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Abstract: Objective: To investigate and optimize the alkaline extraction process of Ganoderma lucidum
polysaccharides, and to preliminarily explore their immunological activity. Methods: Ganoderma
lucidum was used as the raw material for the extraction of polysaccharides. A single-factor experiment
was conducted to examine the effects of NaOH concentration, temperature, and extraction time on
the total sugar content of the polysaccharides. Based on these results, response surface methodology
was applied to optimize the extraction process. The total polysaccharide content, uronic acid content,
monosaccharide composition, molecular weight, and cell viability were measured. Results: The optimal
extraction conditions were found to be a temperature of 93◦C, NaOH concentration of 0.40 mol/L, and
extraction time of 172 min, yielding a total polysaccharide content of 47.66%. The monosaccharide
composition of the extracted polysaccharides included mannose, glucuronic acid, glucose, galactose,
arabinose, and fucose. Molecular weight analysis revealed two average molecular weights, 3.15 × 104

Da and 1.014 × 104 Da, indicating the polysaccharides were relatively small. Infrared spectroscopy
showed the presence of β-type glycosidic linkages in the polysaccharides. In the cell viability assay,
GLCP-1 enhanced the viability of RAW264.7 cells and significantly inhibited the viability of HepG2
cells. However, the specific regulatory mechanism remains unclear. Conclusion: The study successfully
optimized the alkaline extraction of Ganoderma lucidum polysaccharides and demonstrated their
potential immunological activity, providing a foundation for the future exploration of their bioactivity
and industrial production.

Keywords: Alkaline extraction, Ganoderma lucidum polysaccharides, response surface, immunological
activity

1. Introduction
Ganoderma lucidum is the dried fruiting body of the fungus Ganoderma lucidum (Leyss. ex Fr.)

Karst. of the family Polyporaceae. Both Ganoderma lucidum (Leyss. ex Fr.) Karst. and G. sinense Zhao
Xu et Zhang are included in the 2020 edition of the “Chinese Pharmacopoeia” [1]. Ganoderma lucidum
is distributed in regions such as Heilongjiang, Jilin, and Liaoning.

Ganoderma lucidum is rich in various bioactive components, including polysaccharides, triter-
penoids, amino acids, alkaloids, nucleosides, and trace elements [2,3]. Polysaccharides are high
molecular weight carbohydrates formed by the dehydration condensation of multiple monosac-
charides [4], with complex structural composition and diverse pharmacological effects, including
antitumor [5], immunomodulatory [6], anti-inflammatory [7], hypoglycemic [8], and central nervous
system regulatory activities, making them highly valuable in medicineIn recent years, various extraction
techniques have been widely applied in polysaccharide extraction. For example, Do et al. [9] optimized
ultrasound-assisted enzymatic extraction (UAE) using response surface methodology to extract polysac-
charides from Vietnamese red Ganoderma lucidum. The study found that the polysaccharide content in
the extract reached a maximum of 32.08 mg/g. Tian et al. [10] employed alkaline extraction to isolate
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polysaccharides from Grifola frondosa, where the polysaccharide (GFP) and β-glucan contents were
91.61% and 60.57%, respectively, significantly higher than those obtained through water extraction.
Additionally, characterization techniques such as gas chromatography (GC), nuclear magnetic resonance
(NMR), and Fourier-transform infrared spectroscopy (FTIR) have provided more precise tools for
polysaccharide structural analysis. GC, NMR, and FTIR analyses have revealed the complex glycosidic
bond structures of lentinan [11,12]. Research on the bioactivity of polysaccharides has advanced
significantly in recent years. Li et al. [13] discovered that Lycium barbarum polysaccharides (LBP)
protect pancreatic β-cells by inhibiting the IFN-γ inflammatory pathway, improving glucose tolerance
in diabetic mice. Wei et al. [14] used ultrasonic extraction to significantly enhance the yield and
antioxidant capacity of Cercis chinensis polysaccharides, with uronic acid content positively correlated
with bioactivity. Yan et al. [15] confirmed that optimized Astragalus polysaccharides delay aging by
regulating amino acid metabolism pathways and reducing oxidative stress markers such as malondi-
aldehyde (MDA). Studies on hypoglycemic activity reveal that yam polysaccharides not only inhibit
α-glucosidase but also improve insulin resistance by modulating the AMPK signaling pathway [16].
These findings provide critical insights for the application of polysaccharides in functional foods and
pharmaceutical development.

Gu et al. [17] and others found that alkaline-extracted Ganoderma lucidum polysaccharides exhibited
superior immunological activity compared to water-extracted polysaccharides, and Huang et al. [18]
found that alkaline treatment could break down fibers, accelerating the release of Ganoderma lucidum
polysaccharides. These studies suggest that alkaline-extracted Ganoderma lucidum polysaccharides
have great research potential.

Traditional extraction methods include water extraction, alkaline extraction, microwave extraction,
and enzyme-assisted extraction [19]. Alkaline extraction is one of the commonly used methods for
polysaccharide extraction. Compared to water extraction, alkaline extraction causes more significant
disruption to cell wall structures, which facilitates polysaccharide solubilization [20]. The extraction
of polysaccharides using complex enzymes has been reported [21], but the extraction cost is high and
significantly impacts polysaccharide structure [22]. Microwave extraction of polysaccharides is also
an advanced technique; however, microwaves generate heat through the friction of polar molecules,
and localized high temperatures (e.g., >80◦C) may disrupt glycosidic bonds in polysaccharides. This
effect is particularly pronounced in acidic polysaccharides or low-molecular-weight polysaccharides,
leading to reduced molecular weight and diminished bioactivities (such as antioxidant and immunomod-
ulatory properties). Consequently, the alkaline extraction method was selected for polysaccharide
extraction [23].

Currently, there are few studies on the alkaline extraction of Ganoderma lucidum polysaccharides
and subsequent research. This experiment uses the Box-Behnken design to optimize the extraction
process of Ganoderma lucidum polysaccharides, conducts preliminary structural analysis, and studies
its immunological activity, aiming to provide a reference for the further development of Ganoderma
lucidum polysaccharides.

2. Materials and methods
2.1. Materials and equipment

Ganoderma lucidum was purchased from the Jiamusi Traditional Chinese Medicine Hospital.
Sodium hydroxide, phenol, anhydrous ethanol, sulfuric acid, etc., were all domestic analytical reagents.
CCK-8 assay kits were purchased from Shanghai Beyotime Biotechnology Co., Ltd. (Shanghai,
China) Various monosaccharide standards, such as mannose (Man), rhamnose (Rha), glucuronic acid
(GlcA), galacturonic acid (GalA), glucose (Glc), galactose (Gal), xylose (Xyl), arabinose (Ara), and
1-phenyl-3-methyl-5-pyrazolone (PMP), were purchased from Sigma-Aldrich, St. Louis, MI, USA.

800Y high-speed multifunctional grinder (Wuyi Haina Electrical Appliance Co., Ltd. (Wuyi,
China)); constant temperature water bath (JOANLAB Instruments Co., Ltd. (Huzhou, China)). BY101
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electronic balance, Shanghai Chengyu E-commerce Co., Ltd. (Shanghai, China), PHS-3C micro-
computer pH meter, Shanghai Yueping Electronic Instruments Co., Ltd. (Shanghai, China), 723N
UV-Vis spectrophotometer, Shanghai INESA Analytical Instrument Co., Ltd. (Shanghai, China), 1260
high-performance liquid chromatography, Agilent Technologies, Santa Clara, CA, USA. Ultra-low
temperature freezer, Zhongke Meiling Cryogenics Co., Ltd. (Hefei, China). RE-52A rotary evapo-
rator, Shanghai Yarong Biochemical Instrument Factory (Shanghai, China). High-speed centrifuge,
Changzhou Jintan Dadi Automation Instrument Factory (Changzhou, China). Vacuum freeze dryer,
Shanghai Lichen Instrument Technology Co., Ltd. (Shanghai, China). Microplate reader, Tecan Group
Ltd., Männedorf, Switzerland.

2.2. Experimental methods
2.2.1 Process flow

The Ganoderma lucidum powder was dried and ground, then extracted three times using 0.5 mol/L
NaOH solution at a ratio of 1:20 at 80◦C for 2 h per extraction. The supernatants were combined.
The alkaline extraction supernatant was neutralized with 3 mol/L HCl, concentrated under vacuum at
40◦C, and precipitated with four times the volume of 95% ethanol in a 4◦C refrigerator to obtain crude
polysaccharides. The precipitate was centrifuged at 8000 rpm for 10 min, redissolved in water, dialyzed,
and freeze-dried to obtain alkaline-soluble crude polysaccharides (GLCP-1).

The extraction temperature, material-to-liquid ratio, and NaOH concentration were evaluated
through single-factor experiments. Based on these conditions, a response surface experiment was
conducted to clarify the optimal alkaline extraction process of Ganoderma lucidum polysaccharides.

2.2.2 Single-factor experiment
Precisely weighed 1.000 g of Ganoderma lucidum powder, set the base conditions as extraction

temperature 80◦C, extraction time 120 min, material-to-liquid ratio 1:20 g/mL, and NaOH concentration
0.3 mol/L. The levels of each factor were set as follows: extraction temperature 60, 70, 80, 90, 100◦C,
extraction time 60, 90, 120, 150, 180 min, and NaOH concentration 0.1, 0.2, 0.3, 0.4, 0.5 mol/L. The
experiment was repeated three times to study the effect of different factors on the yield of alkaline-
extracted Ganoderma lucidum polysaccharides.

2.2.3 Response surface experiment design
Based on the single-factor experiment, NaOH concentration (A), material-to-liquid ratio (B), and

extraction temperature (C) were selected as independent variables, and the yield of Ganoderma lucidum
polysaccharides was taken as the response value. The Box-Behnken design was used for a three-factor,
three-level response surface experiment. The experimental factors and levels are shown in Table 1.

Table 1. Response surface factor level table

Levels
Factor

A-NaOH
concentration mol/L

B-Material-to-liquid
ratio mol/L

C-Temperature mol/L

−1 0.3 0.4 0.5
0 80 90 100
1 120 150 180

2.2.4 Total sugar content measurement
Take 2 mg of GLCP-1 powder, add 2 mL of water to prepare a 1 mg/mL solution. Using the anthrone-

sulfuric acid method, measure absorbance at a wavelength of 490 nm, with three parallel groups.
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Glucose is used as the standard to draw the standard curve, with concentration as the x-axis and
absorbance as the y-axis. The total sugar content is calculated from this curve.

The calculation formula for the polysaccharide yield after alkali extraction of Ganoderma lucidum:

W = C × V1 × n

M × V2

In the formula: W: Total soluble polysaccharide content (mg/g); C: Sugar content derived from the
standard equation (mg/g); V1: Volume of extract (mL); V2: Volume of sample solution taken (mL); M:
Mass of the sample weighed (g); n: Dilution factor.

2.2.5 Measurement of uronic acid content in alkali-extracted Ganoderma lucidum polysaccharides
Determination of maximum absorption wavelength

Take 0.5 mL of 1 mg/mL glucuronic acid standard solution in a 10 mL volumetric flask, fill to volume
with distilled water, and mix well. Transfer 1 mL to a stoppered test tube, add 6 mL of borax-sulfuric
acid solution in an ice water bath, mix, and react for 5 min in a boiling water bath. Immediately cool
in an ice water bath, then add 0.1 mL of m-hydroxybiphenyl solution (prepared by dissolving 150 mg
of m-hydroxybiphenyl standard in 100 mL of 0.5% NaOH solution). After 5 min of color development,
shake, remove bubbles by ultrasonication, and perform full-wavelength scanning. Prepare a 0.4 mg/mL
GLCP-1 solution and conduct the same procedure for full-wavelength scanning.
Drawing of the glucuronic acid standard curve

Precisely take 0.35, 0.40, 0.45, 0.50, and 0.55 mL of glucuronic acid standard solution into 10
mL volumetric flasks, fill to volume with water, take 1.0 mL, and measure the absorbance (A) at the
maximum absorption wavelength according to the method in “1.2.5.1.” Draw the standard curve.
Measurement of uronic acid content

Take 1.0 mL of 0.4 mg/mL GLCP-1 sample solution, add 4.0 mL of water, mix well, and then take
1.0 mL. Measure the absorbance (A) at the maximum absorption wavelength, insert the A value into the
regression equation, and calculate the uronic acid content in Ganoderma lucidum.

2.2.6 Measurement of monosaccharide composition
Preparation of standards

Accurately weigh 1.0 mg of each monosaccharide standard (Man, Rha, GlcA, GalA, Glc, Gal, Xyl,
Ara, Fuc), mix thoroughly with distilled water, take 1 mL of the mixed standard solution, and add
0.6 mol/L NaOH solution and 0.5 mol/L PMP methanol solution. Mix well, react in a 70◦C water bath,
and after the reaction, neutralize with 0.3 mol/L HCl, extract with an equal volume of chloroform, filter
through a microporous membrane, and transfer to a liquid-phase bottle.
Preparation of polysaccharide samples
According to the method of DAI [24], with slight modifications, weigh 1.0 mg of Ganoderma lucidum
polysaccharides, add 1 mL of TFA solution, and hydrolyze for 2 h. After the acid evaporates and no
acid smell remains, dissolve it in distilled water again. Add 0.6 mol/L NaOH solution and 0.5 mol/L
PMP methanol solution, mix thoroughly, and react in a 70◦C water bath. After the reaction is complete,
neutralize with 0.3 mol/L HCl, then add an equal volume of chloroform solution for extraction. Filter
using a microporous membrane, then transfer to a liquid chromatography vial.

2.2.7 Molecular weight determination
Following Yang Yi’s method [25], with slight modifications, use HPGPC with 0.1 mol/L sodium

nitrate solution as the mobile phase and pullulan standards to obtain the standard curve. Dissolve the
polysaccharide samples and standards in the mobile phase at a concentration of 1 mg/mL, inject 50 µL,
set the system temperature to 40◦C, and flow rate to 0.5 mL/min.
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2.2.8 FT-IR spectroscopy analysis
Mix 1 mg of the polysaccharide sample with 100 mg of KBr powder, compress into a pellet,

and measure the characteristic peaks of the functional groups in Ganoderma lucidum polysaccharides.
Infrared scanning is performed in the 4000–400 cm−¹ range, with KBr powder as the background [26].

2.2.9 RAW 264.7 cell viability assay
Take logarithmic phase RAW 264.7 cells, and add media containing Ganoderma lucidum at final

concentrations of 0, 8, 40, 100, 200, 500, 1000 μg/mL. Adjust cell density to 1 × 105 cells/mL with
media, seed 100 μL of cell suspension per well in a 96-well plate, and culture at 37◦C with 5% CO2
for 3 days. Then, add 10 μL of 10% CCK-8 reagent to each well, incubate for 1.5 h, and measure the
absorbance (OD) at 450 nm using a microplate reader [27].

Cell viability (%) = (Asample − A0/Ablank − A0) × 100%

2.2.10 CCK-8 cell viability assay
Take logarithmic phase HepG2 cells, seed 100 μL per well into a 96-well plate at a density of 1 × 104

cells per well, and incubate the 96-well plate at 37◦C with 5% CO2. After 24 h, replace the culture
medium with media containing Ganoderma lucidum polysaccharides at final concentrations of 0, 8, 40,
100, 200, 500, and 1000 μg/mL, and continue to culture in the incubator. After 48 h, add 10 μL of CCK-
8 reagent to each well, incubate in the dark at 37◦C in a 5% CO2 incubator for 2 h, shake for 1 min, and
measure the absorbance at 450 nm using a microplate reader [28].

3. Results and analysis
3.1. Single-factor experiment

Figure 1A shows that the polysaccharide content of alkali-extracted Ganoderma lucidum initially
increases with increasing NaOH concentration, reaching a peak at 0.4 mol/L NaOH, and then decreases.
This may be due to the fact that as NaOH concentration increases, the combination of alkali and high
temperature leads to polysaccharide hydrolysis. The alkali breaks down the cell wall of Ganoderma
lucidum, degrading the hydrolyzable bonds (such as O-linked side chains) between the cellulose
structure and chitin and glucan, allowing more polysaccharides to dissolve. However, when the NaOH
concentration becomes too high, the polysaccharides are hydrolyzed and their structure is destroyed,
causing the polysaccharide content to decrease [29,30]. The highest polysaccharide content is achieved
at 0.4 mol/L NaOH. Based on the above results, NaOH concentrations of 0.3, 0.4, and 0.5 mol/L were
selected as the three levels for response surface optimization experiments.

Figure 1. Single-factor analysis of alkali-extracted polysaccharides from Ganoderma lucidum: (A)
Effect of NaOH concentration on polysaccharide content; (B) Effect of temperature on polysaccharide
content; (C) Effect of extraction time on polysaccharide content
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From Figure 1B, it can be concluded that the polysaccharide content extracted by the alkaline
method first increases with rising temperature and reaches a peak at 90◦C, then decreases. The reason
may be that as the temperature increases, molecular thermal motion accelerates, which promotes the
extraction of Ganoderma lucidum polysaccharides. However, when the temperature is too high, it leads
to polysaccharide hydrolysis, causing the polysaccharide content to start decreasing [31]. 90◦C is the
temperature at which the polysaccharide content in the Ganoderma lucidum sample is the highest. Based
on the results of the above experiments, temperatures of 80◦C, 90◦C, and 100◦C are selected as the three
levels for response surface optimization experiments.

From Figure 1C, it can be concluded that the polysaccharide content extracted by the alkaline
method first increases with increasing extraction time and remains almost unchanged after 150 min.
The extraction time of active ingredients is generally proportional to the extraction rate, meaning that as
the extraction time increases, the extraction rate also generally increases [32–34]. Within a certain time
range, increasing the extraction time promotes the extraction of Ganoderma lucidum polysaccharides.
However, when the extraction time continues to increase, its effect on the polysaccharide content starts
to decrease, possibly due to structural changes caused by prolonged heating of the polysaccharides [35].
Based on the results of the above experiments, extraction times of 120, 150, and 180 min are selected as
the three levels for response surface optimization experiments.

3.2. Response surface experiment results
Based on the results of the single-factor experiments, the concentration of NaOH (A), temperature

(B), and time (C) were fixed as the factors for investigation. The Box-Behnken design in the Design-
Expert 8.0.6 software was used for experimental design. The levels and coding of the experimental
factors are shown in Table 1, and the analysis of variance results for the regression model are shown
in Table 2.

Table 2. Response surface experimental design scheme and results

S/N A B C D
NaOH concentration mol/L Temperature/◦C Time/min Polysaccharide content/%

1 0.4 90 150 45.3
2 0.4 80 180 39.4
3 0.5 100 150 38.2
4 0.3 80 150 34.1
5 0.5 90 180 41.2
6 0.5 90 120 38.2
7 0.5 80 150 33.7
8 0.3 90 120 39.1
9 0.4 90 150 45.3
10 0.4 90 150 45.3
11 0.4 90 150 45.3
12 0.3 100 150 36.2
13 0.4 100 120 39.7
14 0.4 90 150 45.3
15 0.4 80 120 37.6
16 0.4 100 180 43.3
17 0.3 90 180 39.7
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3.2.1 Model establishment for investigated factors and Ganoderma lucidum polysaccharide content
Using DesignExpert 8.06 software to perform regression fitting analysis on thedata in Table 2, the

following polynomial regression equation is obtained: Y = 45.16 − 0.34A + 1.34B + 1.25C + 0.025AB
+ 0.100AC + 0.20BC − 3.69A² − 3.99B² − 1.42C². Y: polysaccharide yield (%). The regression
coefficients in the model were subjected to significance tests and variance analysis.

From Table 3, it can be seen that the experimental model shows an extremely significant difference
(p < 0.01); the lack of fit term is not significant (p = 0.1661 > 0.05); the R² value is 0.9767,
and the adjusted R² value is 0.9430. The quadratic terms A², B², and C² in the model are highly
significant, indicating that the model fits the actual experimental results well, and the experimental error
is small. The above regression equation can replace real experimental data. It is known that the order
of the influence of each factor on Ganoderma lucidum polysaccharide content is: B > A > C, that is,
Temperature > NaOH concentration > Time.

Table 3. Analysis of variance and significance test of response surface experiment results

Source of variance Sum of squares Degrees of freedom Mean square F value p value

Model 173.76 9 19.31 381.22 <0.0001
A NaOH concentration 0.91 1 0.91 17.99 0.0038

B Temperature 14.31 1 14.31 282.59 <0.0001
C Time 12.50 1 12.50 246.83 <0.0001

AB 2.500E−003 1 2.500E−003 0.049 0.8305
AC 0.040 1 0.040 0.79 0.4037
BC 0.16 1 0.16 3.16 0.1187
A2 57.41 1 57.41 1133.60 <0.0001
B2 65.78 1 67.12 1325.28 <0.0001
C2 7.99 1 8.46 167.06 <0.0001

Residual 0.35 7 0.051 – –
Lack of fit 0.24 3 0.081 2.89 0.1661
Error term 0.51 4 0.13 – –

Total 174.11 16 – – –

Note. p < 0.05, significant difference; p < 0.01, extremely significant difference.

3.2.2 Response surface analysis results
The shape of the response surface curves can reveal the significance level of the influencing

factors [36]. Response surface plots were analyzed based on the interaction effects of temperature,
NaOH concentration, and time. Based on the response surface plots and contour plots, the interactions
between the variables can be further analyzed. The results are shown in Figure 2.

As shown in Figure 2A, the polysaccharide extraction yield gradually increases with elevated
extraction temperature and NaOH concentration, reaching a peak before declining. The denser contour
lines along the temperature axis compared to those along the NaOH concentration axis indicate that
temperature exerts a more significant influence on the alkaline extraction yield of Ganoderma lucidum
polysaccharides than NaOH concentration. The circular shape of the contour lines suggests insignificant
interaction effects between extraction temperature and NaOH concentration.

Figure 2B demonstrates that the polysaccharide extraction yield remains relatively stable with
prolonged extraction time but shows a rapid initial increase followed by a sharp decrease with
increasing NaOH concentration. The contour plot of extraction time vs. NaOH concentration reveals
sparser contour lines along the time axis compared to the NaOH concentration axis, indicating NaOH
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concentration has a more pronounced effect on extraction efficiency than time. The elliptical contour
lines suggest strong interactive effects between NaOH concentration and extraction time.

Figure 2. Optimization of the alkali extraction process for Ganoderma lucidum polysaccharides: (A)
Effect of temperature and NaOH concentration on polysaccharide content; (B) Effect of time and NaOH
concentration on polysaccharide content; (C) Effect of time and temperature on polysaccharide content

From Figure 2C, the polysaccharide extraction yield initially rises and then declines with increasing
temperature, while showing minimal variation with extraction time. The sparser contour lines along the
time axis relative to the temperature axis confirm the greater impact of temperature on extraction effi-
ciency. The elliptical contour patterns further verify significant interaction effects between temperature
and extraction time.
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In summary, through analysis of the responses of three factors (NaOH concentration, extraction
temperature, and time) and comparison of the three sets of response surface plots:

1. The steeper slopes observed in the temperature-NaOH concentration response surfaces
2. The gentler slopes in both temperature-time and time-NaOH concentration response surfaces
These patterns demonstrate that variations in Ganoderma lucidum polysaccharide content are more

strongly influenced by temperature than time. Therefore, both temperature and NaOH concentration
significantly affect the alkaline extraction efficiency of Ganoderma lucidum polysaccharides.

3.2.3 Verification Experiment
Based on a comprehensive analysis of the response surface experimental results and the regression

model, the optimal process parameters for the alkaline extraction of Ganoderma lucidum polysaccha-
rides were determined as follows: extraction temperature of 92.9◦C, NaOH concentration of 0.41 mol/L,
and extraction time of 172.36 min. Theoretically, the polysaccharide extraction yield under this
optimized condition was calculated to be 40.8824%. To verify the reliability of the experiment and
account for practical operability, the optimized parameters were adjusted to an extraction temperature of
93◦C, NaOH concentration of 0.40 mol/L, and extraction time of 172 min. Three parallel experiments
were conducted, yielding a polysaccharide extraction yield of 47.66%. These results provide valuable
reference for the optimization of alkaline extraction processes for Ganoderma lucidum polysaccharides.

3.3. Total sugar content measurement
The total sugar content in the alkaline extract of Ganoderma lucidum was determined using the

sulfuric acid-phenol method [37], and the standard curve is shown in Figure 3.

Figure 3. Standard curve of total sugar

The regression equation is Y = 0.009X − 0.0174, with R² = 0.9975, indicating a good linear
relationship within the concentration range of 0~0.1 mg/mL. The average total sugar content calculated
from the standard curve is 46.68%. Further studies on the fine structure and immunoactivity of the
alkaline-extracted polysaccharides from Ganoderma lucidum will be conducted.

3.4. Results of uronic acid content determination
From Figure 4, the standard curve for uronic acid, the regression equation is Y = 0.0048X + 0.0063,

with r² = 0.9949, indicating a good linear relationship within the concentration range of 0~0.1 mg/mL.
Substituting the absorbance value of GLCP-1 into the regression equation, the uronic acid content was
calculated to be 3.059%.
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Figure 4. Standard curve of uronic acid

3.5. Analysis of monosaccharide results
The monosaccharide composition results are shown in Figure 5. After derivatization, the alkaline-

extracted polysaccharides of Ganoderma lucidum were analyzed by HPLC. By comparing the peak
positions of the mixed standard chromatogram with those of the extract under optimal conditions,
the monosaccharide composition of the alkaline extract of Ganoderma lucidum was determined to
be mannose, glucose, glucuronic acid, galactose, arabinose, and fucose. All target compounds in the
sample were baseline-separated, with good resolution. There are some differences in monosaccharide
composition depending on the extraction and measurement methods. The main chain of Ganoderma
lucidum polysaccharides consists primarily of glucose, galactose, and mannose monosaccharides [27],
which is consistent with the results of this experiment.Among these, mannose exhibits significant
immunomodulatory effects. Studies demonstrate that mannose can activate macrophages and dendritic
cells, thereby enhancing the body’s immune response capabilities [38,39]. Glucose serves as the primary
structural unit of polysaccharide backbones, and its content directly affects the structural stability and
bioactivity of polysaccharides [40]. Glucuronic acid, a key component of acidic polysaccharides, dis-
plays notable antioxidant properties. Its carboxyl groups can scavenge free radicals, mitigating oxidative
stress-induced cellular damage. Galactose demonstrates antitumor and anti-inflammatory effects by
inhibiting tumor cell proliferation and inducing apoptosis. Arabinose, while a minor monosaccharide
component in Ganoderma lucidum polysaccharides, contributes significantly to structural diversity
and bioactivity. Fucose, though present in trace amounts within Ganoderma lucidum polysaccharides,
exhibits remarkable antitumor activity and immunomodulatory effects [41,42].

3.6. Results of molecular weight determination
The results of molecular weight determination are shown in Figure 6. The relative molecular

weight was detected using high-performance gel permeation chromatography (HPGPC), and the linear
regression equation was Y = −1.3909 + 19.455. In Figure 6, the vertical axis Mw represents the average
molecular weight (kDa), and the horizontal axis represents the retention time (min), with R² = 0.996.
Based on the linear regression equation, the results are as follows: the average molecular weight of
the alkaline-extracted polysaccharides from Ganoderma lucidum is 3.15 × 104 Da and 1.014 × 104

Da, indicating that the molecular weight of the alkaline-extracted polysaccharides is relatively small.
Compared with the molecular weight of water-extracted Ganoderma polysaccharides [43,44], the
molecular weight of the alkaline-extracted polysaccharides is higher, which may be related to the greater
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degree of cell wall destruction by the alkaline extraction method. Further validation is needed to confirm
the specific reasons.

Figure 5. PMP-HPLC method for determining the chromatogram of monosaccharide composition
(Note: 1. Mannose; 2. Rhamnose; 3. Glucuronic acid; 4. Galacturonic acid; 5. Glucose; 6. Galactose; 7.
Xylose; 8. Arabinose; 9. Fucose)

Figure 6. Chromatogram of HCGPC method for determining the molecular weight of polysaccharides

3.7. Results of infrared spectroscopy scanning
The infrared spectroscopy analysis is shown in Figure 7. The results show a broad and strong

characteristic absorption peak of polysaccharides at 3392.77 cm−¹, caused by O-H stretching vibrations.
A characteristic absorption peak of polysaccharides appears at 1387.76 cm−¹, caused by C-H deforma-
tion vibrations [44]. Between 1300 and 950 cm−¹, there are mainly absorption peaks for various C-O
stretching vibrations, which are polysaccharide absorption peaks [45]. Additionally, signal peaks appear
between 900 and 800 cm−¹, indicating that the alkaline-extracted Ganoderma lucidum polysaccharides
are connected by β-glycosidic bonds [46]. The strong absorption peak of the O-H stretching vibration in
the infrared spectrum indicates the abundant presence of hydroxyl (-OH) groups in Ganoderma lucidum
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polysaccharides [47]. Hydroxyl groups are not only key contributors to the polarity and water solubility
of polysaccharide molecules but also participate in hydrogen bond networks that enhance antioxidant
capacity by facilitating free radical scavenging. The presence of β-glycosidic bonds may influence
the spatial conformation of the polysaccharides, thereby modulating their interaction with biological
receptors. β-glycosidic bonds are often associated with specific bioactivities, such as antitumor activity
or immunomodulatory effects [48].

Figure 7. Infrared spectrum of alkaline extracted polysaccharides from Ganoderma lucidum

3.8. Results of RAW264.7 cell viability assay
The results in the Figure 8 show that after treating RAW 264.7 cells with Ganoderma lucidum

polysaccharides for 3 days, cell viability increases with the increase in Ganoderma lucidum polysaccha-
ride concentration. The experiment shows that, compared with the control group, GLCP-1 has a good
protective effect on RAW 264.7 cells.

Figure 8. Effect of different concentrations of Ganoderma lucidum polysaccharides on RAW264.7 cell
viability

3.9. Results of CCK-8 viability assay
From Figure 9, the CCK-8 results show that Ganoderma lucidum polysaccharides at concentrations

of 8, 100, 200, 500, and 1000 μg/mL significantly inhibit the viability of HepG2 cells compared with
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the control group. When the concentration of Ganoderma lucidum polysaccharides reaches 100, 200,
and 500 μg/mL, cell viability significantly decreases. Except for the 40 μg/mL concentration, other
differences are statistically significant.

Figure 9. Effect of different concentrations of Ganoderma lucidum polysaccharides on HepG2 cell
viability. Note: ns: Not statistically significant (p ≥ 0.05), ∗p < 0.05: Statistically significant at the 0.05
level ∗∗p < 0.01, ∗∗∗p < 0.001

4. Conclusion
In this experiment, the alkaline extraction method was used to perform reflux extraction on

Ganoderma lucidum, and single-factor experiments and response surface experiments were designed.
Based on the data from the single-factor experiments, response surface experiments were designed to
determine the polysaccharide content of Ganoderma lucidum. The data were input into DesignExpert
8.06 software, and the optimal process for alkaline extraction of Ganoderma lucidum polysaccharides
was determined to be: temperature 92.9◦C, extraction time 172.36 min, and NaOH concentration
0.41 mol/L. The polysaccharide content of Ganoderma lucidum was 45.37%. The process conditions
were adjusted to: temperature 93◦C, extraction time 172 min, and NaOH concentration 0.40 mol/L.
Under these conditions, the total sugar content of Ganoderma lucidum polysaccharides was determined
to be 47.66%. Using the PMP-HPLC method, the monosaccharide composition of the Ganoderma
lucidum extract was determined to include mannose, glucuronic acid, glucose, galactose, arabinose, and
fucose. The molecular weight of the polysaccharides was determined using HCGPC to be 3.15 × 104

Da and 1.014 × 104 Da. Infrared spectroscopy showed that the alkaline-extracted Ganoderma lucidum
polysaccharides are connected by β-glycosidic bonds. The RAW264.7 cell viability assay showed that
the alkaline-extracted Ganoderma lucidum polysaccharides could enhance cell viability and reduce
cell damage. The CCK-8 cell viability assay showed that the alkaline-extracted Ganoderma lucidum
polysaccharides have the effect of inhibiting the proliferation of liver cancer cells. The optimized
extraction conditions exhibit high stability and practicability, making them suitable for large-scale
industrial production. Precise control of temperature, time, and NaOH concentration helps ensure
product quality consistency while reducing batch-to-batch variations. Although this study has achieved
significant findings, numerous aspects require further investigation to fully realize the potential of Gano-
derma lucidum polysaccharides and provide comprehensive scientific support for practical applications.
Future research could employ advanced techniques such as nuclear magnetic resonance (NMR) and
mass spectrometry (MS) to elucidate the precise structural characteristics of these polysaccharides,
thereby establishing a more accurate molecular basis for functional studies. While the current work
preliminarily confirmed the immunomodulatory effects of alkali-extracted Ganoderma polysaccharides,
the underlying molecular mechanisms remain unclear. Subsequent investigations could employ cell
signaling pathway analysis and animal model experiments to systematically explore these mechanisms,
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providing stronger theoretical support for pharmaceutical applications. Additionally, the study utilized
crude polysaccharide extracts without further purification or modification. Future work could implement
chromatographic separation techniques for purification and explore chemical modifications (e.g.,
sulfation, acetylation) to alter physicochemical properties and investigate functional activity variations,
thereby expanding potential pharmaceutical applications. This study not only optimized the extraction
process of Ganoderma lucidum polysaccharides but also revealed their structural characteristics through
multiple analytical approaches (e.g., monosaccharide composition, molecular weight, and infrared
spectroscopy), providing a scientific basis for their development and application. Furthermore, cell
experiments have shown that alkali-extracted Ganoderma lucidum polysaccharides have an obvious
protective effect on cells and a significant inhibitory effect on cancer cells, laying the groundwork for
their potential applications in functional foods, nutraceuticals, and pharmaceutical development.

5. Summary
The study optimized the alkaline extraction process of Ganoderma lucidum polysaccharides,

identifying optimal conditions for temperature, NaOH concentration, and extraction time, and analyzing
their monosaccharide composition, molecular weight, and immunological activity. The polysaccharides
demonstrated potential biological activity, enhancing RAW264.7 cell viability and inhibiting HepG2
cells, providing a basis for future applications and industrial production.
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