0.01
11 y = 433.83x + 50.197 0.44–18.42 0.03

a Schaoside (1), 2,4,7-trihydroxy-9,10-dihydrophenanthrene (2), dihydro
hydroxy-3,4,5′-trimethoxybibenzy (8), erianin (9), dihydropinosylvin methy

© 2023 The Author(s). Published by the Royal Society of Chemistry
rates on the pCEC separation of the 11 phenolic compounds
(Fig. 3-4). It was demonstrated that the retention time of 11
analytes was signicantly shortened as the ow rate increased.
An excessively high ow rate would cause the loss of packing
materials from the cartridge and negatively affect the column
efficiency and detection stability. Taking full consideration of
the retention time, resolution, and sensitivity of the analytes,
a ow rate of 0.03 mL min−1 was used for additional analysis.

3.1.6. Effect of applied voltage. The EOF and electropho-
resis of the analytes would be enhanced by an increase in the
applied voltage, which would have an impact on the RTs and the
baseline of the pCEC separation of the analytes. Therefore, the
inuence of the applied voltage (from −2.5 kV to 10 kV) was
investigated in the present study. As it was shown in Fig. 3-5, the
retention time was getting longer and longer as the positive
voltage was applied to the outlet of the capillary, but the reso-
lution was improved. The resolution and peaks were both taken
into account when the applied voltage was +5 kV. Nevertheless,
if the applied voltage were continually rising, the higher applied
voltage would cause the pCEC system to become unstable
because of the high background current's effect on Joule heat-
ing. Therefore, +5 kV of the applied voltage was selected as the
optimized voltage.

3.1.7. Optimization design and analysis. In order to maxi-
mize the separation between the investigated phenols in less
running time, a central composite design was used to examine
the inuence of each independent chromatographic compo-
nent as well as the interaction between numerous parameters.
Four signicant chromatographic parameters were chosen in
this study based on preliminary tests and knowledge of earlier
literature investigations. The four key factors used for the
optimization were A: borax concentration, B: pH, C: ow rate,
and D: applied voltage. The levels of each factor were A: borax
concentration (7.5–12.5 mM), B: pH (8–10), C: ow rate (0.02–
0.04 mL min−1), D: applied voltage (+2.5 to +7.5 kV). The eleven
observed responses were the resolution between (1) schaoside/
2,4,7-trihydroxy-9,10-dihydrophenanthrene (R1,2), (2) 2,4,7-
trihydroxy-9,10-dihydrophenanthrene/dihydroresveratrol (R2,3),
(3) dihydroresveratrol/nudol (R3,4), (4) nudol/coelonin (R4,5), (5)
LOQ
(mg mL−1)

Precision
(RSD)

Recovery
(%)

Recovery
(RSD)

Stability
(RSD)

0.18 0.85 95.69 1.15 1.72
0.11 0.63 90.64 1.57 0.66
0.14 1.62 97.85 0.74 1.52
0.27 1.44 94.72 1.24 1.20
0.06 1.84 96.68 1.63 1.56
0.05 1.22 91.37 1.38 1.67
0.03 0.64 96.35 0.94 0.58
0.06 1.78 92.14 0.86 1.47
0.22 0.53 93.66 0.71 0.66
0.03 0.69 95.42 1.52 0.76
0.10 1.32 94.33 1.46 1.41

resveratrol (3), nudol (4), coelonin (5), batatasin III (6), gigantol (7), 3′-
l ether (10), and tristin (11).
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coelonin/batatasin III (R5,6), (6) batatasin III/gigantol (R6,7), (7)
gigantol/3′-hydroxy-3,4,5′-trimethoxybibenzy (R7,8), (8) 3′-
hydroxy-3,4,5′-trimethoxybibenzy/Erianin (R8,9), (9) erianin/
dihydropinosylvin methyl ether (R9,10), (10) dihydropinosylvin
methyl ether/tristin (R10,11), and (11) the run time (Table 1). In
this experimental design, a total of 30 experiments were per-
formed to optimize the chromatographic conditions. The opti-
mized chromatographic condition was 12.5 mM borax buffer
(pH adjusted to 9 with 0.1 mol L−1 NaOH) and ACN was used as
the mobile phase at a ow rate 0.03 mL min−1, UV detection
wavelength 280 nm, separation voltage +4.3 kV.

3.1.8. Optimized separation. To sum up, in the aforemen-
tioned parameter optimization trials, the best pCEC conditions
of simultaneous analysis of the 11 phenolic compounds were as
follows: separation voltage +4.3 kV, UV detection wavelength
280 nm, the ow rate of 0.03 mL min−1 with ACN/12.5 mM
borax buffer (pH = 9) as the mobile phase, using gradient
elution mode as follows: 0 min–10% ACN; 6 min–10% ACN; 7
min–30% ACN; 15 min–30% ACN; 16 min–40% ACN; 20 min–
40% ACN; 24 min–80% ACN; 29 min–80% ACN; 31 min–100%
ACN; 35 min–100% ACN; the sample analysis time was 35 min,
and the column was equilibrated for 15 min. Manual sample
injection was used for sample injection with an injection
volume of 3 m L. Under the above-optimized pCEC conditions,
the 11 phenolic compounds can be successfully separated and
determined in 35 min (Fig. 4).
3.2. Method validation of the established pCEC method

The optimized chromatographic method was validated
according to the validation principles stated in the ICH guide-
lines “validation of analytical procedures: text and methodology
Q2 (R2)” (ICH 2022). Key validation parameters evaluated
include linearity, sensitivity, precision, recovery, stability, and
specicity.

3.2.1. Analytical specicity. Blank solutions, standard
mixtures of 11 phenolic compounds, and the 4 Dendrobium
plants were analyzed under the conditions of optimized
methods. By comparing their RTs with those of reference
compounds, researchers are able to decide the specicity of
Fig. 4 A representative chromatogram of the 11 standard phenolic co
drophenanthrene: 12.40 mg mL−1 (2), dihydroresveratrol: 22.32 mg mL−1

13.95 mg mL−1 (6), gigantol: 35.43 mg mL−1 (7), 3′-hydroxy-3,4,5′-trim
dropinosylvin methyl ether: 10.63 mg mL−1 (10), tristin: 12.40 mg mL−1 (1

19460 | RSC Adv., 2023, 13, 19455–19463
peaks in the four Dendrobium samples. All samples were found
to have fewer interferences in the areas with important reten-
tion periods. The capacity to differentiate analytes from other
Dendrobium plant matrix components was shown by well-
resolved peaks, which suggested good analytical specicity of
techniques for the established pCEC method.

3.2.2. Linearity. By adopting the optimal pCEC conditions,
the analyte concentrations in serially diluted mixed standard
working solutions were analyzed. The ratios of each analyte's
peak area and concentration were used to establish the cali-
brations of 11 analytes (Table 1). It was demonstrated that all
analytes exhibited excellent linearity within the range of 0.19–
17.11 mg mL−1 for schaoside (1), 0.21–18.42 mg mL−1 for 2,4,7-
trihydroxy-9,10-dihydro-phenanthrene (2), 0.37–33.16 mg mL−1

for dihydroresveratrol (3), 5.30–105.26 mg mL−1 for nudol (4),
0.56–50.00 mg mL−1 for coelonin (5), 0.49–20.72 mg mL−1 for
batatasin III (6), 0.59–52.63 mg mL−1 for gigantol (7), 0.55–23.16
mg mL−1 for 3′-hydroxy-3,4,5′-trimethoxybibenzy (8), 1.99–6.14
mg mL−1 for erianin (9), 0.18–15.79 mg mL−1 for dihy-
dropinosylvin methyl ether (10) and 0.44–18.42 mg mL−1 for
tristin (11). The correlation coefficients were above 0.999 for all
11 analysts.

3.2.3. Sensitivity. LOQ was chosen as the concentration of
a phenolic compound-producing S/N = 10 : 1 under the optimal
pCEC circumstances. The LOD was obtained by the consecutive
analysis of spiked matrices with decreasing quantities of each
phenolic standard until S/N = 3 : 1 was attained. Relevant
results from Table 1 indicated that the proposed method was
highly sensitive.

3.2.4. Precision. The same mixed standard working solu-
tion was continuously injected six times while the peak area was
recorded and the RSDs were computed under the optimal pCEC
conditions. The results showed that the RSDs were less than
1.84%, and the method's accuracy was adequate (Table 1).

3.2.5. Recoveries. Recovery was conducted by adding the
mixed standard solutions of the 11 phenolic compounds into
Dendrobium samples with high, intermediate, and low levels.
The results showed that the recoveries were in the range of
90.64–97.85% and the detection technique worked accurately
and reproducibly (Table 1).
mpounds. Schaftoside: 11.51 mg mL−1 (1), 2,4,7-trihydroxy-9,10-dihy-
(3), nudol: 70.86 mg mL−1 (4), coelonin: 33.66 mg mL−1 (5), batatasin III:
ethoxybibenzy: 15.59 mg mL−1 (8), erianin: 26.57 mg mL−1 (9), dihy-
1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The difference in the retention time before and after the introduction of internal standardsa

Times RT1 RT2 RT3 RT4 RT5 RT6 RT7 RT8 RT9 RT10 RT11

1 0.0981 0.0879 0.0763 0.0695 0.0901 0.0833 0.0930 0.0865 0.0782 0.0858 0.0923
2 0.0971 0.0895 0.0814 0.0734 0.0897 0.0849 0.0942 0.0859 0.0813 0.0849 0.0897
3 0.0902 0.0916 0.0759 0.0725 0.0924 0.0867 0.0915 0.0798 0.0801 0.0835 0.0874
4 0.0973 0.0883 0.0817 0.0682 0.0896 0.0851 0.0889 0.0834 0.0796 0.0861 0.0916
5 0.0981 0.0876 0.0815 0.0713 0.0923 0.0865 0.0872 0.0876 0.0853 0.0842 0.0925
6 0.0986 0.0849 0.0796 0.0688 0.0915 0.0904 0.0856 0.0843 0.0794 0.0797 0.0893
Average 0.0966 0.0883 0.0794 0.0706 0.0909 0.0862 0.0901 0.0846 0.0807 0.0840 0.0905
RSD 3.28% 2.51% 3.36% 2.98% 1.42% 2.81% 3.76% 3.30% 3.09% 2.78% 2.22%

a RT = retention time.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 9
:2

6:
16

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.2.6. Stability. To assess the stability of the investigated
phenolic compounds, the mixed phenolic compounds were
tested at different times. The study showed that the RSDs of
different times were #2.0% for all phenolic compounds in
a week under room temperature, suggesting that the analytes
were stable throughout the whole sample preparation proce-
dure (Table 1).

Overall, the experimental results suggested that the devel-
oped pCECmethod could be utilized to simultaneously quantify
all the investigated 11 phenols and was quick, reliable, sensi-
tive, and accurate.
3.3. Detection of polyphenols in four Dendrobium plants

3.3.1. Qualication of the polyphenols in the investigated
plants. In our experiments, the qualication analysis of the
polyphenols was performed by the comparison of the retention
time between the peaks of standards and those of their possible
corresponding samples. To improve the accuracy of the iden-
tications, the internal standard experiments were further
carried out.

3.3.1.1. Location of the chromatographic peak of the 11
phenolic compounds. For better qualitative analysis of phenolic
compounds, the chromatographic peak positions of each of the
11 phenolic compounds were further investigated by a TriSep™
2100 pCEC system on an EP-100-20/45-3-C18 column. The
chromatographic peak position was identied by the relative
retention time (RRT), which was calculated according to the
following equation:

DtR,is = tR,i − tR,s

where tR,i is the retention time of any of the investigated
phenolic compounds, tR,s is the retention time of the internal
reference, and DtR,is is the variation in the retention time in
both. Among them, the chromatographic peak position of each
phenolic compound was explicitly identied and designated as
the reference peak in the four Dendrobium plants. The results
showed that the calculation of the RRT was stable (RSDs < 5%)
and could be used for identifying the chromatographic peak
locations of the phenolic compounds.

3.3.1.2. The internal standards experiment. For qualitative
analysis, an internal standard method was used to analyze the
polyphenols in four Dendrobium plants. Specically, polyphenol
© 2023 The Author(s). Published by the Royal Society of Chemistry
compounds as internal standards were added into the sample
solution in turn to determine the position of each compound in
the sample, comparing the changes in the target peak area and
retention time in the sample. The results showed that the peak
area corresponding to each compound increased and there was
no signicant difference in the retention time. The detailed
data are shown in Table 2. It is worth noting that the intro-
duction of internal standards in both samples and calibration
standards improved the precision and accuracy of the qualita-
tive analysis.

3.3.2. The analysis of the polyphenols in the four Den-
drobium plants. The investigated phenols in the 4 Dendrobium
plants were subjected to a quantitative examination using the
developed pCEC technique. Except for tristin (11), 10 of them
were checked and the amounts are summarized in Table 3. In
60% SPE fraction, the content of compounds (1), (2), (4), (5), and
(6) was found to be the highest in D. huoshanense; compounds
(8) and (10) had the highest content of D. nobile; compounds (3)
and (7) had a unique component of D. huoshanense. In our
experiment, compound 11 was not found in the 4 Dendrobium
samples. Accordingly, the levels of 11 in the 4 Dendrobium
samples may be quite low and may change depending on where
they are located and when they are harvested (Fig. 5).

3.4. Consistency evaluation

3.4.1. Consistency evaluation based on chemicals. Corre-
lation coefficients (cor) were determined using the cosine angle
technique based on the content data of 4 Dendrobium plants
and were used as a similarity metric to assess the similarity of
the chemical compositions of the 4 Dendrobium plants directly.
As can be seen from Table 4, in terms of the content of four
species of Dendrobium, there are differences in the similarity
between different species of Dendrobium. The similarity
between D. huoshanense and D. nobile was the closest (0.823),
but the similarity between D. huoshanense and the other two
species of D. nobile was the farthest. D. chrysotoxum and the
other three species had a low similarity. It is suggested that
Dendrobium is one of the medicinal plants with multiple
origins, and its rationality needs to be further studied.

3.4.2. Consistency evaluation based on pCEC ngerprint.
Chromatographic ngerprint methodology, which stresses the
systematic characterization of sample compositions, has
recently been recognized as a helpful tool for regulating the
RSC Adv., 2023, 13, 19455–19463 | 19461
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Table 3 Content of target components in the 60% solid phase extraction portion of the dry plant (mg kg−1)a

Compounds D. huoshanense D. nobile D. chrysotoxum D. mbriatum

1 11.38 � 0.22 8.57 � 0.38 6.16 � 0.28 3.81 � 0.08
2 12.72 � 1.10 10.46 � 0.38 — 2.83 � 0.11
3 5.46 � 0.50 — — —
4 9.06 � 0.36 7.10 � 0.30 — —
5 6.16 � 0.66 — 5.13 � 0.11 —
6 5.84 � 0.24 — 2.83 � 0.13 —
7 2.48 � 0.14 — — —
8 3.30 � 0.04 6.73 � 0.24 — —
9 13.73 � 0.82 11.08 � 1.24 — 7.60 � 0.45
10 3.70 � 0.17 3.97 � 0.20 — 1.76 � 0.01
11 — — — —

a Schaoside (1), 2,4,7-trihydroxy-9,10-dihydrophenanthrene (2), dihydroresveratrol (3), nudol (4), coelonin (5), batatasin III (6), gigantol (7), 3′-
hydroxy-3,4,5′-trimethoxybibenzy (8), erianin (9), dihydropinosylvin methyl ether (10), and tristin (11).

Fig. 5 Detection of polyphenols in four Dendrobium plants. (5-1) D. Huoshanense, (5-2) D. nobile, (5-3) D. chrysotoxum, and (5-4) D.
fimbriatum.

Table 5 Similarity analysis based on the pCEC fingerprints of the four
Dendrobium plants

D.
huoshanense

D.
nobile

D.
chrysotoxum

D.
mbriatum

D. huoshanense 1 0.977 0.951 0.959
D. nobile 1 0.970 0.943
D. chrysotoxum 1 0.925
D. mbriatum 1
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quality of herbal medicines. In this work, the chromatographic
ngerprint of 4 Dendrobium plants was also examined using the
established pCEC technique. The similarities between 4
different Dendrobium plants ranged from 92.5% to 97.7%.
According to the ndings, there were signicant differences in 4
different Dendrobium plants (Table 5). The ngerprint method
provided a higher similarity between the samples, whichmay be
due to the high sensitivity of chromatographic ngerprint
technology to the characteristic peaks of samples, while the
Table 4 Similarity analysis based on the 11 polyphenols of four Den-
drobium plants

D.
huoshanense

D.
nobile

D.
chrysotoxum

D.
mbriatum

D. huoshanense 1 0.823 0.456 0.795
D. nobile 1 0.382 0.860
D. chrysotoxum 1 0.497
D. mbriatum 1

19462 | RSC Adv., 2023, 13, 19455–19463
compound-based similarity assessment resulted in signicant
differences due to differences in the main component contents
of the samples. More studies would be conducted in the future
to evaluate the consistency of Dendrobium plants.
4. Conclusions

We developed and assessed a pCEC technique for the rapid
simultaneous detection of 11 typical phenolic compounds in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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35 min. Systematic research was performed on pCEC circum-
stances. The established approach demonstrated excellent
linearity, accuracy, and sensitivity. Compared with the reported
studies by Zhu, our proposed method provided a shorter anal-
ysis time. This suggested approach made it possible to identify
more phenolic compounds, and it offers an accurate and cost-
effective alternative for phenolic compound analysis with
a wide range of potential applications.2 We employed the
conventional approach in the circumstances of our experiment
involving a total of 10 phenolic compounds including schao-
side, 2,4,7-trihydroxy-9,10-dihydrophenanthrene, dihydror-
esveratrol, nudol, coelonin, batatasin III, gigantol, 3′-hydroxy-
3,4,5′-trimethoxybibenzy, erianin, and dihydropinosylvin
methyl ether were detected in D. huoshanense. This is the rst
report of the systematic and simultaneous identication and
quantication of multiple phenolic compounds in 4 Den-
drobium plants using pCEC, and this methodology could
provide this plant with a new tool for quick quality control. This
thorough examination of the composition of four Dendrobium
plants will serve as the foundation for additional studies into
the functions of numerous discovered substances and may help
in the design and formulation of nutraceutical and cosmetic
products in the future.
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