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Abstract The fruiting bodies, spores, and lipid from the
spores of Ganoderma lucidum have been widely used for
medicinal purpose in China. Ergosterol content may be a
suitable marker for evaluating the quality of ganoderma
spore and ganoderma spore lipid (GSL) products. A
gradient reversed-phase high-performance liquid chroma-
tography method was developed for the simultaneous
determination of free and esterified ergosterols in G.
lucidum. The contents of free and esterified ergosterols in
the different parts (the stipe, pileus, tubes, and spores) of G.
lucidum and GSL were determined. The results showed that
total ergosterol levels in the stipe, pileus, tubes, and spores
of G. lucidum were between 0.8 and 1.6 mg/g. The relative
abundances of free to esterified ergosterol were different in
the different parts of G. lucidum. The spores and the tubes,
the hymenophore tissue that contains the spore-producing
cells, have a considerably higher percentage of ergosteryl
esters (41.9 and 39.7% of total ergosterol) in comparison
with the pileus and stipe tissues (3.6 and 6.2%).

Keywords Ganoderma lucidum . Free and esterified
ergosterols . Spores . Hymenophore . Stipe . Pileus

Introduction

Ganoderma lucidum is a medicinal fungus with a variety of
bioactivities and has long been used and praised as the one

of the best folk remedies for its capability to promote health
and longevity in China and other Oriental countries (Liu et
al. 2005). Although the fruiting bodies have been utilized as
medicine for several thousand years in China, the spores
whose bioactivities might be much higher than that of the
fruiting bodies of G. lucidum were realized and utilized only
in the late twentieth century (Liu et al. 2002). The potential
medicinal value and wide acceptability of G. lucidum have
attracted intense interest in the search for pharmacological
compounds from this edible fungus (Wasser and Weis 1999;
Cheung et al. 2000). Numerous triterpene derivatives
including highly oxygenated lanostane derivatives and
common fungal steroids derived from ergosterol were
previously isolated from G. lucidum (Rösecke and König
2000). A number of studies had showed that ergosterol and
its peroxides might contribute to potential health benefits,
including reducing pain related to inflammation, reducing the
incident of cardiovascular disease, and inhibiting the tumor
development (Bok et al. 1999; Yazawa et al. 2000; Takaku et
al. 2001; Subbiah and Abplanalp 2003) by direct inhibition
of angiogenesis (Takaku et al. 2001) and acting as an
antioxidant and/or as anti-inflammatory agents (Zhang et al.
2002).

Sterol molecules are essential for maintaining the proper
structure and function of eukaryotic cell membranes (Czub
and Baginski 2006). Each living kingdom has selected its
own naturally biosynthesized sterols, i.e., cholesterol in
animals, β-sitosterol and other phytosterols in plants, and
ergosterol in fungi (Suárez et al. 2002). Because of a strong
correlation between ergosterol content and fungal dry mass
(Pasanen et al. 1999), ergosterol has been used as a suitable
marker for evaluating the fungal biomass in the oilseed
canola (Abramson and Smith 2003), the wheat grains (Varga
et al. 2006), the natural wetland (Headley et al. 2002),
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tomato products (de Sio et al. 2000), atmospheric aerosols
(Lau et al. 2006), etc.

Ergosterol exists in two forms: free ergosterol and
ergosteryl esters (Fig. 1). Although ergosterol and ergosteryl
esters had been isolated from the fruit bodies of G. lucidum
(Gonzalez et al. 1999; Ziegenbein et al. 2006) and used as a
suitable marker for evaluating the quality of ganoderma
spore lipid (GSL) products extracted from the spores of G.
lucidum (Yuan et al. 2006), little was known of the
distribution of free and esterified ergosterols in G. lucidum.

A number of methods have been reported for the
determination of ergosterol, but most studies to date have
focused on the determination of free egosterol, and the
samples or extracts are first subjected to alkaline saponifi-
cation before chromatographic analysis (Yuan et al. 2006,
2007). In our previous study, a gradient reversed-phase
high-performance liquid chromatography (HPLC) method
had been developed for the simultaneous determination of
free ergosterol and ergosteryl esters in the medicinal fungus
Cordyceps sinensis (Yuan et al. 2007). Although this
method might be used for the analysis of the fruiting
bodies of G. lucidum, it was not suitable for the analysis of
the spores, whose components were more complicated than
the fruiting bodies, especially the GSL samples, in which
α-tocopherol acetate was added as an antioxidant during
the manufacturing process (Yuan et al. 2006). Therefore,
the aim of this work is to develop a new HPLC method
capable of separating free ergosterol, ergosteryl esters, α-
tocopherol acetate, and its saponified product α-tocopherol
to avoid the effect of α-tocopherol acetate and α-tocopherol
on the analysis of free ergosterol. The contents of free and
esterified ergosterols in the stipe, pileus, tubes, spores, and
GSL of G. lucidum and several commercial GSL soft
capsule supplements were determined for the purpose of
comparison. The direct HPLC analysis for the GSL sample
solution and the saponification product is performed with
little sample purification to prevent from unwanted sample
losses (Abidi 2001).

Materials and methods

Chemicals and reagents

HPLC-grade methanol was obtained from Merck KGaA
(Darmstadt, Germany). HPLC-grade butanol was obtained
from Ridel-deHaën (Seelze, Germany). HPLC-grade
dichloromethane was obtained from Sigma-Aldrich Chemie
GmbH (Steinheim, Germany). Ergosterol and α-tocopherol
acetate were obtained from Sigma-Aldrich Chemical (St.
Louis, MO). Water was purified using a Millipore Simplic-
ity system.

Sample preparation

G. lucidum was cultivated at a base located in a 1,000-m-high
forested area in Fujian, China. The fungus was identified as
G. lucidum (Curtis: Fr.) Karst., and the type specimen was
deposited in the Mycological Herbarium, Institute of Micro-
biology, Chinese Academy of Sciences. The spores of G.
lucidum were collected and then broken by using a crushing
apparatus (Liu et al. 2005). The lipid in spores of G. lucidum
was extracted on the industrial scale by using supercritical
carbon dioxide (Hsu et al. 2001). Ethanol as a polar enhancer
was added to elevate the effectiveness of extraction. In
addition, four commercial GSL soft capsule supplements
(XZ, ZK, HF, and HK) from four firms in China were
purchased.

For GSL of G. lucidum, a 0.5-g amount of a sample was
accurately weighed into a 10-ml volumetric flask and made
up to volume with butanol. The samples were shaken by
hand for 1 min and sampled for HPLC analysis.

For the saponification of GSL, a 0.5-g amount of GSL
sample was accurately weighed into a 10-ml volumetric
flask and dissolved in 5 ml of butanol. Then, 1 ml of freshly
prepared methanolic NaOH at the concentration of 0.4 M
was added and made up to volume with ethanol (Yuan et al.
2006). The sample was shaken by hand for 1 min and then
left to stand at 25°C. During the saponification step, the
reaction mixtures were sampled for HPLC analysis to
monitor the progress of hydrolysis of ergosteryl esters.

For the sporoderm-broken spores and the fruiting bodies
that were carefully divided into stipe, pileus (outer layers of
the cap), and tube tissues (tube layer) and then were ground
into powder and dried at 50°C, a 0.5-g amount of a sample
was accurately weighed into 25-ml disposable centrifuge
tubes containing 10 ml of the mixture of methanol and
dichloromethane (75:25, v/v) followed by sonication for
10 min and centrifugation at 10,000×g for 5 min. The
extraction procedure was repeated three times, and the total
extracts were sampled for HPLC analysis.

For the commercial GSL soft capsule supplements, ten
capsules from every sample were opened, and the inclu-
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Fig. 1 Molecule structure of ergosterol ester
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sions were thoroughly mixed. A 0.5-g amount of a sample
was accurately weighed into a 10-ml volumetric flask and
made up to volume with butanol. The samples were shaken
by hand for 1 min and sampled for HPLC analysis.

HPLC method

HPLC was conducted on a Waters liquid chromatograph
equipped with a 1525 binary pump and a 2996 photodiode
array detector. Six reversed-phase columns from Waters
(Milford, MA), Agilent Technologies (Santa Clara, CA),
and Eka Chemicals (Bohus, Sweden), respectively, were
tested to separate free ergosterol and ergosteryl esters in
GSL at ambient temperature. Table 1 shows the main
characteristics of these columns given by the manufac-
turers. The mobile phase consisted of solvent A (methanol/
water, 80:20, v/v) and solvent B (methanol/dichlorometh-
ane, 75:25, v/v). The gradient procedure was used as
follows: starting at sample injection, 0% of B for 5 min, a
linear gradient from 0 to 100% of B for 30 min, 100% of B
for 35 min. The flow rate was 1.0 ml/min. Chromatographic
peak was identified by comparing the retention times and
spectra against a known standard (Yuan et al. 2006, 2007).
The detecting wavelength was set between 220 and
400 nm, and the chromatographic peaks were measured at
a wavelength of 280 nm to facilitate the detection of free
ergosterol and ergosteryl esters. Both free ergosterol and
ergosteryl esters were quantified by area comparison with a
free ergosterol standard. The sample was filtered through a
0.45-μm filter. Aliquots of 20 μl were injected into the
HPLC for the determination. All injections were repeated
three times.

Method validation

The stock standard of ergosterol was prepared at 300 μg/ml,
and additional calibration levels (300, 225, 150, 75, 37.5,

18.8, 9.4, 4.7, 2.4, 1.2, 0.6 μg/ml) were prepared by a serial
dilution with ethanol. The standard calibration curve was
constructed using these ergosterol standard solutions. The
linear regression analysis was carried out by plotting the peak
areas against the concentrations of ergosterol. The linearity
was demonstrated by a correlation coefficient (r2) greater than
0.999. The limit of detection and the limit of quantification
were determined based on signal-to-noise ratios of 3:1 and
10:1, respectively.

The intraday and interday precisions for this HPLC
method were determined by analyzing GSL sample on the
same day and 3 different days, respectively. Precision was
calculated as a relative standard deviation (RSD) for the
repeated measurements. For recovery studies on added
ergosterol, known volumes of ergosterol standard solutions
were added to 0.5 g amount of GSL at four levels (1.0, 1.5,
2.0, and 3.0 mg/g). The spiked samples were dissolved in
butanol after the described procedure. Background levels
were subtracted in all recovery determinations.

Results

GSL, extracted from the spores of G. lucidum, is a
complicated mixture of triglycerides and bioactive substances
such as triterpenoids and sterols. In some of commercial
GSL soft capsule supplements, α-tocopherol acetate is added
as an antioxidant during the manufacturing process (Yuan et
al. 2006). In the present study, six reversed-phase columns,
coming from different manufacturers or with the packing
materials of different surface areas, carbon load, and silanol
activities were tested, and a mixed solvent of methanol,
water, and dichloromethane as the mobile phase and the
gradient elution procedure were used to separate free
ergosterol, ergosteryl esters, α-tocopherol acetate, and
other unknown compounds. The same mobile phase and
chromatographic conditions were employed in all cases.

Table 1 Characteristics of the reversed-phase columns tested

Commercial brand Column size
(mm)

Particle size
(μm)

Surface area
(m2/g)

Pore
size (Å)

Carbon
load (%)

Retention time (min)

Free
ergosterol

Ergosteryl
ester 1

Ergosteryl
ester 2

Waters Symmetry® C18 250×4.6 5 348 95 20.1 35.4 57.3 62.9; 64.6
Eka Kromasil 100-5-
C18

250×4.6 5 320 100 20 33.5 54.1 58.6; 59.4

Agilent ZORBAX
Eclipse XDB-C18

250×4.6 5 180 80 10 30.0 49.4 52.9

Waters
SymmetryShield™
RP18

250×4.6 5 352 87 18.1 28.6 38.7 39.6

Waters XTerra® RP18 250×4.6 5 170 141 14.8 26.1 36.9 37.6
Waters Nova-Pak C18 150×3.9 4 120 60 7 22.9 36.7 37.6
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The retention characteristics of free and esterified ergosterols
on six reversed-phase columns are shown in Table 1.

The results show that the best peak shapes for these
analytes in GSL were obtained using the ZORBAX Eclipse
XDB-C18 column because there were less surface defects
for the XDB-C18 materials (Chagolla et al. 2003). This
combination of extradense surface coverage by the bonded
phase and double endcapping produces a highly, deacti-
vated stationary phase that virtually eliminates undesirable
interactions between peaks 1 and 2 and the silica surface.
As a result, superior peak shapes are assured (Fig. 2).
Although the ZORBAX Eclipse XDB-C18 column, unlike
Symmetry C18 and Kromasil 100-5-C18 columns, could
not separate peaks 7 and 7′ (ergosteryl ester 2) from each
other, in the present study, the total content of ergosteryl
esters was determined. Therefore, the ZORBAX Eclipse
XDB-C18 column was used for the determination of
ergosterol and ergosteryl esters in GSL.

Using a photodiode array detector, peaks were identified by
taking the spectra of each peak during elution. The identifi-
cation of free ergosterol was achieved by comparing its
retention time and spectrum against the known standard. The
spectra of ergosteryl esters are similar to that of free ergosterol,
indicating that the esterification of ergosterol does not
significantly change its UV absorptive character (Yuan et al.
2007). For the further identification of ergosteryl esters, the
GSL solution was saponified for the hydrolysis of ergosteryl
esters to produce free ergosterol. Sodium hydroxide (0.04 M)
in reaction mixtures at ambient temperature was appropriate
for hydrolysis of ergosteryl esters to avoid the production of
flocculent precipitates in GSL (Yuan et al. 2006). In the
present experiment, the complete hydrolysis of ergosteryl
esters in GSL was achieved. The required least saponifica-
tion time for almost complete hydrolysis of ergosteryl esters
in GSL was about 15 h. During the saponification process,
the reaction mixture was analyzed by HPLC to monitor the
content change of free ergosterol and ergosteryl esters. The

saponification product was directly injected for HPLC
analysis. The contents of ergosteryl esters were measured
by the comparison of the peak area with an ergosterol
standard and quantitated as free ergosterol. The results
showed that the concentrations of total ergosterol in reaction
mixture kept unchanged (77.35±0.42 mg/l) during the
saponification process (Fig. 3). This result, at least on a
gross scale, appears to support the validity of our assumption
that the molar absorbtivity of the ergosteryl esters is the same
as the ergosterol.

Under the HPLC conditions tested, the standard calibra-
tion curve (A=35,695C+16,359, r2=0.9999) was estab-
lished by plotting the peak area (A) against the ergosterol
concentration (C) in the range of 5–300 mg/l. The limit of
detection and the limit of quantification for free ergosterol
with a 20-μl injection were 0.01 and 0.03 μg/ml,
respectively, corresponding to 0.2 and 0.6 ng injected on
the column. The limit of detection and the limit of
quantification for ergosteryl esters with a 20-μl injection
were 0.02 and 0.07 μg/ml, respectively, corresponding to
0.4 and 1.4 ng injected on the column. This allows the
detection of free ergosterol and ergosteryl esters in GSL
samples at the concentrations as low as 0.2 and 0.4 μg/g,
respectively. Four replicate determinations of free ergoster-
ol and ergosteryl esters 1 and 2 in the GSL sample were
performed on the same day to evaluate intraday precision.
For interday precision, 12 determinations were made on 3
different days. The RSD values for free ergosterol and
ergosterly esters were satisfactory (Table 2). For recovery,
an ergosterol standard was spiked into 0.5 g of the GSL
sample at the levels of 1.0, 1.5, 2.0, and 3.0 mg/g. The
spiked samples were assayed and recoveries of ergosterol
were found to be between 99.2 and 101.2%. The results
obtained in the present study showed that the quantitative
analysis of ergosterol and ergosteryl esters was feasible.
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Free ergosterol and ergosteryl esters in the stipe, pileus,
tubes, and spores of G. lucidum were analyzed using the
developed HPLC method. The contents of free ergosterol
and ergosteryl esters are shown in Table 3. The results
showed that G. lucidum contained both free and esterified
ergosterols and their distribution varied in different parts of
G. lucidum. Total ergosterol contents in different parts
ranged from 0.8 to 1.6 mg/g dry matter. The relative
abundances of free to esterified ergosterol were also
different in the different parts of G. lucidum. As can be
seen from Table 3, the contents of esterified ergosterol were
much higher in the tubes and the spores than the pileus and
stipe. While the contents of free ergosterol in the stipe
(0.781 mg/g) and the pileus (1.550 mg/g) are higher than
that in the spores (0.499 mg/g) and the tubes (0.653 mg/g),
the contents of esterified ergosterol in the spores (0.360 mg/g)
and the tubes (0.430 mg/g) are significantly higher than that in
the stipe (0.052 mg/g) and the pileus (0.058 mg/g) of G.
lucidum. The esterified ergosterol contents constitute 3.6,
6.2, 39.7, and 41.9% of the total ergosterol in the pileus,
stipe, tubes, and spores of G. lucidum, respectively.

Based on the above results, the contents of free
ergosterol and ergosteryl esters in GSL from spores and
four commercial GSL soft capsule samples XZ, ZK, HF,
and HK were analyzed and compared with our previous
results in the contents of free ergosterol and total ergosterol
(Yuan et al. 2006). The results showed that the content of
free ergosterol in sample XZ was lower while the content of

total ergosterol was in accordance with our previous results
(Yuan et al. 2006). As shown in Table 3, GSL from spores
contained 1.117 mg/g of ergosteryl esters and 2.395 mg/g
of total ergosterol. In contrast, only a small quantity of
ergosterol (samples ZK and HF) or no ergosterol (sample
HK) was found in the commercial GSL samples with the
exception of sample XZ, which was in accordance with our
previous results (Yuan et al. 2006). The percentages of
esterified ergosterol in all GSL samples are higher (46.6 to
75.1%) than that in the spores (41.9%). Therefore, the
relative abundances of free to esterified ergosterol in GSL
could not represent that in ganoderma spores.

Discussion

As can be seen from Table 3, the contents of free and
esterified ergosterols in different parts of G. lucidum show
significant differences, indicating that the pileus, the tubes,
and the stipe may have different physiological functions for
the growth and multiplication of G. lucidum. The spores and
the tubes, the hymenophore tissues that contain the spore-
producing cell and abundant spores, tend to have higher
concentration of ergosterol esters than the pileus and the stipe.
It has been reported that the contents of ergosteryl esters
increase steadily during ascus development and sporulation in
Saccharomyces cerevisiae (Illingworth et al. 1973).

Table 2 Precision of the determination of free ergosterol and ergosteryl esters in intraday and interday analysis

Ergosterol (mg/g) Intraday analysis (n=4) Interday analysis (n=12)

Mean±SD RSD (%) Mean±SD RSD (%)

Free ergosterol 1.281±0.011 0.9 1.278±0.012 0.9
Ergosteryl ester 1 0.561±0.008 1.4 0.564±0.009 1.6
Ergosteryl ester 2 0.537±0.007 1.3 0.553±0.010 1.8

Table 3 Contents of free, esterified, and total ergosterols (n=3)

Sample Free ergosterol (mg/g) Ergosteryl esters (mg/g)a Total ergosterol (mg/g)a, b Esterified ergosterol (%)c

Pileus 1.550±0.031 0.058±0.007 1.608 3.6
Stipe 0.781±0.009 0.052±0.004 0.833 6.2
Tubes 0.653±0.018 0.430±0.016 1.083 39.7
Spores 0.499±0.012 0.360±0.012 0.859 41.9
GSL 1.278±0.017 1.117±0.019 2.395 46.6
XZ 0.557±0.011 1.193±0.012 1.750 68.2
ZK 0.093±0.004 0.119±0.005 0.212 56.1
HF 0.048±0.003 0.145±0.005 0.193 75.1
HK <detection limit <detection limit – –

a Ergosteryl esters were quantitated as free ergosterol.
b The “Total ergosteol” column is the total of the “Free ergosterol” and “Ergosteryl esters” columns.
c The “Esterfied ergosterol (%)” column is 100 multiplied by the “Ergosteryl esters” column divided by the “Total ergosteol” column.
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Ergosterol has been shown to be esterified to long-chain
fatty acids, predominately to unsaturated C16 and C18 fatty
acids, during fungal cellular growth (Bailey and Parks
1975). In fungal cells, the synthesis, storage, and hydrolysis
of ergosteryl esters occur in different subcellular compart-
ments. Esterification of ergosterol occurs in the endoplas-
mic reticulum, whereas hydrolysis of ergosteryl esters takes
place in secretory vesicles and in the plasma membrane
(Zinser et al. 1993). Because free ergosterol is a component
of the membrane, whereas ergosteryl esters are extramem-
branous lipids, esterification can also serve as a means of
regulating the amount of ergosterol in the membrane
(Taylor and Parks 1978). Ongoing membrane proliferation
may be a driving force for the release of ergosterol from
ergosteryl esters (Zinser et al. 1993; Leber et al. 1995).
Therefore, the ergosteryl ester pool functions as an
expandable reserve of free ergosterol for membrane
biosynthesis. This reserve is utilized not only when the
cell cannot synthesize more ergosterol (anaerobic condi-
tions) but also when the cell is growing rapidly (aerobic
conditions; Taylor and Parks 1978).

The membrane lipid ergosterol is found almost exclu-
sively in fungi and is frequently used as an indicator of
living fungal biomass based on the assumption that
ergosterol is labile and therefore rapidly degraded upon
death of fungal hyphae (Mille-Lindblom et al. 2004; Görs
et al. 2007). However, recent studies suggested that
ergosterol content reflected both living and dead fungal
mass (Mille-Lindblom et al. 2004; Zhao et al. 2005;
Lensing and Wise 2007). Mille-Lindblom et al. (2004)
found that ergosterol could be present at appreciable
concentrations and for considerable time in the absence of
living fungi, and the degradation of ergosterol was very
slow. They suggested that ergosterol should be used
cautiously as a biomarker for living fungi, and the
possibility that a significant fraction of the measured
ergosterol did not represent living fungal biomass should
be considered (Mille-Lindblom et al. 2004).

However, these studies did not differentiate two different
forms of ergosterol, i.e., free ergosterol from the fungal cell
membrane and ergosteryl esters from the cytosolic lipid
particles. Most studies have focused on the determination of
free egosterol, and thus only the total ergosterol content
could be estimated. We suggest that it is free ergosterol (not
total ergosterol) that provides a better quantitative measure
of fungal cells and should be used as a biomarker for fungal
biomass.

As can be seen from Table 3, GSL from spores contains
a higher content of total ergosterol (2.395 mg/g) in
comparison with spores (0.859 mg/g). Herein, the lipid
content in spores of G. lucidum is estimated to be about
35.9%. It has been reported that 37.5 g of GSL might be
obtained from 100 g of spores by the supercritical carbon

dioxide extraction (Liu et al. 2002, 2005; Yuan et al. 2006).
In GSL, both free and esterified ergosterols are dissolved in
triglycerides. It is possible that a small quantity of free
ergosterol is esterified during the storage of GSL. There-
fore, the percentages of esterified ergosterol in all GSL
samples are higher than that in the spores.

As shown in Table 3, the contents of free ergosterol and
ergosteryl esters in the commercial GSL soft capsule
samples have significant differences. The reason for this
might be that some of commercial GSL soft capsule
samples did not consist of pure GSL and might be a
mixture of GSL and vegetable oil (Yuan et al. 2006), in
which no ergosterol is found (Kalo and Kuuranne 2001;
Abidi 2004; Jimenez-Escrig et al. 2006). Ergosterol is a
membrane component of most fungi but is absent from
vascular plants and metazoan animals (Charcosset and
Chauvet 2001). The chromatographic profiles of some
vegetable oils were complicated in comparison with pure
GSL. Although ergosterol only is a portion of the bioactive
constituents in GSL, the content of free ergosterol and
ergosteryl esters may be a suitable marker for evaluating the
quality of the commercial GSL soft capsule supplements
and ganoderma spore products.

The dominant fatty acids in yeast steryl esters have been
reported to be unsaturated C16 and C18 fatty acids (Bailey
and Parks 1975). However, in the present study, the major
fatty acids in ergosteryl esters produced by G. lucidum were
not identified. The structures of these ergosteryl esters
should be further identified by using liquid chromatogra-
phy–mass spectrometry (MS), magnetic resonance imaging,
or gas chromatography–MS in the future.
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