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a b s t r a c t

Cordycepin, which has great immunomodulatory activities such as anticancer, antifungal, antivirus,
antileukemia and lipid-lowering ones, is the secondary metabolite of Cordyceps militaris (C. militaris).
Liquid submerged fermentation is the common cultivation process to produce cordycepin. To optimize
the fermentation process and improve production, monitoring the cordycepin secretion in the fermen-
tation is essential. The measurement based on chromatography-mass spectrometry methods is generally
involved in the complex sample pretreatments and time-consuming separation, so more rapid and
convenient methods are required. Matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) is more attractive for faster and direct detection. Therefore, MALDI-MS detection combined
with isotope-labeled internal standard was applied to the measurement of cordycepin content in the
fermentation broth and mycelium. This method made accurate quantification of cordycepin in the range
of 5e400 mg/mL with a relative standard deviation of 5.6%. The recovery rates of fermentation samples
after the 1, 13, and 25 days were 90.15%, 94.27%, and 95.06%, respectively. The contents of cordycepin in
the mycelium and fermentation broth were 136 mg/g and 148.39 mg/mL on the 20th culture day,
respectively. The cordycepin secretion curve of the liquid fermentation of C. militariswas real-time traced
over 25 days.
© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cordyceps sinensis (C. sinensis) is one type of valuable traditional
Chinese medicine. The main active ingredient of C. sinensis is cor-
dycepin (30-deoxyadenosine) [1], which is a nucleoside analog and
has immunomodulatory function, anticancer, antifungal, antivirus,
antileukemia, lipid-lowering, hepatotoxicity-protecting and herbi-
cidal properties [2e9]. C. sinensis has very high commercial values
due to its very low yield even by artificial cultivation [10]. The
cordycepin produced from Cordyceps militaris (C. militaris) has
pharmacological activities similar to those of natural C. sinensis [11],
while the cultivation cost of C. militaris is much lower than that of
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C. sinensis. Therefore, cordycepin from C. militaris becomes a perfect
substitute healthy product for C. sinensis [12].

Liquid submerged fermentation, one of the important methods
to produce cordycepin [13], has the advantages of a short produc-
tion period and good controllability. The real-time quantitative
analysis of cordycepin is an important indicator to optimize the
fermentation process and fermentation conditions. Capillary elec-
trophoresis or high performance liquid chromatography coupling
with mass spectrometry (HPLC-MS) is generally used for the
detection of cordycepin [14,15]. Due to the complex components in
the fermentation broth of C. militaris, some impurities interfere
with the quantification of cordycepin. Therefore, solid-phase
extraction is commonly required before HPLC-MS [16], which in-
cludes multi-step options and takes a long time for pretreatment.
Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) is more attractive for faster and
direct detection without requiring complex sample pretreatment
because the solid plot ionization mode could tolerate complex and
high salt samples. MALDI-MS has been widely used to identify
is is an open access article under the CC BY license (http://creativecommons.org/
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biological macromolecules [17,18]. In recent years, some studies
have applied it to the detection of small molecules with special
matrices [19,20]. Due to the inhomogeneity of crystallization in
MALDI-MS, it is difficult to obtain stable and reproducible signals.
The stable isotope internal standard method makes it possible to
realize quantitative detection with MALDI-MS. Our group has
developed surface-assisted laser desorption ionization mass spec-
trometry based on gold nanoparticles for determining the ratio of
glutathione to glutathione disulfide in cells in virtue of isotopic
internal standard [21].

In this paper, the rapid determination of cordycepin in the
fermentation broth of C. militaris was carried out based on MALDI-
MS. C-13 labeled cordycepin (cordycepin-13C5) was used as an in-
ternal standard to be added into the fermentation broth at a certain
concentration for quantitative measurement of cordycepin
(Scheme 1). When 2,5-dihydroxybenzoic acid (DHB) was the
assisted matrix, a good quantitative linear relationship between
cordycepin concentration and isotope ratio of cordycepin/cordy-
cepin-13C5 could be obtained. With this quantitative method, the
crude fermentation broth was directly detected without any pre-
treatment by MALDI-MS. The cordycepin secretion curve over 25
days was conveniently real-time traced to monitor the liquid
fermentation process of C. militaris. Moreover, the cordycepin
content in C. militaris mycelium was also determined after simple
liquid extraction. Our quantitative analysis, which involved stages
ranging from sample loading to getting test results, took less than
15 min.
2. Materials and methods

2.1. Materials

C. militaris was provided by State Key Lab of Mycology, Institute
of Microbiology, Chinese Academy of Sciences (Beijing, China).
Agar, dextrose, glucose, peptone, KH2PO4, MgSO4$7H2O, and
vitamin B were purchased from Beijing Yixiubogu Biotech. Co., Ltd.
(Beijing, China). Standard cordycepin-13C5 was purchased from
Toronto Reserach Chemicals (Toronto, Canada). 2,5-
dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid
(CHCA), and standard cordycepin were purchased from Sigma
Aldrich (St. Louis, MO, USA).
Scheme 1. Schematic illustration of matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS) quantitative analysis of secreted cordycepin by C. militaris.
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2.2. Liquid fermentation of C. militaris

First, the C. militaris strains were inoculated on potato dextrose
agar plates supplemented with 200 g/L (m/V) potato, 20 g/L
dextrose, 16 g/L agar, 3 g/L peptone, 2 g/L KH2PO4, 20 g/L MgSO4,
and 25 mg/L vitamin B at pH 6.5e7.0. The C. militariswere cultured
in a biochemical incubator at 21 �C in the dark for 10 days. Fungal
clumps of 1 cm2 were picked from the activated C. militaris species
by using a sterile inoculating needle, and then inoculated in a flask
containing 100 mL of seed liquid culture medium in a full-
temperature incubator shaking 130 rpm/min at 26 �C for 84 h.
Finally, it was inoculated on the fermentation medium containing
20 g/L glucose, 20 g/L fish peptone, 0.5 g/L KH2PO4, and 0.5 g/L
MgSO4. The inoculum amount was 4% (V/V) inoculated in an
Erlenmeyer flask keeping pH value at 5.5, the culture was per-
formed by shaking for the first 3 days and then standing for 22 days
at room temperature.
2.3. Extraction of cordycepin from fermentation broth and
mycelium

The mycelium of C. militaris was extracted from the fermenta-
tion broth, and after the fermentation broth was filtered out, 50 mg
of the mycelium was weighed and put in a centrifuge tube. 25%
methanol of 1 mL was added to the mycelium sample. The mixture
was placed on a shaker for 1 h and then placed under ultrasonic
treatment for 30 min. Finally, the mixture was centrifuged at
8,000 rpm for 10 min to get an extract. The supernatant was
extracted and it was mixed with matrix and cordycepin-13C5
standard solution at a volume ratio of 1:2:1, before being detected
by MALDI-MS.
2.4. MALDI-MS detection

Cordycepin content in the fermentation broth was detected on
MALDI-TOF MS spectrometer (AXIMA Performance, Shimadzu Co.,
Ltd., Kyoto, Japan) with 337 nm nitrogen laser. DHB standard of 20
mg was dissolved in 1 mL acetonitrile:H2O (1:1, V/V) as matrix so-
lution. The same concentration of CHCA matrix was prepared in
acetonitrile/H2O (1:1, V/V) containing 0.1% (V/V) trifluoroacetic acid.
Onemicroliter of matrix solution and 1 mL of the sample were mixed
and then spotted 0.5 mL on the stainless plate. The detection was
operated in cation reflection mode and the m/z range was set from
100 to 500 Da. The cordycepin and cordycepin-13C5 standard were
also detected by electrospray ionization ion trap/time of flight mass
spectrometry (ESI-IT/TOF MS, Shimadzu, Co., Ltd., Kyoto, Japan).

For quantification, linearity was investigated by a stable isotope-
labeled internal standard method. The cordycepin standard solu-
tions were prepared at serial concentrations of 5, 20, 40, 100, 200,
and 400 mg/mL with spiking 100 mg/mL of a cordycepin-13C5 in-
ternal standard. The MS peaks at m/z 252 and 274 were [251MþH]þ

and [251MþNa]þ molecular ions of cordycepin, the peaks atm/z 257
and 279 were [256MþH]þ and [256MþNa]þ ions of cordycepin-13C5,
respectively. The linear relationship between the concentration of
cordycepin and the signal ratio of cordycepin ion to cordyce-
pin-13C5 ion was obtained. According to the linear equation, the
content of cordycepin can be calculated with the signal ratio of
cordycepin ion to cordycepin-13C5.

Standard cordycepin was added to the fermentation broth for
recovery analysis. The cordycepin recovery rates of initial, inter-
mediate and terminate fermentation stages were concerned. The
concentrations of standard cordycepin were at 5, 40 and 80 mg/mL
levels in the 1, 13, and 25 days fermentation broth, respectively.
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3. Results and discussion

3.1. Selection of MALDI matrix

For detection of cordycepin, DHB and CHCA matrices commonly
used for small molecules were tried [22]. The signal sensitivity and
stability of DHB and CHCA as matrices were compared as shown in
Fig. S1. The cordycepin molecular ion peaks of [251MþH]þ at m/z
252 and [256MþH]þ isotope at m/z 257 were observed clearly. But
the signal intensities of the targets are very different at the same
concentration, even the m/z 212 signal peak almost exceeded the
intensity of the cordycepin (Fig. 1A). It shows that the CHCA had a
great interference effect on the ionization and quantitative analysis
of the target. When DHB was used as the matrix, the peak in-
tensities [251MþH]þ atm/z 252 and [256MþH]þ atm/z 257 were the
same (Fig. 1B), and it was perfectly reproducible. Compared with
that of CHCA, the background signal of DHB was obviously lower in
the range of m/z 200e300 Da. The ionization of the cordycepin and
the cordycepin-13C5 was almost the same, due to their same
chemical structure and chemical properties. And the distribution of
target peaks signal intensity of target peaks was similar to that of
ESI-MS (Fig. S2). Compared with DHB, CHCA brought higher back-
ground signals for detection of cordycepin. The complex back-
ground signals of CHCA affected the detection of small molecules as
previouly reported [23]. In addition, it was presumed that DHB was
a better proton donor than CHCA for assisted ionization, so the
stronger signal could be obtained with DHB matrix. Hence, DHB is
more suitable as a matrix for cordycepin quantitative detection on
MALDI-MS.
Fig. 1. Mass spectra of cordycepin and cordycepin-13C5 standard assisted by different matr
acid (DHB) as matrix.
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3.2. Optimized cordycepin quantification

The difficulties in direct detection of fermentation broth are
mainly due to the interferences of macromolecules and salt ions in
the crude fermentation broth. Analysis methods of gas chroma-
tography-MS and HPLC-MS generally involve a complicated sample
pretreatment process before detection [24,25]. To enable robust
and rapid quantitative analysis of C. militaris fermentation broth,
MALDI-MS by stable isotope internal standard was developed. The
same structure and chemical properties of cordycepin and cordy-
cepin-13C5 effectively eliminated the signal differences caused by
the inhomogeneity of matrix crystallization. After cordycepin and
cordycepin-13C5 of the same concentration were added to the
fermentation medium, it was found that the strength of
[251MþNa]þ and [251MþH]þ cordycepin peaks was almost the same
as that of [256MþNa]þ and [256MþH]þ cordycepin-13C5 peaks
(Fig. 2A). The same fragmentation ofm/z 136 was obtained from the
secondary ion of precursor ions of m/z 252, 257, 274, and 279. The
m/z 136 fragment was the hydrogenation ion peaks of adenine,
which was one of the precursor compounds for synthesis of cor-
dycepin (Fig. 2CeF). Since m/z 274 and 279 were tested to be the
sodium ion peaks of cordycepin and cordycepin-13C5, it is better to
calculate the sum of [MþH]þ and [MþNa]þ peak intensities for
quantitative analysis.

The linearity of the MALDI-MS detection for cordycepin was
investigated in the concentrations ranging from 5 to 400 mg/mL,
with a relative deviation of 5.6%. The stable isotope internal stan-
dard method enabled an excellent linear relationship between
cordycepin concentration and the signal ratio of cordycepin to
ices. (A) a-cyano-4-hydroxycinnamic acid (CHCA) as matrix, (B) 2,5-dihydroxybenzoic



J. Chen, H.-F. Li, G. Zhao et al. Journal of Pharmaceutical Analysis 11 (2021) 499e504
cordycepin-13C5 with a correlation coefficient of 0.9991 (Fig. 2B).
The detection limit was 0.2 mg/mL (S/N ¼ 3). And the recovery rates
of fermentation samples after the 1, 13, and 25 days were 90.15%,
94.27%, and 95.06%, respectively. These results demonstrated the
suitability of the isotope internal standard method and the capa-
bility of accurate quantitative analysis. The merits of this method
lay not only in being free from the complex sample preparation but
also being sensitive and rapid. For a batch of fermentation deter-
mination, it can be real-time and high-throughput detected. Our
Fig. 2. The correspondence relationship between the [MþH]þ and [MþNa]þ peaks intensit
cordycepin-13C5 at the same concentration of 100 mg/mL in the blank fermentation medium.
cordycepin-13C5. (CeF) Fragment mass spectra of [251MþH]þ, [256MþH]þ, [251MþNa]þ and
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quantitative analysis took less than 15 min for each sample.

3.3. Cordycepin content in mycelium and fermentation broth

It is important to determine the distribution of cordycepin in the
fermentation broth or in the mycelium for termination of fermen-
tation. Simultaneous detection of the mycelium and the fermen-
tation broth at the same culture time was carried out. As shown in
Fig. 3, both [MþH]þ and [MþNa]þ peaks were observed in the
y and MALDI quantitative analysis. (A) Mass spectra of the mixture of cordycepin and
(B) Calibration curve between cordycepin content and the signal ratio of cordycepin to
[256MþNa]þ, respectively.



Fig. 3. Comparison of MALDI-MS profiles of fermentation broth and mycelium on the 20th culture day, (A) mycelium extract and (B) fermentation broth spiked with 100 mg/mL
internal standard.
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spectra of mycelium and fermentation broth on the 20th culture
day. Since the linear equation was related to the sum of [MþH]þ

and [MþNa]þ, the target peaks intensities of [MþH]þ and [MþNa]þ

were summed, and the content of cordycepin in the myceliumwas
calculated to be 136 mg/g, while the cordycepin concentration in the
fermentation broth was 148.39 mg/mL. A certain amount of myce-
lium were produced in every 100 mL of fermentation broth (Fig.
S3), but the dry weight of this mycelium is less than 5 g. There-
fore, the cordycepin secreted into the fermentation broth was 20
times greater than that in themycelium. Cordycepin, as a secondary
metabolite of C. militaris [26], was produced by themycelium tissue
during the fermentation process and continuously secreted into the
fermentation broth. It is meaningful to monitor the cordycepin
content in fermentation broth for high yield.

The cordycepin secreted in the C. militaris fermentation broth
during the fermentation process was determined. The curve of
cordycepin secretion was obtained over 25 days (Fig. 4). The
C. militaris speeded up cordycepin secretion from the start until to
20 days fermentation. Then cordycepin secretion slowed down due
to the depletion of medium components and the increase of
metabolic wastes. The real-time tracing of cordycepin secretion is
Fig. 4. Secretion curve of cordycepin in C. militaris fermentation broth over 25 days.
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of great significance for monitoring the production of cordycepin
and determining the fastest production rate of cordycepin.

4. Conclusion

Monitoring the cordycepin secretion in liquid fermentation is
essential for optimizing the fermentation process and improving
production. In this study, quantitative MALDI-MS detection com-
bined with the isotope-labeled internal standard for rapid deter-
mination of cordycepin secretion has been established. The isotope
internal standard method supports an excellent linear relationship
between cordycepin content and the signal ratio of cordycepin to
cordycepin-13C5. The high recoveries of fermentation broth at three
secretion stages over 90% were obtained. Based on the quantitative
method, the cordycepin secretion curve of liquid fermentation of
C. militaris was real-time traced over 25 days. The results indicated
that the developed MALDI-MS analysis of cordycepin provided a
simple and convenient way for monitoring the yield of C. militaris
fermentation broth.
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