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The holistic quality evaluation of Traditional Chinese Medicine (TCM) is confronted with significant
challenges due to its extreme chemical complexity. In this study, a sensitive strategy based on ultra-

high-performance liquid chromatography-triple/time-of-flight mass spectrometry (UHPLC-Q-TOF-MS/

MS) and chemometric analysis was established and validated for the qualitative and semi-quantitative

analyses of characteristic components in Usnea. First, three mass spectrometry fragmentation patterns

of phenolic acid standards were studied and summarized. Then, an extract of this herb was analyzed by

the full-scan MS spectra and identified by extracted ion chromatography (XIC). Based on the

abovementioned methods, a total of 38 compounds (8 dibenzofurans, 11 didepsides, 13 depsidones, and

6 mono-substituted phenyl rings) were identified. Subsequently, the qualities of Usnea samples from
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different regions were evaluated by the semi-quantitative analysis based on their relative peak areas.

Furthermore, principal component analysis (PCA) was performed to compare the Usnea herbs and to
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1. Introduction

Usnea belongs to the Usnea genus and originates from the dried
lichen body of Usnea longissima Ach. It is mainly distributed in
Sichuan, Yunnan, Zhejiang, and Shanxi provinces in China. For
hundreds of years, this plant has been used in folk medicine to
protect the liver, clear the heat, and remove the toxins as is
recorded in several Materia Medica books such as “Compen-
dium of Materia Medica” and “The Dictionary of Medicinal
Plant”. Although it also exhibits antioxidant, antineoplastic,
anti-allergic, antimicrobial, analgesic, antipyretic, cytotoxic,
and antiviral properties in clinic, it is mainly known for its anti-
inflammatory and anti-microbial properties in the treatment of
cough and rheumatism.*® Simultaneously, it is often consumed
as tea or as a healthy drink.*™*

Phytochemical studies demonstrate that the members of
Usnea genus contain phenolic acids, steroids, triterpenoids,
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find possible diagnostic chemical components. This novel and powerful strategy could provide
a potential approach for the holistic quality control of TCM.

and polysaccharides.”* Among them, the types of phenolic
acids found in the lichens of Usnea genus mainly include
dibenzofurans, didepsides, depsidones, and mono-
substituted phenyls."® Recently, phenolic acids were believed
to be the main bioactive constituents in the lichens of Usnea
genus due to their various activities such as anti-microbial,
anti-cancer, and anti-inflammatory.**'® However, according
to the reports, only a few chemical ingredients have been
isolated from Usnea.'”'® In our previous study, a large number
of phenolic acids were detected in Usnea by MS, and most of
them were at low levels.” It is well-known that Traditional
Chinese Medicine (TCM) is commonly believed to operate due
to synergistic effects of all of the major and minor components
in the medicines.?>** Moreover, many factors such as different
origins can affect the quality of TCM. Therefore, it is critically
important to explore a more scientific, systematic, and
strongly operated evaluation method that canhelp maintain
the inherent qualities of TCMs so as to ensure their safety,
efficacy, and batch-to-batch consistency. At present, as is
observed in the recent studies, only a few quantitative markers
have been selected for the quality evaluation of Usnea,”***
which severely restricts its in-depth study and clinical appli-
cation. Although a HPLC method has been developed for the
analysis of usnic acid in this plant, this method mainly focuses
on the quantitative determination of single components and
also cannot reflect the intrinsic qualities of Usnea. Therefore,
the in-depth studying of a qualitative and semi-quantitative

RSC Adv., 2018, 8, 15487-15500 | 15487
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analytical strategy on the basis of the active ingredients in
Usnea is of great significance for its pharmacodynamics and
comprehensive quality control.

Recently, HPLC coupled with Q-TOF-MS has been used in
ingredient analysis and metabolite detections.”**” Among the
multifarious LC platforms, UHPLC holds advantages over HPLC
because of its higher speed, higher detection sensitivity,
increased specificity, and enhanced repeatability. In addition,
Q-TOF-MS provides accurate precursor and product ion infor-
mation with a mass error of less than 5 ppm, which authenti-
cally increases the characterization and dependability of the
compound.”®?® The recent decade has witnessed an increasingly
vital role of high-resolution mass spectrometry (HRMS) in
complex chemical profiling and highly sensitive quantitative
analysis of medicinal herbs. The HRMS system can provide the
acquisition of full-scan MS spectra and fragment ion spectral
datasets for compounds by virtue of on-line and off-line tech-
niques, enabling the overall consideration of MS and MS/MS
spectra for the identification of both target and non-target
compounds. In previous studies, it was challenging and error-
prone to monitor the relatively small signals from the
complex chemical background in full-scan mass chromato-
grams.***' To detect as many metabolites as possible, a novel
approach combining multiple mass defect filter (MMDF) and
dynamic background subtraction (DBS)-dependent on-line data
acquisition is used to identify the chemical composition that
has explicit mass defect values.?* On the other hand, the effec-
tive multiple data-mining techniques involved in extracted ion
chromatography (XIC), mass defect filtering (MDF), product ion
filtering (PIF), and neutral loss filtering (NLF) are employed to
further identify and analyze the compounds. Because of the
combined use of the above-described techniques, the detection
and identification of herbal components becomes easier and
faster than before. Furthermore, multivariate statistical analysis
methods such as PCA are performed to provide more informa-
tion about the chemical differences in TCMs.**** These
approaches can be used to process tremendous datasets of TCM
samples by showing a two-dimensional space of the variable
metabolic profile.
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The aim of this study was to develop a novel analytical
strategy for the comprehensive quality control of Usnea. First,
the fragmentation patterns of three reference substances were
studied and summarized. Then, a sensitive method based on
on-line data acquisition combined with comprehensive data
processing techniques was established for the identification of
phenolic acids in Usnea. Next, a semi-quantitative analysis of
Usnea samples based on the relative peak areas of the 38 iden-
tified compounds was performed in 25 batches of Usnea
samples collected from various regions. Meanwhile, PCA was
conducted to disclose the possible characteristic components
resulting in quality differences in the Usnea samples. It is
believed that this novel strategy could be valuable for the quality
control of Usnea and other TCMs.

2. Materials and methods

2.1. Chemicals and materials

Usnic acid was purchased from Shanghai Sunny Bio-technology
Co., Ltd. Diffractaic acid was obtained from Shanghai Yuanye
Bio-technology Co., Ltd. Evernic acid was purchased from
Shanghai Bohu Bio-technology Co., Ltd. The purities of the
abovementioned ingredients were more than 98% according to
HPLC analysis. HPLC-grade methanol (Tedia, USA), formic acid
(Dikma Technologies Inc., USA), and ammonium acetate
(Fisher Scientific, USA) were used in the mobile phase. Redis-
tilled water was prepared in our own lab using the Milli-Q water
purification system (Millipore, ELIX100, USA).

2.2. Plant materials and sample preparation

Twenty-five batches of Usnea samples (Table 1) were acquired
from different regions in China. The Usnea samples, identified
by Prof. Lianhuai Li from Department of Pharmacognosy in
Hebei Medical University, were deposited in the College of
Pharmacy Laboratory of Hebei Medical University, Shi-
jiazhuang, China.

Dried Usnea samples were crushed into fine powder so that
they could be passed through 60 mesh screens. An amount of
0.1 g of Usnea powder was extracted with 25 mL of 100%

Table 1 Information on the 25 batches of Usnea samples
Sample Source Collection time Sample Source Collecting time
S1 Zigong, Sichuan (AHBZ) 2015.04 S13 Fanxiong, Yunnan (AHBZ) 2015.04
S2 Zigong, Sichuan (AHBZ) 2015.04 S14 Fanxiong, Yunnan (AHBZ) 2015.04
S3 Zigong, Sichuan (AHBZ) 2015.04 S15 Fanxiong, Yunnan (AHBZ) 2014.04
S4 Zigong, Sichuan (AHBZ) 2015.05 S16 Fanxiong, Yunnan (AHBZ) 2015.05
S5 Zigong, Sichuan (AHBZ) 2015.07 S17 Zigong, Sichuan (HBAG) 2015.09
S6 Zigong, Sichuan (AHBZ) 2015.09 S18 Zigong, Sichuan (HBAG) 2015.09
S7 Zigong, Sichuan (AHBZ) 2015.09 S19 Zigong, Sichuan (HBAG) 2015.09
S8 Jinhua, Zhejiang (AHBZ) 2015.04 S20 Jinhua, Zhejiang (HBAG) 2015.09
S9 Jinhua, Zhejiang (AHBZ) 2015.04 S21 Jinhua, Zhejiang (HBAG) 2015.09
S10 Jinhua, Zhejiang (AHBZ) 2015.04 S22 Jinhua, Zhejiang (HBAG) 2015.09
S11 Jinhua, Zhejiang (AHBZ) 2015.05 S23 Fanxiong, Yunnan (HBAG) 2015.09
S12 Jinhua, Zhejiang (AHBZ) 2015.05 S24 Fanxiong, Yunnan (HBAG) 2015.09
S25 Fanxiong, Yunnan (HBAG) 2015.09
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methanol in an ultrasonic bath (40 kHz, 500 w) for 30 min. An
additional quantity of 100% methanol was added to compen-
sate for the lost weight. Then, the extracted solution was
centrifuged for 10 min at 150 000 rpm and filtered through a 0.2
pm GHP filter (Mfd. by Waters Corporation, USA). Afterwards,
the supernatant was transferred to a clean polypropylene tube.
An aliquot of 5 pL from each sample was injected into the
UHPLC-Q-TOF-MS/MS system for further analysis.

2.3. Preparation of standard solutions

Reference standards were accurately weighed and then dis-
solved in methanol to yield standard stock solutions for usnic
acid, evernic acid, and diffractaic acid at concentrations of
0.400 g L™, 0.408 g L™, and 0.392 g L™ ", respectively. Then,
each stock solution was mixed with methanol to prepare a final
mixed standard solution. The working solutions were stored at
4 °C for further analysis.

2.4. UPLC-Triple TOF-MS conditions

UHPLC-Q-TOF-MS/MS analysis was conducted on the Shimadzu
UHPLC system (Kyoto, Japan) coupled with the triple TOF™
5600" MS/MS system (AB SCIEX, CA, USA). The chromato-
graphic separation was accomplished on a Kinetex C;5 (100 mm
x 3.0 mm, 2.6 um) column with a Security Guard UPLC Csg
column (4.0 mm x 3.0 mm, 2.6 pm) (Phenomenex, Torrance,
CA, USA), and the column oven was maintained at 25 °C. The
mobile phase consisted of water containing 0.1% formic acid as
well as 4 mmoL L™ 'ammonium acetate (A) and methanol (B)
with a flow rate of 0.4 mL min~". A binary gradient elution was
employed, and the consecutive program was as follows: 5-75%
B from 0 to 3 min, 75-85% B from 3 to 15 min, 85-95% B from
15 to 20 min, and 95-98% B from 20 to 25 min; later, the
column was returned to its starting conditions for 30 min for
column balance.

The mass spectrometer with a Duo-Spray™ source was
operated in the negative ion electrospray mode, and the
parameters of the MS/MS detector were as follows: ion spray
voltage: —4500 kV; turbo spray temperature: 550 °C; curtain gas:
25 psi; nebulizing gas (GAS1): 55 psi and TIS gas (GAS2): 55 psi;
and declustering potential (DP): —60 V. For the full MS-IDA
(information-dependent acquisition)-8MS/MS analysis, the
eight most intense fragment ions of each analyte that exceeded
100 cps counts were selected for the survey scan, and the MS/MS
experiments were run in the scan range from m/z 100 to m/z
1000 with 250 m of accumulation time for full MS and 100 m of
accumulation time for MS/MS experiments. The collision
energy (CE) was set at —30 eV, and the collision energy spread
(CES) was 15 eV in the MS/MS experiments. The IDA criteria
were given to ions that matched the mass defect window to
obtain the MS/MS spectra. Simultaneously, real-time MMDF
and DBS were used to fulfill the IDA criteria. To get convincing
results, an automated calibration delivery system (CDS) was
used to automatically calibrate MS and MS/MS with every 6
samples in our study.

The UHPLC-Q-TOF-MS data of the extracted samples were
analysed using the PeakView® Software (AB SCIEX, CA, USA).

This journal is © The Royal Society of Chemistry 2018
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The XIC manager tool in Master View® (AB Sciex, CA, USA)
provided quasi-molecular weights, mass errors and isotope
patterns. The possible compounds, their elemental composi-
tions and chemical formulae could be calculated by screening
the ChemSpider database.* The predicted formula with errors
less than +5 ppm was searched against the compounds re-
ported for Usnea to obtain tentative identification.

2.5. Analytical procedures

The chemical compound identification strategy was based on
a Triple TOF instrument with DBS-dependent on-line data
acquisition and multiple post data-mining tools. The analytic
strategy is presented in detail as follows: first, the mass spec-
trometry cracking behaviors of the reference substances were
studied, and the fragmentation patterns were summarized.
Second, a full mass scan was performed, and accurate MS/MS
data sets were obtained using an effective MMDF and DBS-
dependent data acquisition method. The application of DBS
could intelligently promote the ability of identification of drug-
related MS/MS ions from the background and matrix-related
MS/MS ions. Therefore, the lower-level of target compounds
could be clearly captured. Third, post-acquisition data mining
was obtained by using various data mining tools including XIC,
MDF, PIF, and NLF. Finally, the compounds were identified on
the basis of accurate mass measurements and previously
investigated fragmentation regulations of reference substances.

2.6. Semi-quantitative data and chemometric analysis

To evaluate the qualities of Usnea samples from different
regions, a semi-quantitative analysis based on relative peak
areas was introduced. PCA was applied to holistically observe
the general clustering and trends among all samples using the
SPSS 21.0 software (IBM SPSS, USA). The principal component
(PC) score plots of the first 2 PCs were generated from the
results of PCA.

3. Results and discussion

3.1. Optimization of LC-MS/MS conditions

With the purpose of achieving an efficient and rapid analysis,
a high pressure chromatographic column packed with 2.6 um
porous particles was applied in UPLC analysis. Different
gradient elutions, flow rates (0.3, 0.4, and 0.5 mL min ') and
column temperatures (20, 25, and 30 °C) were optimized to
achieve a higher effect of chromatography and mass spec-
trometry. Meanwhile, to enhance the signal response, mobile
phase modifiers such as formic acid and ammonium acetate
were also evaluated. A mobile phase containing 0.1% formic
acid and 4 mmoL L™' ammonium acetate improved the chro-
matographic behavior, reduced the peak tailing and facilitated
ionization. The mobile phase at 25 °C with a flow rate of 0.4
mL min~ ' was finally selected for the shorter analysis. Thus, all
the detected compounds could be well separated within 25 min.
As shown in Fig. 1, the representative XIC spectra of standards
and samples were obtained under the abovementioned opti-
mized conditions.

RSC Adv., 2018, 8, 15487-15500 | 15489
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Furthermore, the mass spectrometric conditions were opti-
mized in positive and negative ion modes. The negative ion
mode was selected because the ionization of phenolic acids was
more efficient when compared with the positive ion mode. The
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abundance by appropriate fragmentation and molecular
intensity. Collision-induced dissociation (CID) combined with
a CE of —30 eV and CES of 15 eV was performed to obtain more
fragmentation information for the elucidation of inferred

parameter CE was optimized to get the richest relative compounds.
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Fig. 1 The XIC and MS/MS spectra of samples.
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3.2. Establishment of qualitative analysis strategy

All Usnea samples were detected using the optimized HRMS
methods. To rapidly identify the target and non-target
compounds in the Usnea extracts, a powerful integrated

This journal is © The Royal Society of Chemistry 2018

analytical strategy using on-line data acquisition combined with
multiple data processing techniques including database
searching, reference standard comparison, TOF-MS informa-
tion, and MS/MS data analysis was first employed for the

RSC Adv., 2018, 8, 15487-15500 | 15491
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unambiguous identification of constituents in the Usnea plant.
The structures of the compounds having reference standards
were deduced based on the retention times and HRMS data. At
the same time, their cracking patterns were probed and

15492 | RSC Adv., 2018, 8, 15487-15500

summarized. On the contrary, the unknown constituents were
deduced based on the high-accuracy [M — H]|~ precursor ion in
the negative ion mode using the XIC Manager software. The

next step was to search

for a possible compound in the
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Fig. 2 Chemical structures of 38 compounds identified in Usnea longissima Ach.

This journal is © The Royal Society of Chemistry 2018

RSC Adv., 2018, 8, 15487-15500 | 15493


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra00081f

View Article Online

Paper

RSC Advances

proe dLIenaD 80L0°€TE ‘69CT €EE ‘STI0°LSE ‘9/80°TOF SLLY £°0— 8/80°T0% °08TH %D 154
0S¥0°69¢C ‘SO¥0°L6T ‘€HE0°STE
pioe ononstadioN ‘YTEO'TVE ‘LSPO ETE ‘TTTO'69€E ‘SSE0"L8E 165V ve— 85€0°L8¢ OLOeIHED 0¢
proe oneqreg G090°ZET ‘96£0°€9T ‘TOSO'T8T ‘THIT'6SE €TO0ET 7 TETT'6SE £0%HD 6T
proe 8550°C¥C
d10ZUdgAXOyIaWIp-S ‘p-(Axojhozuag)-¢ ‘S0S0°8ST ‘L£T0°TLT ‘T8F70°98C ‘8890°T0€ 19%°CT S0— 8TL0'TOE S0"™H "D 8T
9180ZUq[AI9W-9-AX0 I W-F-AXOIPAY PT80°SET ‘9260°S9T ‘0280°60C
-z TAuayd(Auoqresfxorjow)-¢-Ax0300v-1 ‘0060°28T ‘SETT'L6T “TOET 6TE ‘L6TT ELE 60L°6 70— 6260°€LE S08THO'D LT
$180°SET
‘9760°S9T ‘0280°60C ‘L660°8ET ‘£990°L9T
proe oreyeigia ‘0060°C8C ‘€ETT"L6T “T6ET'6TE ‘L6TT ELE 60L°6 €1— €6CT°ELE £O%CHD 91
TH£0°S0T
pIoe a1sarsiyasordiq ‘6¥H0°€CT ‘02067 T ‘SHE0°L9T ‘8£80°€EE LIT'8 54 9190°€€E SO"H'D ST
0S£0°S0T
pIoE dluIoAq ‘€SH0°€TT ‘9067 T ‘€S€0°L9T ‘LT8O TEE S60°8 T1— €780°1€€ “0°TH4'D 4t
[ouweylewaHq TST0'67T ‘€SE0°LIT ‘LTI0°TEE ‘S9L0°65€ L66°L 0T— TLLO'6SE S0°™H®'D €T
pIoe oreue|d 6L87°STY ‘986T TLY 1L 9'0 88€T LY Q% H4D 48
S€€0°L9T ‘0SL0°T0E
ULIR[NOTWISA ‘LTET6TE ‘9OT80"EFE ‘£SS0O°LSE ‘000T°SLE 2009 71— TTLO'SLE °0°TH®'D 1T
91BOZUIAXO}OWIP 8SL0°TST ‘€0€0°€6T ‘6¥L0°GCT
-¢‘z [AuaydAxoiawin-9‘c‘e-1K120v-7 ‘9960°€8T ‘SLOT'ETE ‘€£90°€HE ‘0167 68E 029°'S 90— T 68¢ 8O%HD 0T
L¥£0°S0T ‘6770°€TT
PIOB JLI0URIYT ‘6£20°6%T ‘0SE€0°L9T ‘TH90°SST ‘€990°LTE 856G 80— £990°LT€ O"TH'D 6
(suo-T-uey3a)siq
(141p-9‘z-ueiny[p‘qlozuaqrporpAyIp-g6
“7-0X0-T-[Ay3awIp L180°SVT ‘€9L0°€LT
-46‘8-AX01aW-6-AX0IPAYIA-£‘€)-, T‘T ‘8/%0'98C ‘PEVO'FTE ‘TSL0'THE ‘£860°LSE ¥69°ST 10— 0860°£S€ £O8TH®™D 8
¥8T0°€1T ‘€8%0°6CC
proe anudydiod ‘8LV0'T¥T ‘PSP0°LST ‘9870°69T ‘FHE0 ETE 9FPTT S'0— PSE0'ETE 0TH'D L
LTST'€€T
PIo® OTUSNOIPAY0ST ‘9290°T9T ‘SEFO'STE ‘€790°0€€ ‘S060°STE LEV'TT 60— 0860°S¥€ “OPTH®™D 9
TS90°1E€T ‘8650°65C
proe ousn ‘Y060°66C ‘STE0"ETE ‘¥8S0'8TE ‘STBO'EHE Claaas 90— €780°EVE “0°'H®'D S
€590°1€T
JI[0TPOdR[d ‘1090°6ST ‘PS80°STE ‘8T80°EFE ‘SBOT'SLE 0968 TT— G80T°SLE S0%°H®"D i
)B[AX0qIBIIP-9‘T-URINy
[p‘qlozuaqipidyowurp TL¥0°86C ‘L6TO'TTIE
-L‘T-Ax0y3owW-6-AX01pAYIP-p'€ [Ay3owIq ‘9TH0°9C€ ‘6590°TFE “C990°8S€ ‘8T60°ELE 98¢°8 T0— 8760°€LE SOSTHO'D €
TApawrp-g< p-AxoIpAyIp
-8'g-[A100€-£ ‘ouolp-(HgS HT)9' T-ueIny 6050°67C
[p-z‘tlozuaq[v‘s: ¢ £loing[qlozuag-(y) ‘8¥70°LST ‘T6TOTTE ‘L0F0'9CE ‘8€90°THE 91€'9 G'0— £990°T¥€ “O"'H®'D 4
p1oe o1jAX0qIed
-p-ueInj[p‘qlozuaqipoIpAyIp-v6
‘6-0XO0-6-TAy3oU £0S0°6CC
-D6-AXOIWIP-¢T-AXOIPAY-/-1K120V-8-(S) ‘6510°LST ‘T9S0°SLT ‘LVSO'TFE ‘T8L0°6SE 90€°9 01— TLLO'6SE 80°TH®™D 1
UOTIedYNIUIPI syuowrderj SIN/SIN (urwa) ¥ (wdd) 10119 ziw [H — ] B[NULIOJ TB[NOI[ON ‘ON

SIW/SW-40L-D-21dHN Aq eausn ul spunodwod dljouayd jo uonezusoeleyd g ldel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd S0:/€'€ §202/TZ/L U0 papeo|umod "8T0Z |MdV g Uo pays!|and [0y sseooy usdO

hemistry 2018

¢~
C

is © The Royal Society of

This journal

15494 | RSC Adv., 2018, 8, 15487-15500


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra00081f

View Article Online

RSC Advances

Paper

9S¥0°€CT ‘¥8TOEET ‘L6E0°TST

PIO® J10ZUSAYIOW-9-AXOIOWIA-F'C ‘€6€0°€9T ‘SSS0°S9T ‘¥8T0°LLT ‘T6T0'S6T €LEET 0] €990°S6T YOPTHO'D 8¢
9620°1CT
[Ay3s areUIUIaAg ‘S8¥6'VET ‘TST6'FIT ‘€090°08T ‘TT90°60C 809'6 60 0280°60¢ YO"TH''D L€
pIoe d10ZUaqAYIaW-F-AX0IpAYId-9°T 0€€0°SOT ‘SEF0"ECT ‘0TTO'6FT ‘LECO°LIT L0T°8 0] 0S€0°£9T YOSH®D 9¢
PpIoe druruIaAyg £S€0°CCT ‘S6S0°LET ‘0CS0°€9T ‘S8F0°T8T 6V L 6'T 90S0°T8T YOOYH®D 3
86%0°61T ‘C6S0°LET ‘68€0°€9T
p1oe o1j4d10821-¢-[A1AIng-¢ 60L0°6LT ‘66%0°T8T ‘¥6¥0°S0T ‘TT90°€TT 1v0°L €0 T190°€TT SO°'H''D 43
PIo® dIUI[[9510 19%0°€CT ‘TSTO"6FT ‘LSE0°L9T 95S°S S0 0S€0°£9T YOSH®D €€
¥99T°¢S¢
pIoe dLIBqOT ‘T68T°L9E ‘LIST'TTY ‘TIST'LEY ‘6TLL'SST £80°¢T 70— TTLT'SSY 8O%°H D (43
Pp1oe 21posAYd $8CTT'01€ ‘PL0TT8E ‘LI61'STH ‘C98T 69% ¥y ot TT— ¥0ST'69% S0 H%D 1€
PIoR JL1BqO[OXO L60T T8E ‘TI6T STV ‘TLBT ISY ‘SL8T'69% 182°0T 7’0 $0ST 69¥ °Q%CH*D 0€
PpIo® JIUO[[aWOD €967°€CE ‘CEST'I8E ‘FPHYT STV ‘VLET 69F ¥8.°6 70 Y0ST'69¥% ®Q%°H D 6¢
pIoe durenadojoidorewng 08£0°€8€ ‘€6C0°LTY ‘L6SO'TLY €1L°6 PI— 69S0°'TL¥ CTO9THED 8¢
SUOPIIE]O[ION STOT'ETE ‘S080°9CE ‘8TST'SSE ‘6V9T°L6€E 67¢°6 6'T— £LS9T°L6€ 90%°HD LT
PIOR JISUSIIA 0690°£TT ‘86%0°0LT ‘80L0°STE ‘TE90°LSE 160°8 97— 9190°LS€ SO"'H®'D 9¢
TTTO'TLT
PIo® ore1zZR3aUdIN ‘81G0°LTE ‘SSP0°SSE ‘6TE0'8SE ‘P9S0"ELE $50°L 60— 6950°€LE °O"'H*'D (54
L0¥0°S8T
arewolosd [AYIoN ‘€8€0°ETE ‘80E0°THE ‘LVSO'9SE ‘SPLOTLE £€9'9 80— TLLO'TLE 80°TH®'D 44
85%0°98¢
PIoR J1WoI10Sd ‘S080°E€TE ‘0THOFTIE ‘SSHO'THE ‘$090°LSE 6%S°S 8°0— 9190°LS€ SO H'D €T
suoIp-(HT).‘c-ueInjozuaqosi[a-¢z)
ourdaxorp[¥*1][£‘9]ozuaq-H/-[Ayrowip-g
‘g-Axoowtp
-0T“-([ApowAXOIPAY)- T T-AXOIPAH-T 8180°69CT ‘€9£0°SSE ‘00LT°€8E ‘/980°T0F 1e's L0— 8£80°T0¥ S08TH%D (44
uonedynudpI syuowderj SIN/SIN (urwa) ¥ (wdd) 10119 Z/w _[H — W] B[NUWLIOJ TB[NIJ[OIN ‘ON
(‘Pauo)) 2 eqeL

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd S0:/€'€ §202/TZ/L U0 papeo|umod "8T0Z |MdV g Uo pays!|and [0y sseooy usdO

RSC Adv., 2018, 8, 15487-15500 | 15495

hemistry 2018

This journal is © The Royal Society of C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra00081f

Open Access Article. Published on 24 April 2018. Downloaded on 7/21/2025 3:37:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

established Usnea characteristic components data set and then,
the candidate structures were tentatively deduced from MS/MS
spectrogram, the fragmentation patterns of reference stan-
dards, and the data of the reported literatures. As known, it is
difficult to differentiate isomers because they have the same
molecular formula. A certain degree of difference was presented
in their retention times and chemical structures with lower
energies. The minimized energy value and steric hindrance
were used to account for the stability of the molecule. The
minimized energy values were provided by the program Che-
mOffice 14.0 (CambridgeSoft, USA).
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3.3. Compounds identified in Usnea

Applying the abovementioned methods, a total of 38 compo-
nents (8 dibenzofurans, 11 didepsides, 13 depsidones, and 6
mono-substituted phenyl rings) were identified in Usnea
samples. Among them, three compounds (including usnic acid,
diffractaic acid and evernic acid) were unambiguously charac-
terized via comparison with chemical standards in terms of
retention times and mass spectra. Their structures are shown in
Fig. 2, and their detailed MS data are shown in Table 2.

3.3.1. Dibenzofurans. The dibenzofurans exhibited specific
and abundant [M — H]™ precursor ions, and the negative ion
MS/MS fragmentations of dibenzofurans were characterized by
the Retro-Diels-Alder (RDA) cleavage of C;_;, and C,_3 bonds
accompanied by the loss of characteristic fragments at m/z
84 Da (C4H,0,) and m/z 112 Da (CsH,0;).> Multiple neutral loss
pathways always occur in dibenzofurans. Taking usnic acid (5)
as an example, the predominant quasi-molecular ion [M — H]~
at mj/z 343.0823 gave the formula C,3H;60,, and the product
fragments observed at m/z 259 ([M-H-C,H,0,] ") and 231 ([M-H-
CsH,0;] ) corresponded to their RDA cleavage. Furthermore,
distinctive product ions at m/z 328, 313, and 299 were detected
in the spectrum of usnic acid due to the continuous loss of CH;
(15 Da) and CH, (14 Da) units from the deprotonated molecule
at m/z 343. Based on the above reference, 7 compounds were

OH

m/z 123

O = O
- == _/©\
o 44 o
m/z 149 m/z 105
o l"'“
o
o 0
m/z 282
o - 5 -
0 oH -CHO )
-29
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Fig. 4 The cleavage pathways of phenyl salicylate, evernic acid and diffractaic acid.
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briefly identified by comparison with usnic acid in terms of the
fragmentation patterns. Compounds 1, 2, 6, and 8 demon-
strated a distinctive C,H,O, loss and C;H,O; loss from the
parent ion. Compound 4 readily produced a strong fragment
ion [M-H-CH,O] (m/z 343), which yielded the structure of
incidental RDA cleavage and then generated the fragment ion at
m/z 259 and 231. Thus, compound 4 was confirmed to be pla-
codiolic acid (Fig. 3). Moreover, compounds 3 and 7 presented
neutral losses of CHz, CO, and CO, molecules.

3.3.2. Didepsides. A large number of didepsides were
identified in the Usnea samples. Most of these compounds were
substituted with phenyl salicylate, and they yielded salicylic
acid ion A and phenol moiety ion B by breaking the ester bonds
of the eight-membered ring transition state rearrangements.
Evernic acid and diffractaic acid were used as examples to
explore and verify the fragmentation patterns of these didep-
sides in detail. In the MS/MS spectra of the reference standard
of evernic acid (14), minor product ion was detected at m/z 164,
and the ion B at m/z 167 corresponded to the cleavage of the
ester bond. Then, the distinctive fragment ions at m/z 149 and
123 were formed by the losses of H,O and CO,, respectively,
from ion B (Fig. 4A). Another typical instance was the reference
standard of diffractaic acid (16), which yielded identical product
ions at m/z 329, 297, 282, 267, and 238 through consecutive
losses of neutral molecules such as CO,, CH,O, CH,0, CH;, and
CHO, respectively. At the same time, the fragment ions at m/z
209 and 165 were observed by breaking the ester bond (Fig. 4B).
Accordingly, the results validated the abovementioned
summarized fragmentation regularities. A comparison with the
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cracking rules of reference standards and literature data®
resulted in the compounds 9, 10, 11, 12, 13, 15, 17, 18, and 19
being unequivocally identified.

3.3.3. Depsidones. The depsidones from the Usnea samples
were characterized based on the literature data.’” Similar to the
structure of didepsides, the molecular structure of these
compounds possessed a diphenyl ether bond between the A
ring and B ring, which hindered the simple cracking of the ester
bond. The decarboxylation reaction and dehydration reaction,
especially the decarboxylation reaction, could occur when the B
ring had the structure of salicylic acid. The continuous pyrolysis
loss of H,0O and CO mainly occurred when the carboxyl group of
phenolic moieties entered the state of lactones. According to the
abovementioned evidence, 13 depsidones were identified by the
summarized fragmentation patterns combined with product
ions observed in the MS/MS spectra. These summarized
cleavage features assisted in the identification of the unknown
compounds 20-32. Taking lobaric acid (32) as an example, the
predominant quasi-molecular ion [M — H]| ™ at m/z 455.1711
could be detected in the TOF-MS spectrum, giving the formula
of Cy5H,504. Further evidence was obtained from the negative
MS/MS fragmentation of the characteristic ion at m/z 411 ([M-
H-CO,] ") (Fig. 5A). The unknown compound physodic acid (31)
underwent similar cleavage pathways as those of 32, corre-
sponding to the quasi-molecular ion [M — H] ™ at m/z 469.1868
and the M-44 peak at m/z 425 ([M-H-CO,] ). In addition,
compounds 21, 23, 24, 26, 27, 28, 29, and 30 showed similar MS
data, thereby suggesting that these analytes were also dep-
sidones. Another classic example was the unknown compound

m/z 367 m/z 352

o,
on Mo, YW on Oy Mom. o H7IH-
_o o -H0 0 o P -CO = &
q ® 8 28 ° v
ol (o} o]
0 o d
d o
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Fig. 5 The cleavage pathways of lobaric acid and menegazziaic acid.
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(25), which displayed the [M — H] precursor ion at m/z
373.0565 (C13H1400). It yielded abundant product ions at m/z
355 and m/z 327 corresponding to the continuous loss of H,O
and CO molecules, and this was in close agreement with the
fragment pathway of depsidones (Fig. 5B). Consequently,
compound 25 was identified as menegazziaic acid based on the
abovementioned evidence. In a similar manner, compounds 20
and 22 exhibited similar fragmentation pathways to produce
[M-H-H,0]  and [M-H-H,0-CO]  fragments, respectively, in
the negative mode.

3.3.4. Mono-substituted phenyl rings. The mono-
substituted phenyl rings displayed specific and abundant [M
— H] quasi-molecular ions, of which the MS/MS fragmentation
featured successive losses of CO, and H,O as illustrated by the
representative compound 33 shown in Fig. 6. The compound 33
(tr = 5.56 min) exhibited the [M — H]™ precursor ion at m/z
167.0357. The typical product ions at m/z 149 ((M-H-H,0] ), 123
(M-H-CO,] "), and 105 ([M-H-CO,-H,0] ") were observed in the
HRMS data. Thus, the compound 33 was tentatively assigned as
orsellinic acid after comparison with the data in the literature.
Likewise, the compounds 34, 35, 36, 37, and 38 were tentatively
characterized based on the HRMS information, database
searching sets, differentiated retention behavior, and previous
literatures.*® By comparing with the MS data and the results of
previous studies, compounds 34, 35, 36, 37, and 38 were
tentatively assigned as 3-butyryl-B-resorcylic acid, everninic
acid, 2,6-dihydroxy-4-methylbenzoic acid, everninate ethyl and
2,4-dimethoxy-6-methylbenzoic acid, respectively.

3.4. Semi-quantitative analysis of Usnea samples

To overcome the serious restriction due to lack of reference
standards, a feasible semi-quantitative approach on the single
herb was developed to evaluate the differences in the qualities
of Usnea samples. It was reported that semi-quantitative anal-
ysis was successfully used to assess the quality of different
batches of the Niuhuang Shangqing pill;*® this analysis could
compare the differences between the qualities of various
batches. Thus, a semi-quantitative assay was introduced to
appraise the similarities and differences in the qualities of the
25 batches of Usnea samples obtained from different sources. At
the same time, the main chemical markers affecting the quality
of this herb were checked out. In regard to semi-quantitation of
Usnea samples, peaks of 38 compositions in the 25 batches were
identified and then, their absolute peak areas were recorded in
succession. Meanwhile, sample no. 1 was selected as the

orsellinic acid (33)

o] )O—IH_
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OH O —JH-

m/z 149
OH
HO Q S H
miz 167 = _HO S /@\
—18
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Fig. 6 The cleavage pathway of orsellinic acid.
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reference sample based on the previous quantitative study by
HPLC-ESI-MS/MS.>* After the absolute peak areas of 38
compounds in the other 24 samples were respectively divided by
those in sample no. 1, the relative peak areas (RPAs) were ob-
tained. The absolute peak areas and the relative peak areas of 38
compounds are presented in Tables S1 and S2,T respectively.
To further evaluate the quality differences and find the
possible characteristic components in Usnea samples, PCA was
performed on the basis of the calculated RPAs, and the results
exhibited remarkable group segregations and potentially
significant components. The first two principle components
(PC1 and PC2) with more than 75.2% of the total variance were
extracted for analysis; among them, PC1 accounted for 56.9% of
the variance and PC2 accounted for 18.3% of the variance. As
seen in Table S3,1 PC1 included strong contributions from most
components except the compounds 3, 8, 13, 21, 22, and 29; PC2
was directly correlated with the compounds 3 and 8. Consistent
with the above-mentioned direct data, a graphical illustration is
also presented in Fig. 7A. Compound 5 and other compounds
such as 1, 2, 6, 7, 9, 11, 12, 18, 20, 24, 25, 27, 32, and 34 were
located apart from the above-mentioned components. The

A
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Fig. 7 Loading plots (A) and score plots (B) for the compounds of
Usnea longissima Ach. obtained from different origins.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra00081f

Open Access Article. Published on 24 April 2018. Downloaded on 7/21/2025 3:37:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

results suggested that the compounds 1, 2, 6, 7,9, 11, 12, 18, 20,
24, 25,27, 32, and 34 might be the possible diagnostic chemical
markers in Usnea samples like usnic acid (5). Pharmacological
experiments have proved that usnic acid is a natural active
ingredient in Usnea and a broad-spectrum anti-bacterial
component. Thus, the consideration of the compounds
together with usnic acid as quantitative indicators for further
quality control of Usnea herbs is very meaningful.***°

As can be seen clearly in Fig. 7B, all the samples were clearly
clustered in three domains. Samples S1-S7 and S17-S19 were in
circle A (from Sichuan province in China), samples $8-S12 and
S20-S22 were in circle B (from Yunnan province in China), and
samples S13-S16 and S23-S25 were in circle C (from Zhejiang
province in China). The results showed that there was a quality
difference in Usnea herbs obtained from different origins.
Moreover, the circle D characterized by positive scores on PC1
was located apart from circle B, which suggested potential
similarities between the qualities of Usnea samples obtained
from the Yunnan province and Sichuan province. It was also
plausible that the place of origin could have an impact on the
quality of Usnea.

4. Conclusions

A novel analysis strategy based on UHPLC-Q-TOF-MS/MS inte-
grated with multivariate statistical analysis methods was
developed and used for the holistic quality control of Usnea
herbs. The fragmentation patterns of phenolic acids in Usnea
were summarized for the first time. A total of 38 phenolic
compounds (8 dibenzofurans, 11 didepsides, 13 depsidones,
and 6 mono-substituted phenyl rings) were identified. Then,
a semi-quantitative analysis was performed in Usnea samples,
and PCA was conducted to evaluate the quality of the Usnea
samples. The results showed that there were obvious differ-
ences in the qualities of the Usnea samples obtained from
different regions, and the main factors influencing these qual-
ities were picked out. The proposed method provided a solution
for the comprehensive quality assessment of not only Usnea
herbs but also other TCMs.
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