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ABSTRACT 

Polysaccharides are abundant in Chinese medicines (CMs) and play important 

roles in these materials’ bioactivities. But at present, the polysaccharides are seldom 

incorporated into the quality assessment system of CMs. One of the big bottlenecks 

encountered is the difficulties in quality analysis due to their large molecular mass, 

diverse and complex chemical structure. Hereby, in current study, evidence and 

improved analysis approaches related to polysaccharides quality are proposed by 

employing several CMs as objectives. 

Firstly, Lingzhi (Ganoderma lucidum and G. sinense) was used to provide 

evidence of the importance of polysaccharides quality assessment in CMs. The 

results showed that the polysaccharides from two species shared the same structural 

features in terms of mono-/oligo-saccharide profiles, molecular size, sugar linkages, 

and IR/NMR spectra. And these polysaccharides showed no obvious difference in 

antitumor/immunomodulating activities and mechanism related to the activation of 

some proteins via TLR-4 related signaling pathway and gut-microbiota modulatory 

effects. Following that, to solve the problems existed in qualitative and quantitative 

analysis of polysaccharide in CMs, a fluorescence-labeled oligosaccharide-marker 

approach was raised accordingly based on LC-DAD-qTOF -MS analysis. Taking 
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Danggui Buxue Tang (DBT) as an example, the result showed that 1) selected 

oligosaccharide marker generated by mild hydrolyzation and ABEE-labeling could 

powerfully differentiate individual herb polysaccharides. 2) good linearity was 

established between the identified oligosaccharide-markers and individual 

polysaccharides (r≥0.99). 3) the established method had satisfactory repeatability 

(RSD≤8.4%), recovery (≥80%) and sensitivity in polysaccharide quantitation in 

DBT. Finally, a polysaccharide quality analysis was conducted to dynamically trace 

the absorption, dynamic distribution and degradation of orally-dosed DOP (a 

marker polysaccharide from Dendrobium officinale) in mice and in vitro using near-

infrared fluorescence imaging and chromatographic analysis. The results indicate 

that DOP was not absorbed and digested but were quickly degraded to short-chain 

fatty acids in the large intestine where gut microbiota existed. The interaction could 

be associated with DOP’s suppression of 4T1 tumor growth in mice. 

In conclusion, by these studies, the importance of bioactive polysaccharides in 

quality assessment of CMs was confirmed. The mentioned predicaments in quality 

analysis of polysaccharides were greatly improved whether in CMs or complex 

biological matrix in vivo and in vitro. All the approaches proposed will contribute 

to other polysaccharides or polysaccharide-dominated CMs’ analysis.  
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CHAPTER 1 INTRODUCTION OF POLYSACCHARIDES 

QUALITY ANALYSIS 

1.1 Introduction 

 The Chinese medicine (CM) have been used for thousands of years and 

offered huge benefit on people’s health. To date, the CM is experiencing an 

increasing practice in both clinical treatment and personal usage worldwide for its 

broad bioactivities and fewer side effects. To ensure the efficacy, quality assessment 

by their functional components is always important. Nowadays, the quality control 

of CM mainly focuses on the small molecules. But this practice is continuously 

proved to be partial. Because the CM consumed as water decoction is always rich 

in polysaccharides. Unfortunately, in the past, these polar and hydrophilic 

macromolecules were commonly considered as energy source or structural 

components of plant cell wall. The biological roles played in many ways were 

neglected due to their diversity and complexity. While, in recent decades, the CM 

polysaccharides are proved to have broad bioactivities such as regulating immune 

system1, inhibiting tumor growth2, alleviating metabolic disorder and modulating 

gut microbiota3,4. The understanding of bioactivities of these polysaccharides opens 

a new research fronts regarding polysaccharide in drug or health care product 
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development, new therapies and rational theories of using CM. For instance, a 

polysaccharide from Ganoderma lucidum-GanoPoly is marketed as supplement for 

improvement of general well-being and restoration of good health. In a series of 

clinical trials, the prebiotic inulin, a naturally occurring polysaccharide from many 

herbs, is used as potentially new therapy to alleviate symptoms of bowel disease5. 

The polysaccharides in ginseng decoction could enhance the systemic exposure of 

ginsenosides through promoting the growth of some gut bacteria6. Indeed, 

polysaccharides have been considered as a novel and important class of components, 

and they should be one of quality evaluation marker in CMs.  

However, to date, the polysaccharides in quality analysis (qualitative and 

quantitative analysis) of CMs are seldom valued. For example, in the Chinese 

Pharmacopoeia (2015 edition)7, 24.11% of formulae are prepared by water 

decoction. These formula involved contain totally 312 kinds of raw materials. 

Among them, 68 individual materials have been reported to have bioactive 

polysaccharides. But only two- Lingzhi and Tiepishihu- take polysaccharide 

content as one of its quality evaluating index. Therefore, it is more necessary that 

polysaccharides should be incorporated into the quality assessment system, which 

more complies with the basic usage theory of CMs. In addition, even the biological 
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effects of CM polysaccharides are attracting more and more attentions, the 

mechanism behind is still not so clear. The biggest barrier is the poor recognition 

on their pharmacokinetic characteristics including absorption, distribution, 

metabolism, and excretion in organism. Thus, how they are disposed by oral 

delivery is very important and should be given priority before any mechanism 

studies. 

Based on above urgent demanding, issues related to polysaccharide analysis 

have been raised due to their large molecular mass, diverse and complex chemical 

structure. Here, we firstly summarize the previous research information of 

polysaccharides regarding quality analysis and current challenges. Afterwards, in 

this project, evidence for importance of polysaccharide quality assessment and 

improved approaches are accordingly proposed and stated in the subsequent 

chapters. 

1.2 Qualitative analysis 

Many studies demonstrate that the bioactivities are closely associated with the 

complicated chemical characteristics. With proper carboxymethylated, sulfated-

derivatization, the modified polysaccharides had better antioxidant and 
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immunomodulating effects8,9. Polysaccharide from mushrooms exhibited different 

antitumor and immunostimulating properties according to the molecular weight and 

anomeric configuration types10. While, different from small molecules, analysis of 

polysaccharide found in CM is more difficult and challengeable due to its structural 

complexity and wide diversity. Thus, chemical analysis for such molecule requests 

a broad range of analytical methods. At present, the analysis mainly addresses 

several aspects including molecular weight distribution, monosaccharide 

composition, glycosidic linkages, oligosaccharides fingerprint. For routine quality 

assessment, one or more aspects are usually involved to provide confirmed and 

systematic information. 

1.2.1 Molecular weight distribution 

To measure the molecular weight (Mw) of polysaccharides, several ways 

based on intrinsic physical properties and chromatographic retention behaviors 

have been reported. Among them, size-exclusion chromatography (SEC) is used 

routinely to determinate the Mw. In recent decades, breakthroughs in SEC have 

been made on the development of the polymer-based gel columns and online 

detectors. Thus, users can conduct the Mw study with more selections. The multi-

angle light-scattering detectors (MALSD) generate absolute molecular weights 
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(calibration curve is not needed)11. The same advantage can also be taken by using 

mass spectrometers detectors (electrospray ionization mass spectrometry-ESI-MS) 

when the molecular mass is not too large12. In addition, using calibration curves, 

relative Mw can be obtained by analysis using refractive index (RI)13, evaporative 

light scattering detectors (ELSD)14 and charged aerosol detector (CAD)15. 

Providing more sensitive and universal detection with a near uniform response, high 

performance gel permeation chromatography combined with CAD (HPGPC-CAD) 

becomes more and more popular. 

In addition, the molecular weight distribution profiles generated can be used 

to authenticate some herb species and monitor the degradation status of 

polysaccharide. A previous study described that a special polysaccharide contained 

in Dendrobium officinale can be used to perform the differentiation among other 

species16. Meanwhile, according to the eluting principle of SEC, the molecule with 

smaller mass size is generally retained longer on the gel column. That means if the 

polysaccharides were obviously broken down, the retention time of the targeted 

polysaccharide will be increased, and extra peaks will occur in the molecular weight 

distribution profiles. According to this principle, the variance of Dendrobium from 

different species and territories were observed by enzymatically digested 
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polysaccharides contained17.  

1.2.2 Monosaccharide composition analysis 

Monosaccharides are the building blocks of polysaccharides. The analysis of 

monomeric sugar units serves as a basal characterization. The monosaccharide 

composition ratio obtained after complete degradation plays an important role in 

the structural elucidation. Meanwhile, the monosaccharide composition profile 

(monosaccharide fingerprint) is usually used as one characteristic of certain 

polysaccharides, performing discrimination among polysaccharides or CMs.  

Although the monosaccharides available in the nature are limited, as an isomer set, 

chromatographic separation cannot be easily achieved by classic analytical methods. 

The monosaccharides are generally obtained by fully acid or enzyme-catalyzed 

degradation of polysaccharides. The generated products can then be further 

analyzed with or without derivatization by a suitable chromatographic analysis.  

With high polarity, direct monosaccharide analysis often request separation on 

special columns such as amide18, hydrop interaction liquid chromatography 

(HILIC)19, anion exchange20. And due to non-UV absorption property, the analytes 

need to be detected by common detectors including RI, ELSD, MS, CAD and 
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pulsed amperometric detector (PAD). Although the methods available cover broad 

technologies, some limitations still exist. For example, high performance liquid 

chromatography (HPLC) with RI or ELSD cannot meet the demands of modern 

trace level analysis with regard to sensitivity and/or selectivity. Some isomers like 

glucose and galactose, arabinose and xylose often failed to get high resolution on 

HILIC columns. Highly depending on the ion strength of eluting solvent, HPLC-

CAD cannot simultaneously determine the neutral and acidic monosaccharides on 

an amide column21. MS also suffers from the low ionization efficiency of negatively 

charged hydroxyl groups. In this case, pre-column treatment gets more advantages. 

For gas chromatography combined with mass (GC-MS) or flame ionization detector 

(GC-FID)22, the monosaccharides have to be converted into corresponding alditols. 

The mixtures of peracetylated or persilylated alditols can be simply separated. Only 

very small sample amounts are necessary, and the detection is very sensitive. But 

the procedure involved is laborious. In order to use more conventional column (C18, 

C8) and sensitive detectors (UV or fluorescence), other pre-column derivatization 

were adopted. Accordingly, a number of derivative reagents such as 1-phenyl-3-

methyl-5-pyrazolone (PMP)23, 2-aminobenzamide (2-AB)24, ethyl p-

aminobenzoate (ABEE)25 were developed to modify saccharides. Among them, 
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PMP has been widely used. In this method, the reducing end of monosaccharides 

can be connected with one or two PMP residues, greatly decreasing the polarity and 

improving the chromatographic behavior. In this way, both neutral and acidic 

monosaccharides can be easily separated from each other.  

1.2.3 Glycosidic linkage analysis  

The glycosidic linkage, as a bond connecting multiple sugar units, play a major 

role in structural diversity and complexity of polysaccharides. furthermore, the 

structural difference may lead to various functions. For example, pullulan and 

dextran are both composed of glucose. Pullulan is known as a α-1,4-, α-1,6-glucan, 

while dextran mainly contains α-1,6 and some α-1,3 linkages in branches, having 

unique functions in intravenous volume expansion, parenteral nutrition and some 

eye drops.  

At present, the most conventional method for the glycosidic linkage analysis 

of polysaccharides still involves the methylation of free hydroxyl groups following 

the Hakomori approach26. And then, the permethylated monosaccharides are 

released by completely acid hydrolysis and reduced and acetylated, resulting in the 

same partially methylated alditol acetate (PMAA). The derivatized compounds are 
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usually analyzed by GC-MS. By comparing with the mass fragmentation in the 

database or related data in literatures, the sugar residues are figured out. The crucial 

point of this method is the premethylation. If the free hydroxyls failed to be fully 

methylated, the sugar residue obtained in this condition could mislead the structural 

characterization. That is why nuclear magnetic resonance (NMR) spectroscopy is 

often used to confirm the linkages. In addition, NMR can provide α/β 

stereochemical information which is lost during methylation process. Meanwhile, 

the NMR signals also have some fingerprinting information, contributing the 

characterization of intact polysaccharides. 

1.2.4 Oligosaccharides fingerprint  

As described in last sections, on the one hand, getting chemical information 

from intact polysaccharide is difficult. On the other hand, focusing on the smallest 

sugar units after complete depolymerization, monosaccharide composition analysis 

always has low specificity. In this case, the scientist begins to turn their attention to 

oligosaccharides released from polysaccharides after mild depolymerization. The 

information encoded in oligosaccharides was expected to characterize 

polysaccharides in a simple and sensitive way. 
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In recent years, a saccharide mapping (oligosaccharide fingerprint) approach 

is widely used for chemical characterization and/or discrimination of CM 

polysaccharides27. In these studies, the polysaccharide is first cut into small 

fragments through chemical or enzymatic methods. Next, the products are analyzed 

by carbohydrate gel electrophoresis (PACE) and high-performance thin layer 

chromatography (HPTLC) analysis. According to the generated saccharide 

mapping, the similarity or difference between polysaccharides from different source 

could be observed. Based on this strategy, some polysaccharides form CM such as 

Panax species28, Dendrobium huoshanense29, Pseudostellaria heterophylla30, 

Hericium erinaceus31 were characterized. The practice indicated that 

oligosaccharide fingerprint was a powerful tool for polysaccharides’ qualitative 

analysis. However, most of the characterization cannot work only by saccharide 

mapping. Some other approaches such as monosaccharide fingerprint and 

molecular weight distribution profile are needed to get the final assessment. This is 

because failure in combination with other detectors, the information provided by 

TLC or PACE is limited. Alternatively, chromatographic method coupled with 

suitable detectors available have more advantages.  
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The Table 1.1 shows the current technologies used in plant derived 

oligosaccharides analysis. Since native oligosaccharides could not be retained on 

general reversed phase columns such as C18 owing to their high polarity, and thus a 

variety of chromatographic methods have been proposed, including high 

performance anion exchange chromatography (HPAEC), porous graphitized carbon 

(PGC) chromatography and HILIC. Using specialized anion-exchange column, 

HPAEC-PDA has a distinctive separation capacity on linear oligomers such as xylo-

oligosaccharide and cello-oligosaccharides. But this method showed clear 

limitation. With the difficulty in coupling HPAEC to MS, unambiguous peak 

identification is very challenging. For PGC-LC-MSn, it has been demonstrated to 

separate and identify a broad range of neutral and acid oligosaccharides from plant cell 

wall polysaccharides. Generally, in this method, the targeted polysaccharide needs to be 

modified by different degrees of substitution of methyl group. Comparing with these 

methods, HILIC coupled with MS is widely used. Because firstly, using this method, 

no additional sample preparation steps are introduced. Secondly, there are a broad 

kind of columns with a hydrophilic stationary phase for choice. However, using 

HILIC columns, the elution is usually started by high concentration of organic 

solvent (e.g. 80%), and thus, the solubility of higher oligomers might be a problem.  
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In summary, although these methods mentioned seem promising, scientists are 

still in trouble to completely separate and identify the oligosaccharides. Because 

these oligosaccharides always have numerous isomers and underivatized 

oligosaccharides are not well suitable for identification purpose due to their low 

ionization efficiency. In this situation, continuous efforts have been taken on 

derivatization techniques. The formation of chromophore-labeled oligosaccharides 

simultaneously enhances HPLC separation efficiency, MS ionization efficiency, 

and detection by conventional HPLC detectors. Sensitivity enhancement has been 

reported for a series of derivatives such as PMP, altretamine and 8-aminopyrene-

1,3,6-trisulfonate (APTS). And among these reported works, there also exists a 

number of problems related to sample preparation, identification and isomers 

separation. In contrast to N-glycan (released from glycoprotein) analysis, O-glycan, 

especially the oligosaccharides derived from CM polysaccharides is backward. 

There is no database containing all possible oligosaccharide structures. And the 

preparation of oligosaccharides is still challenging. These will all impact the 

establishment of the oligosaccharide fingerprint and its application in 

polysaccharide characterization. Therefore, further progress is strongly needed. 
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Table 1.1 Analysis of oligosaccharides derived from plants by chromatographic methods over 

the last decade 

Analytical 

method 
Separation 

Plant/ 

Polysaccharide 
Oligosaccharide  

Derivatiz

ation  
Ref. 

HPLC-

ELSD 

HILIC  

Click Maltose 

column (Lab-

made) 

Lycopus lucidus 

Turcz. 

Sucrose, raffinose, 

stachyose, 

verbascose, ajugose 

- 32 

HPLC-RID 
Sugar-D 

column 
Chickpea seeds Galactooligosaccharides - 33 

HPAEC-

PAD 

CarboPac 

PA1 

analytical 

column 

Dendrobium 

huoshanense; 

Cellulose, beech 

xylan powder, etc; 

Apple, quinoa, or 

soybean extraction 

Products from enzymatic 

digestion: xylo/cello-

oligosaccharides; 

Arabinan and Galactan 

Oligosaccharide 

 

- 34,35,36 

UPLC-

ELSD-MSn 

HILIC  

BEH amide 

column 

Partially 

methylated or 

acethylated pectins 

Products from enzymatic 

digestion 

Methylati

on or 

acethylati

on a 

37,38 

UPLC- 

MSn 

HILIC  

BEH amide 

column; 

Click Xion 

column 

Prebiotic; 

Radix Astragali; 

Palm fruit 

Galactooligosaccharides; 

Products by mild TFA-

catalyzed hydrolyzation; 

Sucrose, kestose and 

nystose 

- 

18,39, 

40 

UPLC- 

TOF-MS 

HILIC  

BEH amide 

column 

Radix Rehmanniae 

TFA-catalyzed 

hydrolyzation: 

sucrose, melibiose, 

raffinose,manninotriose, 

stachyose and verbascose 

- 41 

PGC-LC-

MSn 

PGC 

HypercarbTM 

column 

Lupinus albus 

stems; 

Methylated 

polymers 

 

Sucrose, raffinose, 

stachyose, verbascose; 

products by enzymatic 

digestion: β-(1,4)-xylo-, 

β-(1,4)-

glucooligosaccharides, 

β-(1,4)-galacto-, β- 

(1,4)-manno- and α-(1,4)-

gluco-oligosaccharides. 

Methylati

on a 

42,43 

CE-MSn 

poly- 

(vinyl 

alcohol) 

Apple pectin 

Products from enzymatic 

digestion and mild TFA-

catalyzed hydrolyzation: 

APTS 44 
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(PVA)-coated 

capillary 

RGI, XGA, and HG 

oligomers 

HPLC-UV 
Ameritech 

C18 column 

Radix Glehniae 

and Radix 

Adenophorae, 

Radix Sophorae 

Tonkinensis and 

Rhizoma 

Menisperimi, 

Radix Achyranthis 

Biidentatae and 

Radix Cyathulae 

Products by mild 

hydrochloric acid-

catalyzed hydrolyzation 

PMP 45 

UPLC-

LTQ-

Orbitrap-

MS 

XBridge® 

shield C18 

column 

Fresh and 

processed Radix 

Rehmanniae 

Naturally occurring and 

products by acid-

catalyzed hydrolyzation 

PMP 46 

UPLC-

HRMS 

HILIC  

BEH amide 

colum 

Epimedium. 
66 oligosaccharide 

compounds 

Altretamin

e 
47 

UPLC-

FLD 

UPLC-

TOF-MS 

HILIC  

BEH amide 

column 

Partially 

methylated pectin 

Products by enzymatic 

digestion 
3-AQ 48 

Notes: athe derivatization is performed on origin polysaccharides. 

1.3 Quantitative analysis  

Till now, polysaccharides determination still one of the biggest challenges to 

current technologies. Because the polysaccharides from CM are always diverse, 

there are always more than one specific polysaccharides in a formula, and the matrix 

of CMs for polysaccharide determination is complex.  
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At present, phenol-sulfuric acid is still the main method for measurement of 

polysaccharide quantity in CMs49. This assay is based on a colorimetric product 

formed when phenol, sulphuric acid, and sugar are mixed and reacted50. The assay’s 

limitation is the poor accuracy. As the response to individual monosaccharide is 

different, in this condition, the result can be significantly influenced by the 

compositional monosaccharides when only glucose is used as a reference. Taking 

this problem into consideration, chromatographic methods are introduced for 

polysaccharide measurement. In these methods, monosaccharides are first released 

from the polysaccharides by complete acid hydrolysis. The quantity of 

polysaccharide is obtained by a summation of the compositional monosaccharides 

amount determined by HPLC or GC with or without derivatization16,51,52. Generally, 

this assay is sensitive and repeatable. However, as additional sample preparation 

steps are involved, the accuracy in greatly impacted. The acid hydrolysis conditions 

should be carefully optimized. As reported, the release degree and stability were 

different among amino, acid and neutral sugars53. In addition, as the two methods 

both have low specificity, the purity of polysaccharides is important, otherwise, the 

other native sugars contained will affect the accuracy. Actually, all the methods 
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mentioned above can only be used to roughly measure the total polysaccharide 

content in CMs. 

Therefore, the simplicity, specificity and accuracy are crucial to a method used 

for quantification of polysaccharides. Some scientists have recognized the 

analytical bottleneck posed by polysaccharides quantitation. Several methods have 

been developed for intact polysaccharide analysis (summarized in Table 1.2). A 

HPGPC-based approach was established for quantifying the dominate 

polysaccharide in a herbal material-Dendrobium officinale16. In this approach, the 

water extract of herbs was directly analyzed by ELSD without any additional 

sample preparation steps, making it more efficient, stable and accurate than the 

above-mentioned methods. But the limitation of this assay is obvious. Because most 

herb materials do not have such a dominant and specific polysaccharide-marker. As 

such, this strategy cannot be widely used. In addition, another rapid quantitative 

analysis using HPSEC-MALLS-RID54,29 was developed and has been successfully 

employed to measure the content of polysaccharides. Besides the low specificity, 

there are other two limitations for this method. Firstly, as described in these studies, 

only when the concentration in a narrowed range (1.0-4.0 mg), the impact on Mw 

by variable dn/dc (0.140 to 0.174 mg/L) can be neglected55. Secondly, it is 
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acknowledged that the RID is so sensitive to background interference that low 

sensitivity always happened to this approach. Novel methods based on LC-MS were 

developed to quantify the laminarin in brown algal species56 and dextran in rat 

plasma57. Continuous practice have been taken using ELISA58. However, all these 

methods have their limitations in whether molecular mass or complex experimental 

process.  

In summary, for quantitation of polysaccharides in CMs, further improvement 

is needed. The future progress should rely on developing a method with high 

specificity, sensitivity and wide applicability in one or more specific polysaccharide 

determination in CM. 
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Table 1.2 Advanced strategies for quantitative analysis of polysaccharides 

Analytical 

method 

Polysaccharide/ 

source 
Mw 

Sample 

preparation 
Separation Ref. 

HPLC-

ELSD 
Echinacea spp 

One analyte 

＞48.6 kDa 

One ＜48.6 

kDa 

Polysaccharide 

prepared from water 

extract after 5 kDa 

cutting-off 

BioSep-SEC-S 2000 

column 

59 

HPLC-

ELSD 

Dendrobium 

officinale 

about 730 

kDa 
Water extract 

Two tandems TSK 

GMPWXL columns 

(300 mm × 7.8 mm, 

10 μm) 

16 

HPLC-RID 
Thallus 

Laminariae 
- Water extract 

MSP-based SEC 

column (lab-made) 

60 

HPSEC-

MALLS-

RID 

Cordyceps sinensis 

fungus UM01; 

Lycium barbarum; 

＞10 kDa 

 

Polysacchride 

prepared from water 

extract with 80% 

ethonal precipitation;  

 

TSK-Gel G-6000 

and G-3000PWXL 

column;  

TSK-Gel G-5000 

and G-3000PWXL 

column (300 mm × 

7.8 mm, 10 μm) 

61 

HPSEC-

MALLS-

RID 

Panax species 3~1000 kDa 

Polysaccharide 

prepared from water 

extract with α- 

amylase treatment and 

3 kDa cutting-off 

TSK-Gel G-6000 

and G-3000PWXL 

column (300 mm × 

7.8 mm, 10 μm); 

28 

LC-ESI-

MS 

Laminarin in 

brown algae  
2~7 kDa Cold water extract 

Kinetex column 

(C18, 150×3 mm, 

2.6 μm) 

56 

LC-Q-

Orbitrap-

MS (AIF 

strategy) 

Dextran about 64 kDa 

Rat plasma (boiling 

water-remove protein; 

chloroform-remove 

lipids) 

ACQUITY UPLC 

Protein BEH SEC 

column 

(4.6×300 mm, 125 

Å, 1.7 μm) 

57 

ELISA Dextran 40 kDa Water solution - 58 
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1.4 Pharmacokinetic study  

1.4.1 Bioavailability 

The polysaccharides from CM are attracting increasing attention due to their 

variety of biological activities. But the recognition of mechanism needs more efforts 

comparing to small molecules. The biggest barrier to explore these mechanisms is 

our poor understanding about their behavior in digestive and blood circulative 

system. The main bottleneck is the difficulty in polysaccharide analysis since it 

becomes even more harder to analyze polysaccharides in complex biological matrix.  

As a kind of highly polar macromolecules, polysaccharides are believed to be 

hard to cross the epithelial barrier to reach systemic circulation. Thus, for a long 

period of time, most of work focused on the pharmacokinetic study by intravenous 

injection. This conduction is obviously incompatible with the traditional usage of 

CM. Most of CM are taken by oral administration. In recent decades, as 

summarized in Table 1.3, scientists began to turn their attention to the absorption of 

orally-dosed polysaccharides. The result showed that some polysaccharides can be 

detected in blood and other tissues such as mesenteric lymph nodes (MLN) and the 

spleen. But generally, the bioactivity is low. And the method used was in low 

specificity and sensitivity. Even fluorescence-labeled polysaccharide was recently 
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reported to have entered the blood after oral administration, it has not been 

determined if the fluorescent reagent played a crucial role here and facilitated 

absorption of the otherwise poorly absorbed polysaccharide.  

Table 1.3 Recent advances on absorption and distribution behaviors of orally-dosed bioactive 

polysaccharides from natural source  

Polysaccha

rides  

chemical 

characteristics 

 

Ref. 
Animal 
and 
dosage 

Sampling 

Analy- 

tical 

method 

Cmax and 

tmax 

Bioavail

ability 

Glucan 

phosphate, 

laminarin, 

and 

sclerogluca

n 

DAP labeled; 

7.7 ×103-

1.02×106 g/mL; 

(1→3)-β-D-

glucan 

phosphate 

β-(1→3), 

(1→6)-D-

glucan 

Rat 

1.0 

mg/kg 

Serum, 

Intestinal 

epithelial 

cells and 

GALT 

 

Fluo-

rescence 

detection; 

Flow 

cytometry 

41.5 ng/mL 

4 h; 

155 ng/mL 

3 h, 12 h 

355 ng/mL 

15 min; 3 h 

0.5%; 

4.9% 

4.0% 

62 

MPG-1 

from 

Tricholoma 

matsutake 

360 kDa 

α-(1→4)-D-

glucans with α-

(1→2)- and α-

(1→6)-D-

linkages 

Mice 

450 

mg/kg 

Plasma, 

intestinal 

tract, 

MLN, 

spleen, 

liver 

ELISA; 

Confocol 

161.1 

ng/mL, 

24 h 

- 63 

Radix 

Ophiopogon

is 

polysacchar

ide 

FITC labeled; 

4.8 kDa 

Rat 

50 

mg/kg 

Plasma 
HPGPC-

FLD 
- 1.7% 64 

Angelica 

sinensis 

polysacchar

ide 

Cy 5.5 labeled 

80.9 kDa 

Ara, Glc, Gal 

Mice 

400 

mg/kg 

Stomach, 

heart, 

lung.etc 

NIRF 

imaging 
- - 65 
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1.4.2 Interaction with gut microbiota 

Gut microbiota within the gastrointestinal tract is involved in multiple host 

health development and physiology 66. It is linked to the digestion and absorption 

of dietary nutrients, the protection of mucosal surfaces and crosstalk with the 

immune system 67. Several disorders, such as obesity, diabetes and cancer, are 

associated with the dysbiosis of some bacteria or differences in the ratio of the 

Firmicutes to Bacteroidetes species 68，69.  

Advances in research of gut microbiota highlighted a new mechanism of 

polysaccharides’ bioactivities. Many studies have showed that some polysaccharide 

from CM can modulate the composition and function of gut microbiota, and thereby 

have beneficial effects. For example, the polysaccharides (>300 kDa) from 

Ganoderma lucidum 70 can reduce excess body weight by reversing Firmicutes-to-

Bacteroidetes ratios and decreasing endotoxin-bearing Proteobacteria levels. 

Another report indicated that polysaccharides from Hirsutella sinensis selectively 

boosted the growth of gut commensal Parabacteroides goldsteinii, which was 

closely associated with the anti-obesity effect71. Unfortunately, these reports did not 

address the bioavailability and failed to determine if these polysaccharides work in 

form of mono/oligo/polysaccharides and what the behavior of polysaccharide was 
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when exposed to gut bacteria. This concern is opening up a new research front in 

polysaccharides analysis before addressing the mechanism of their bioactivity. As 

described in Table 1.4, recently, several studies observed the behavior of some 

polysaccharides in digestive systems in vitro or/and in vivo. Some interaction with 

gut microbiota was investigated. In these reported works, generally, all the 

polysaccharides cannot be digested or affected by human enzymes (simulated saliva, 

stomach, small intestine solution), and finally they could be fermented into SCFAs 

in simulated large intestine model with human gut feces. But few reports confirmed 

the digestive behavior in animals and determined where and how the 

polysaccharides modulate the gut microbiota. 
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Table 1.4 Recent advances on digestion behaviors of orally-dosed bioactive polysaccharides 

from natural source. 

Polysaccharides 
Chemical 

characteristics 
Model Observations Method Ref. 

linear sugar-beet 

arabinan 
18 kDa In vitro 

SCFAs; gut 

microbiota 

GC-FID 

 
72 

Fuzhuan brick 

tea 

polysaccharide 

8.28×105 g/mL 

Man, Rib, Rha, 

GlcA, GalA, Glc, 

Gal, and Ara 

In vitro 

Molecular weight; 

Reducing sugar, 

proportion of residual 

carbohydrate and pH; 

SCFAs; Gut 

microbiota 

HPGPC-

ELSD; 

pH meter; 

GC-FID 

 

73 

Plantago 

asiatica L. 

polysaccharide 

1903 kDa In vitro 

Molecular weight 

Free monosaccharide 

SCFAs; Gut 

micriobiota 

HPGPC-RID 

HPLC-ELSD 

GC-FID 

74 

fucosylated 

glycosaminoglyc

an from sea 

cucumber 

77 kDa In vitro 

Reducing sugar and 

sulfate group; 

molecular weight; free 

monosaccharides; 

Structural information 

HPGPC-

ELSD; 

HPLC-UV; 

NMR 

75 

pacific 

abalone sulfated 

polysaccharide 

- In vitro 

Molecular weight 

SCFAs; selected gut 

microbiota 

HPGPC-RID; 

GC-FID; 

TLC 

76 

Dendrobium 

huoshanense 

polysaccharides 

1780 kDa 

(1→4), (1→2,4)-

linked Xylp, 

(1→4), (1→3,6)-

linked Galp, (1 

→6), (1→4) and 

(1→4,6)-linked 

Glcp 

In vivo 

(mice) 

FITC-

Labeled 

Molecular weight 

distribution; 

Methylation analysis 

HPGPC-

FLD; 

GC-MS 

77 

Ganoderma 

atrum 

polysaccharide  

198 kDa 

(1→6), (1→2), 

(1→3), (1→4)-

linked Glcp, 

(1→2), (1→4)-

linked Manp,  

(1→4)-linked 

Galp 

In vitro and 

in vivo 

(mice) 

fermentatio

n 

Molecular weight 

Free monosaccharide 

SCFAs; Gut 

microbiota 

HPGPC-RID 

HPAEC-PAD 

GC-FID 

Q-PCR 

78 
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1.5 Objective of this study 

In consideration of the poor recognition of the importance of polysaccharide 

quality assessment in CM and the current research challenges in analyzing 

polysaccharides, in this study, evidence and improved analysis approaches are 

proposed. Polysaccharides from three CMs including two individuals and one 

formula were selected as the research objects and examples. The objectives of this 

study are as follows:   

Taking Lingzhi (Ganoderma lucidum and G. sinense) as an example, this work 

aims to provide evidence of the importance of polysaccharides quality assessment 

in the CM. In this work, polysaccharides from Ganoderma lucidum and G. sinense 

were systematically compared by a series of chemical and biological experiments 

(Chapter 2). 

Taking Danggui Buxue Tang (DBT) (a mixture of Radix Astragali and Radix 

Angelica Sinensis) as an example, this study aims to develop a fluorescence-labeled 

oligosaccharide-marker approach to identify and quantify the specific 

polysaccharide of individual herbs in an herb formula. In this study, great 

improvement was obtained in both qualitative and quantitative analysis of specific 

polysaccharides in individual herbs and related formula (Chapter 3). 
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Taking the marker polysaccharide (DOP) of Dendrobium officinale as an 

example, this work aims to demonstrate what exactly happens to the polysaccharide 

after oral administration. The dynamic distribution and degradation of orally-dosed 

DOP in mice and in vitro were determined using near-infrared fluorescence imaging 

and kind of chromatographic analysis. The interaction with gut microbiota was 

assessed (Chapter 4). 
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CHAPTER 2 COMPREHENSIVE COMPARISON OF 

POLYSACCHARIDES FROM GANODERMA LUCIDUM AND G. 

SINENSE: CHEMICAL, ANTITUMOR, 

IMMUNOMODULATING AND GUT-MICROBIOTA 

MODULATORY PROPERTIES 

2.1 Introduction 

Lingzhi is a functional food and herbal medicine well-known for its anti-

carcinogenic properties79,80. In the Chinese Pharmacopeia, Lingzhi is described as 

the fruiting body of two species: Ganoderma lucidum (GL) and G. sinense (GS). 

To date, the investigations of Lingzhi’s antitumor activities focus on two groups of 

chemicals: triterpenes and polysaccharides. Triterpenes called ganoderic acids have 

been found cytotoxic towards a variety of cancer cell lines81,82, and therefore are 

assumed to be responsible for the antitumor activity. However, these cytotoxic 

triterpenes show abundance only in GL83,84. If ganoderic acids are responsible for 

Lingzhi’s biological activity, then GS—having few and in small amounts—would 

not have been used through the centuries as functionally equivalent to GL. Beside 

ganoderic acids, GL polysaccharides are also associated with the antitumor effect 

because they showed immune-modulatory activities of inhibiting DNA polymerase, 
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inhibiting post-translational modification of the Ras oncoprotein85,86, or inducing 

antibodies to tumor-associated Globo H-series epitopes87. if polysaccharides are 

responsible for Lingzhi’s biological activity, then GS and GL, having the similar 

range and amounts of polysaccharides, could be used as more or less equivalent. 

This possibility is further supported by the fact that Lingzhi is typically used in 

water decoctions. Polysaccharides are hydrophilic, hence abundant in decoctions, 

while triterpenes are not. Therefore, we hypothesized the polysaccharides 

contributed to the shared use of the Lingzhi decoctions traditionally used in both 

homes and clinics. 

Recent studies have compared the crude polysaccharides or aqueous extracts 

from the two Ganoderma species. It was found that polysaccharides from GS and 

GL were similar not only in molecular weight distribution but also in basic effects 

on lymphocytes and macrophages in vitro88,89,12 . However, systematic information 

on structural similarity is limited as literatures regarding the chemistry of GS 

polysaccharides are far fewer than GL polysaccharides. In addition, to our 

knowledge, whether GS polysaccharides have comparable antitumor effect with GL 

polysaccharides has not been proved in vivo, not to say the possible mechanism of 

action. Therefore, systematic investigation on polysaccharides was thus imperative 
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in this study to decipher their similarity in chemical and bioactive properties. As 

shown in Fig. 2.1, using eight batches of two major polysaccharide fractions-GLW 

and GLA isolated from crude polysaccharides of GL, and seven batches of GSW 

and GSA from GS, we determined their chemical similarity. We then evaluated 

these polysaccharides’ antitumor effects in vivo and in vitro. Finally, we took 

insight into exploring the potential mechanism of action by analyzing fecal gut 

microbiota and macrophage stimulation. The results of our studies provide 

comprehensive and strong evidence to support the use of GL and GS as Lingzhi in 

China. 

 

Figure 2.1 Research scheme and methodology 
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2.2 Experiment 

2.2.1 Materials and reagents 

  Fruiting bodies of GL (GL1~8) were purchased form drug stores in Hong 

Kong, China; fruiting bodies of GS (GS1~7) were purchased from 7 cultivation 

farms in Guangdong, Shandong and Yunnan province, China. The identification 

was authenticated by Professor Zhu-Liang Yang at Kunming Institute of Botany, 

Chinese Academy of Sciences.  

LPS (from Escherichia coli 0111: B4), Griess reagent (modified), 3-(4, 5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Cis-Di-

chiorodiamineplatinum (II) (CDDP) and other chemical standards and regents were 

all purchased from Sigma-Aldrich. Mouse IL-6 E and TNF-α ELISA kit were 

purchased from eBioscience (San Diego, CA, USA).  

2.2.2 Preparation of polysaccharides  

Dried fruiting bodies of GL-2 and GS-2 2 kg for animal test respectively and 

other batches 300 g were firstly powdered and then defatted by 95% ethanol. And 

then the defatted samples were exposed to two times of successive extraction with 

twenty times the volume of hot water for 2 h. The water extract was concentrated 
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and then went to precipitation by ethanol with final concentration 80%. Then we 

got crude polysaccharides from GL and GS, namely GLP and GSP. The GLP were 

further separated through the DEAE Fast Flow material-packed column eluted with 

distilled H2O, producing water fraction polysaccharides GLW and successively 

eluted with 0.5 mol/L NaCl, producing sodium fraction polysaccharides GLA after 

cutting off molecules lower than 3.5kDa. The GSW and GSA were obtained with 

the same procedures. 

2.2.3 Characterization of polysaccharides 

2.2.3.1 General chemical characterization 

The Mw and distributions of two fractional polysaccharides were estimated by 

HPGPC analysis, using a previous method16. T-series dextran (Mw 1.27, 5.22, 11.6, 

23.8, 48.6, 80.9, 147.6, 273, 409.8, and 667.8 kDa) were used as standard molecular 

markers. 

Compositional monosaccharide profiles of GLW, GSW, GLA and GSA were 

performed by PMP derivatization with appropriate modification90. Briefly, 200 μL 

of individual standard monosaccharide, mixed standard solution or the totally TFA 

hydrolyzed sample was mixed with 200 μL NH3.H2O and 100 μL 0.5 mol/L PMP 
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methanolic solution. The mixture was transferred to 70◦C water bath for 30 min. 

The derivatization was analyzed using gradient elution with 50 mmol/L ammonium 

formate in aqueous solution with 10% acetonitrile (A) and acetonitrile (B) at a flow 

rate of 0.45 mL/ min: 0~7 min, 5~8% B; 7~14 min, 8~10% B; 14~14.1 min, 5% B 

on a Waters CORTECS UPLC C18 (2.1×100 mm, 1.6 μm) with a C18 pre-column at 

50◦C.  

Partial hydrolysates mapping was achieved by HPTLC method. GLW and 

GSW (10 mg) were treated with 1mol/L TFA (1mL) incubated at 90◦C for 2 h; GLA 

and GSA were similarly treated but incubated for 4 h. The supernatant of 

hydrolysates was applied on 0.2 mm silica gel 60 HPTLC plates. Plates were 

developed twice with n-butanol-ethanol-water 5: 3: 2: (v/v)91 as mobile phase and 

colorized with 5% H2SO4 in ethanol solution, photographed, and scanned. 

2.2.3.2 Characterization of related structures 

 All samples as KBr pellets were recorded with a Fourier transform infrared 

spectrometer to get IR spectra. Meanwhile, 1H and 13C NMR spectra were recorded 

on a Bruker Avance 400 spectrometer at 25◦C, at 400 and 100 MHz, respectively, 

using 40 mg sample in 0.5 mL D2O. Water suppression experiment was performed. 
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Chemical shifts are expressed in ppm by reference shift: 0 ppm for 13C-NMR (TMS) 

and 4.80 ppm for 1H-NMR (HDO). Data was processed using MestReNova.  

Two typical samples of GLW (GLW-2 and GLW-6) and GSW (GSW-2 and 

GSW-3) were methylated two times; two typical samples of GLA (GLA-2 and 

GLA-6) and GSA (GSA-2 and GSA-3) were methylated four times, using the 

method of Needs and Selvendran92. Generally, dried sample (10 mg) was fully 

dissolved in 4 Å molecular sieve-dried DMSO (2 mL) and incubated with NaOH 

powder (200 mg) for 1 h. Subsequently, 1.5 mL methyl iodide was added. The 

methylate was hydrolyzed and converted into partially acetylated and partially 

methylated alditol acetates, and finally analyzed by GC-MS93.  

2.2.4 Animal experiments 

  BALB/C mice (6-8 weeks of age; female: 20.0±2.0 g) were obtained from 

Tin Hang Technology Limited (Hong Kong, China). The mice were randomly 

divided into seven groups: normal, negative control (water), positive control 

(intraperitoneal injection: 4.0 mg/kg CDDP every four days) and polysaccharide 

treated (gavage daily with 200 mg/kg of GLW-2, GSW-2, GLA-2, GSA-2). The 

mice in negative group and polysaccharides treated group were treated in advance 
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for six days. And then each mouse in all groups received an injection of 2×104 4T1 

cells into the mammary fat pads. Treatment was performed for another consecutive 

18 days. Body weight was measured in the whole progress. At the end of experiment, 

feces samples excluding positive control (5 samples from each group) were 

collected and stored at -80◦C; tumors were excised and weighed. All experimental 

protocols were approved by the Hong Kong Baptist University Committee on the 

Use of Human & Animal Subjects in Teaching and Research and conducted in 

accordance with the guidelines for the use of experimental animals of Hong Kong 

Baptist University.  

2.2.5 Cell culture 

  The murine macrophage cell line RAW264.7 and mouse mammary 

carcinoma cell line 4T1 were obtained from American Type Culture Collection 

(Manassas, VA, USA) and were propagated in DMEM high glucose medium 

(Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% heat-

inactivated fatal bovine serum. Cells were cultured at 37◦C in a 5% CO2 incubator. 
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2.2.6 Cell viability assay 

  The viability of 4T1 cells affected by the polysaccharides as well as the 

RAW264.7 mediated cytotoxicity were measured using MTT assay as previous 

study94. Briefly, 4T1 cells (5×103 cells/well) were seeded on a 96-well microplate 

overnight before treatment with GLW-2, GSW-2, GLA-2, and GSA-2 (400 μg/mL) 

and LPS (500 ng/mL) for 24 h. After incubation, the MTT dye was added. The 

mixture was incubated for another 4 h in dark. The formazan crystals present in 

cells were dissolved by dimethyl sulfoxide. The absorbance was read at 570 nm. In 

assays of cytotoxicity by RAW264.7 cell supernatants induced by the tested 

polysaccharides on 4T1 cells, RAW264.7 cells (1×105 cells/well) were seeded and 

then exposed to GLW-2, GSW-2, GLA-2, and GSA-2 (400 μg/mL) and LPS (500 

ng/mL) for 24 h. 10 μg/mL PolyB was added to the tested polysaccharide samples 

to exclude the influence of the potential endotoxin contamination95. After 

centrifugation at 1,000 rpm for 10 min, the supernatants were added to 96-well plate 

containing adherent 4T1 cells (5×103 cells/well).  

2.2.7 Macrophage-mediated 4T1 cell migration 

  The scratch assay was performed to explore the activated RAW264.7 cell 

supernatant’s ability to inhibit migration on 4T1 cells. Briefly, RAW264.7 cells 
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(5×105 cells/well) were seeded in a 6-well plate and cultured with DMEM medium 

containing 2% FBS following a previously described protocol96. The monolayers 

of seeded 4T1 cells (5×105 cells/well) in 6-well plate were scratched with a 200 μL 

pipette tip after growth to 90% confluence. The scratch distance was measured and 

recorded after incubation for 0, 6, 12 and 24 h.  

2.2.8 Phagocytic activity assay 

  Seeded RAW264.7 cells (1×105 cells/well) on 96-well plates were exposed 

to 400 μg/mL GLW-2, GSW-2, GLA-2 and GSA-2 with 10 μg/mL PolyB or LPS 

(500 ng/mL) for 24 h. 0.1% neutral red (100 μL) was added to each well after 

discarding the supernatant. Then the detailed assay procedure was performed 

according to a previously reported study97.  

2.2.9 Determination of NO, IL-6 and TNF-α production 

  RAW264.7 cells (5×104 cells/well) were seeded in 96-well plates, incubated 

overnight. GLW-2, GSW-2, GLA-2 and GSA-2 (400 μg/mL) or LPS (500 ng/mL) 

were added and incubated for 24 h; 10 μg/ml PolyB was added to the tested 

polysaccharide samples and LPS. After treatment, the detailed procedure was as 

previously described94.  
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2.2.10 Western blotting assays 

 RAW264.7 cells (8×105 cells/well in 6-well plate) were treated with 400 

μg/mL GLW-2, GSW-2, GLA-2 and GSA-2 with 10 μg/mL PolyB or LPS (500 

ng/mL) for 30 min. Then, total protein was extracted. 20 μg protein was loaded and 

separated according to previously reported procedures94. Antibodies were used as 

the manufacturer's instructions. After incubation with peroxidase-conjugated goat 

anti-rabbit or anti-mouse secondary antibodies, the immunoreactivity was 

visualized using an ECL Kit (Amersham Pharmacia Biotech). 

2.2.11 16S rRNA microbial community analysis 

  The feces samples’ DNA were extracted using the E.Z.N.A. ® Soil DNA 

Kit (Omega Bio-Tek, Norcross, GA, USA). The V4-V5 regions of the 16S rRNA 

gene were PCR-amplified using primers 515F 5’-barcode-

GTGCCAGCMGCCGCGG)-3’and 907R 5’-CCGTCAATTCMTTTRAGTTT-3’, 

where barcode is an eight-base sequence unique to each sample. The amplification 

process was as follows: DNA denaturation step at 95°C for 2 min, 25 cycles at 95°C 

for 30 seconds, 55°C for 30 s, 72°C for 30 s, and 72°C for 5 min. Amplicons were 

extracted from 2% agarose gels and purified using the AxyPrep DNA Gel 

Extraction Kit (Axygen Biosciences, Union City, CA, U.S.) and quantified using 
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QuantiFluor™ -ST (Promega, U.S.). Purified amplicons were pooled in equimolar 

and paired-end sequenced (2 × 250) on an Illumina MiSeq platform according to 

the instruction. The raw reads were deposited into the NCBI Sequence Read 

Archive (SRA) database. Raw fastq files were demultiplexed, quality-filtered using 

QIIME (version 1.17). Operational Units (OTUs) were clustered with 97% 

similarity cutoff using UPARSE (version 7.1)98 and chimeric sequences were 

identified and removed using UCHIME. The phylogenetic affiliation of each 16S 

rRNA gene sequence was analyzed by RDP Classifier against the silva (SSU115) 

16S rRNA database using confidence threshold of 70%99. 

2.2.12 Statistical analysis 

 Statistical differences between each experimental group were examined by 

One Way ANOVA, and statistical significance was determined at *p＜0.05, **p＜

0.01, ***p＜0.001, ****p＜0.0001. Each experiment was conducted three times or 

as indicated; all data are expressed as mean ± SD. 

2.3 Result 

2.3.1 Comparative basic characterization of polysaccharides 

  According to our previous study, Ganoderma polysaccharides mainly have 
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two major fractions (accounting for >85%). They are water fraction and sodium 

(0.5 mol/L) fraction obtained from ion-exchange chromatography. As the further 

purified polysaccharides from water/sodium fraction showed closely similar 

chemistry, chemical comparison in this study will focus on these two major 

fractions, in terms of the molecular weight distribution pattern, monosaccharide 

profiles produced by complete hydrolysis, and oligosaccharides profiles produced 

by partial hydrolysis. We prepared multiple batches of these two fractions from 

eight G. lucidum samples and seven G. sinense samples. The water fractions were 

labeled GLW (n=8) and GSW (n=7), and the sodium fractions, were named GLA 

(n=8) and GSA (n=7).  

The molecular weight distribution was determined by HPGPC. The results 

were summarized in Fig. 2.2. As calculated by using the established molecular 

weight-retention time calibration curve, the molecular sizes of GLW and GSW fell 

in a narrow range of 13.4-17.0 kDa. GLA and GSA presented larger molecular sizes 

of 17.6-23.3 kDa and 15.1-22.6 kDa, respectively.  
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Figure 2.2 HPGPC chromatograms of molecular distribution of GLWs (A), GSWs (B), GLAs 

(C) and GSAs (D) detected by corona detector (CAD) on UltiMate-3000 HPLC System with 

TSK GMPWXL gel filtration columns (7.8×300 mm Tosoh Bio-science, Tokyo, Japan) and 

eluted with 20 mmol/L ammonium acetate at a flow rate of 0.6 mL/min. 
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The monosaccharides profiles got by complete acid hydrolysis of GLW are 

summarized in Fig. 2.3 A, suggesting eight batches of samples from different 

sources showed generally similar patterns. This is also true to GSW, GLA and GSA 

(Fig. 2.3 B, C and D). Further comparison went to the similarity between GLW and 

GSW, GLA and GSA. The results demonstrate that sugar composition pattern 

exhibited high consistency between GLW and GSW, regardless of the enhancing 

fucose (Fuc) proportion in the latter. GLA and GSA had similar sugar compositional 

profiles except GSA has more ribose (Rib). 
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Figure 2.3 Monosaccharide composition profiles of GLWs (A), GSWs (B), GLAs (C) and GSAs 

(D) by UPLC-UV (λ=245 nm) after 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatization. 

Mixed standards (Mix Std) contain the following saccharides: Mannose (Man); Ribose (Rib); 

Rhamnose (Rha); Glucuronic acid (GlcA); Galacturonic acid (GalA); Glucose (Glc); Galactose 

(Gal); Arabinose (Ara); Fucose (Fuc). The separation was achieved through a Waters 

CORTECS UPLC C18 (2.1×100 mm, 1.6 μm) with a C18 pre-column operated at 50◦C, using 

gradient elution with 50 mmol/L ammonium formate in aqueous solution with 10% acetonitrile 

(A) and acetonitrile (B) at a flow rate of 0.45 mL/min: 0~7 min, 5~8% B; 7~14 min, 8~10% B; 

14~14.1 min, 5% B. 
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The partial acid hydrolysates containing oligosaccharides of the 

polysaccharides were investigated using HPTLC. In method validation process, 

GLW-2, GSW-2, GLA-2 and GSA-2 as well as dextran (Mw=20 kDa close to these 

tested polysaccharides) as a polysaccharide standard were used to repeat 

hydrolyzation and developing solvent optimization. Standards of maltopentaose (Rf 

= 0.19), sucrose (Rf = 0.65) and glucose (Rf = 0.70) were used to show 

oligosaccharide spots distribution region. Overall, the mapping showed similar 

spotting patterns among eight batches of GLW (Fig. 2.4 A). The very similar result 

can be found in GSW, GLA and GSA (Fig. 2.4 B, C and D). Meanwhile, the GLW 

and GSW showed similar patterns of partial hydrolysate although there were some 

differences in content; GLA and GSA were quite similar with each other. 
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Figure 2.4 HPTLC fingerprint profiles of TFA-induced partially hydrolyzed GLWs (A) and 

GSWs (B), GLAs (C) and GSAs (D). Samples were applied on 0.2 mm silica gel 60 HPTLC 

plates (Merck, Germany) with an automatic TLC sampler (CAMAG, Switzerland). Then the 

plate was developed with n-butanol–ethanol–water 5: 3: 2: (v/v) and colorized with 5% H2SO4 

in ethanol solution and heated to make bands colored clearly. Then the plate was photographed 

by a TLC visualizer under white light. 

2.3.2 Comparative structural information of polysaccharides 

The obtained result suggested that polysaccharides from two Ganoderma 

species presented basic similarity, then comparison went to structure relation 



 

44 

 

 

properties in terms of methylation analysis, and IR/NMR spectral analysis. 

As shown in Fig. 2.5, FT-IR spectroscopy demonstrated that very similar IR 

spectral patterns had been achieved between eight batches of GLWs. The case is 

also true to GSWs, GLAs and GSAs. All fractions presented common absorptions 

of functional group of polysaccharides, such as a band of about 3400 cm−1 

corresponding to O-H stretching vibrations, 2900 cm−1 corresponding to C-H 

stretching, and 1050 cm−1 corresponding to -C-O- group. Both GLA and GSA 

spectra had a band near 890 cm−1, which can be probably attributed to absorption 

for β-glycosidic linkage. Bands near 918 cm-1 and 874 cm-1 probably corresponding 

to α-glycosidic linkage can be observed in both GLW and GSW100
. 
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Figure 2.5 IR spectra of GLWs (A), GSWs (B), GLAs (C) and GSAs (D) by KBr pellet method 

with the scan range from 4000 to 400 cm−1 using Fourier transform infrared (FT-IR) 

spectrometer. 

The 1H-NMR and 13C-NMR spectra (Fig. 2.6) showed that GLWs, GSWs, 

GLAs and GSAs reached individual consistency among multiple sample batches. 

Then comparison went to GLW and GSW, GLA and GSA. We found that GLW and 

GSW had similar resonance patterns, despite some minor variety. Based on the data 

in the literature, major characteristics of GLW and GSW are as follows: the signal 

around δH 4.51~5.12 ppm and δC 100.7~105.6 ppm was assigned to anomeric 
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protons/carbons. Among them, both α- and β-configuration are presented101. The 

weaker resonance at δC 23.1 and δH 2.20 was possibly due to the presence of N-

Acetyl-D-glucosamine102,103. The signal at around δC 18.5 and δH 1.26 was due to 

the existence of Fuc104,105. As for GLA and GSA, they look identical. The signal 

crowded in a narrow region ranging from δH 4.51~4.56 ppm and δC 105.1~105.6 

ppm was assigned to anomeric protons/carbons, suggesting the presence of β-

anomeric configurations.  
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Figure 2.6 1H-NMR and 13C-NMR spectra of GLWs and GSWs (A), GLAs and GSAs (B). The 

sample was dissolved in D2O, and TMS was used as an internal reference. The 1H and 13C-

NMR spectra were recorded at 400 MHz and 100 MHz, respectively. 
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Methylation analysis was used to compare the major linkage types. As 

demonstrated in Table 2.1, five main types of sugar linkage were revealed for GLW 

and GSW106,107,104: (1→3)-linked Glcp, (1→4)-linked Glcp, (1→6)-linked Galp, 

(1→2,6)-linked Galp and terminal Glcp. Significant similarity was also found in 

the results of GLA and GSA, which presented unique residues (1→3, 6)-linked 

Glcp and (1→6)-linked Glcp. All the results were confirmed by analyzing two 

batches of samples. 

Table 2.1 Main linkage analysis results of typical GLW and GLA from Ganoderma lucidum 

and GSW and GSA from G. sinense by methylation and GC-MS 

Type of 

linkage 

Peak area percentage (≥10%) 

GLW-2 GLW-6 GSW-2 GSW-3 GLA-2 GLA-6 GSA-2 GSA-3 

1- Glcp 17.5 15.7 10.2 5.4 21.3 19.4 20.6 22.7 

1,3- Glcp 9.4 12.3 8.6 5.2 19.7 22.3 22.8 18.9 

1,4- Glcp 16.7 27.3 7.9 6.2 25.8 20.1 15.9 20.3 

1,6- Galp 35.0 21.7 43.6 50.4 - - - - 

1,6- Glcp - - - - 12.9 11.4 19.6 15.6 

1,3,6- Glcp ＜10 ＜10 ＜10 ＜10 14.6 15.8 13.1 10.8 

1,2,6-Galp 7.1 4.4 11.5 12.8 - - - - 

 

In summary, these results show that the polysaccharides from these two 
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species have no significant differences in chemistry. The next step was to compare 

the similarity in antitumor effects and its possible mechanism related to macrophage 

and gut microbiota modulation. Since polysaccharides from different batches were 

highly consistent in GLWs, GSWs, GLAs and GSAs, one typical batch in each 

group was selected to perform bioassay.   

2.3.3 Polysaccharides from two species similarly suppressed the growth of 

4T1 breast cancer in BALB/C mice 

  Using 4T1 breast cancer-bearing BALB/C mice (experiment course is 

shown in Fig. 2.7 A), our study demonstrated that all polysaccharides from the two 

species exerted significant (p < 0.01) and similar suppressing effects on tumor 

growth. Briefly, the tumor weights in the GLW, GSW, GLA and GSA-treated 4T1-

bearing mice were significantly reduced to 168.7±43.4 mg, 217.3±52.3 mg, 

193.8±36.2 mg and 163.4±33.0 mg, respectively compared to the mice in control 

group (303.8±56.0 mg) (Fig. 2.7 B and D). In addition, there was still no significant 

difference between GLW and GSW group, GLA and GSA group when the result 

was recalculated and described by the ratio of tumor weight accounting for body 

weight (Fig. 4 E). Meanwhile, comparing to traditional chemotherapy drug - Cis-
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Di-chiorodiamineplatinum (II) (CDDP), a positive control in our study, all 

polysaccharides have less toxicity with tumor suppression as CDDP induced 

dramatic drop of body weight (Fig. 2.7 C) and mass mortality.  
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Figure 2.7 Polysaccharides inhibits carcinogenesis in 4T1-bearing BABL/C mice. 4T1 cells 

(2×104) were implanted into mice mammary fat pad tissue (n = 8 in each group). After 6 days 

intragastrical administration in advance with the polysaccharides 200 mg/kg, mice were treated 

for another 18 days. Cis-Di-chiorodiamineplatinum (II) (CDDP) as positive control was 

intraperitoneally injected with 4.0 mg/kg CDDP every four days after 4T1 cells implantation. 

Control: 4T1 tumor bearing mice with water gavage; GLW, GSW, GLA and GSA: 

polysaccharide of GLW-2, GSW-2, GLA-2 or GSA-2 gavage treatment group, respectively. (A) 

Experiment process; (B) body weight; (C) tumor images captured by the end of experiment. 

The black frame label was denoted as the dead subject before the end of experiment; (D) tumor 

weight; (E) tumor weight/body weight. Data are shown as mean ± SD. Significant difference 

*p < 0.05, **p < 0.01, ***p < 0.001 compared with control group or GSA vs GLA, GSW vs 

GLW. 
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2.3.4 Polysaccharides from two species induced macrophage’s effect on cell 

viability and migration inhibition on 4T1 cells in vitro 

  As shown in Fig. 5 A, GLW, GSW, GLA, GSA and LPS (positive control in 

RAW264.7 cell stimulation experiment) alone cannot directly affect the cell 

viability of 4T1 cells, compared to the control group (100%). As reported before, 

polysaccharides from G. lucidum had antitumor activity with a broad spectrum of 

immuno-modulating activities including increasing cytotoxic T lymphocyte 

cytotoxicity a, stimulating the NO and cytokine production in murine peritoneal 

macrophages108. Among all the immune cells, macrophages constitute a first line of 

defense against invading pathogense. Macrophages, an important component of the 

innate immunity against tumors, are attracted by locally secreted chemokines. 

Activated macrophages defend against tumors by direct tumor cytotoxicity and by 

secreting cytokines to recruit secondary immune cells, presenting antigen to T cells. 

Therefore, macrophage cell line RAW264.7 cells were used further to check its role 

in affecting cell viability of 4T1 in vitro. The result showed the cell viability of 4T1 

cells decreased when treated with the supernatants of these polysaccharides-treated 

RAW264.7 cells (Fig. 2.8 B). Comparing GLW and GSW, GLA and GSA, the 

inhibition rates showed no significant difference.  
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As it is known that 4T1 cells exhibit higher metastasis, we performed scratch 

assays to further examine the effect of supernatants of RAW264.7 cells after 

polysaccharides treatment on the migration properties of 4T1 cells. The results (Fig. 

2.8 C) showed that, 6 h after treatment, all polysaccharides significantly (P<0.001) 

reduced mobility of 4T1 cells in vitro, suggesting that they could similarly inhibit 

cell metastasis. 
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Figure 2.8 Effect of the polysaccharides from two species on cell viability by MTT assay and 

suppressing migration by scratch wound healing assay in 4T1 cell. (A) 4T1 cells were treated 

with 400 μg/mL GLW-2, GSW-2, GLA-2 and GSA-2 or 500 ng/mL LPS for 24 h; (B) 4T1 cells 

were exposed to supernatants of RAW264.7 cells after treatment with above sample with 10 

μg/mL polymyxin B (PolyB) or 500 ng/mL LPS treatment for 24 h; (C) scratched 4T1 cells 

were treated with above supernatants of RAW264.7 cells incubated in DEME medium with 2% 

FBS. Images were photographed, and scratch distance was measured at 0, 6, 12, 24 h. All results 

are presented as mean ± SD. *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001 compared with 

the control group or GSA vs GLA, GSW vs GLW. 

 

 

 

 



 

55 

 

 

2.3.5 Immunomodulatory stimulation effect on murine macrophage 

RAW264.7 cells 

   The result of phagocytosis test (Fig. 2.9 A) showed that all polysaccharides 

from two species significantly promoted neutral red uptake on RAW264.7 cell, 

comparing with control group (P<0.001). The GLW and GSW presented a 

significant difference (P<0.05), while GLA and GSA were similar with each other. 

As shown in Fig. 2.9 B, the production of NO increased significantly after 

treatment with GLA and GSA, reaching 42.6±7.7 μΜ and 34.1±3.2 μΜ (P<0.0001), 

comparing with control. This was higher than GLW and GSW, for which NO 

production decreased to 23.7±4.0 μΜ (P<0.001) and 26.9±1.3 μΜ (P<0.01), 

respectively. A significant difference (P<0.05) occurred between GLA and GSA, 

with greater NO production in the former. GLW and GSW had no significant 

difference in this regard. On the production of IL-6 (Fig. 2.9 C), all polysaccharides 

exhibited similar effects, ranging from 657 to 682 pg/mL. The level of TNF-α (Fig. 

2.9 D) in cells treated with GLW and GSW showed a decreasing trend compared to 

GLA and GSA. No significant difference was found either between GLW and GSW 

or GLA and GSA. 
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Western blot assays were used for analyzing the activation of important MAPK 

and NF-κB protein members in RAW264.7 cells after incubation with typical 

fractional polysaccharides for 30 min. Our result showed all these polysaccharides 

clearly increase the phosphorylation level of phosphorylated ERK, JNK, p38 

MAPK as well as of p65 (Fig. 2.9 E).  
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Figure 2.9 Effect of the polysaccharides from two species on activation on murine macrophage 

RAW264.7 cells. (A) phagocytic activity. Seeded RAW264.7 cells were exposed to 400 μg/mL 

GLA-2, GSA-2, GLW-2 and GSW-2 with 10 μg/mL polymyxin B (PolyB) for 24 h, respectively. 

0.1% neutral red was added as phagocytic substance. The phagocytosis of RAW 264.7 cells was 

observed under a microscope and the neutral red uptake measurement was at 570 nm; The 

production of NO (B), IL-6 (C) and TNF-α (D). Seeded RAW264.7 cells were treated with 400 

μg/mL GLA-2, GSA-2, GLW-2 and GSW-2 with 10 μg/mL polymyxin B (PolyB), respectively 

and positive control LPS (500 ng/mL) with the presence or absence of PolyB for 24 h; (E) 

phosphorylation of ERK, JNK, and p38 MAPK and p65 in RAW264.7 macrophages cells after 
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incubation with above sample for 30 min. All Western blots presented in were cropped to 

improve clarity. Data are presented as mean ± SD. *p<0.05; **p<0.01; ***p<0.001, 

****p<0.0001 compared with the control group or GSA vs GLA, GSW vs GLW. 

2.3.6 Effect on gut microbiota composition in 4T1 breast cancer-bearing mice 

 Taxonomy-based analysis indicated (Fig. 2.10 A and B) a total of 4 phyla, 

being identified as Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria, 

accounted for about 99% of the total reads in all groups. Compared with the normal 

group, mice in control group contained significantly more Firmicutes (47.0%) and 

Proteobacteria (3.0%) but significantly less Bacteroidetes (48.5%) and 

Actinobacteria (0.38%) (p < 0.05). The ratio of Firmicutes to Bacteroidetes showed 

some reversed trends after treatment with these polysaccharides. At the genus level, 

we found S24-7, Lactobacillus, Alistipes, unclassfied_f_Lahnospiraceae and 

Prevotellaceae_UCG-001 accounted for more than 60% of the total population in 

each group (Fig. 2.10 C and D). Compared with the normal group, the abundance 

of S24-7 and Alistipes showed a decreasing trend. A rising tendency was found in 

unclassfied_f_Lahnospiraceae. After polysaccharides treatment, the shift of 

Alistipes tended to be balanced. Two genera of Prevotellaceae_UCG-001 and 

Bacteroides presented rising tendency; the latter was seldom found in normal and 
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control group. Generally, our results indicated that GLW and GSW affected gut 

microbiota in tumor-bearing mice in a similar behavior. The similar case can also 

be found in mice fed with GLA and GSA. 

 

Figure 2.10 Taxonomic classification of gut microbiota in the six group mice by the relative 

abundances of phylum (A) and (B), genus (C) and (D) (n = 5). Normal: mice without tumor or 

any polysaccharide treatment; Control: 4T1 tumor bearing mice; GLW, GSW, GLA and GSA: 

polysaccharide of GLW-2, GSW-2, GLA-2 or GSA-2 treatment group, respectively. Data 

shown are the mean ± SD. Significant difference *p < 0.05, **p < 0.01, ***p < 0.001 compared 

with control group or GSA vs GLA, GSW vs GLW. 
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2.4 Discussion 

Two species, Ganoderma lucidum and G. sinense, officially share the name of 

Lingzhi in China, and are used interchangeably. Chemically, these two species are 

both rich in polysaccharides but differ greatly in triterpene content. We 

hypothesized that the polysaccharide was the basis of bioactivity. To investigate 

this possibility, we focused on the two major polysaccharides from each species, 

characterizing them, assessing their antitumor activity and exploring the potential 

mechanism, involving immune stimulation and gut microbiota alteration.  

First, the present study demonstrated that the major polysaccharides in the two 

species were fundamentally identical. We tested multiple batches of samples to 

eliminate the possibility of misevaluation caused by complex analytical methods or 

of differences in individual plants. Focusing on these polysaccharides, several 

methods were employed to support the conclusion. Firstly, it is indicated that the 

same fractional polysaccharides from GL had close features to GS in molecular 

weight distribution and monosaccharides composition profiles. Similar results can 

be found in the other studies in comparison of crude polysaccharides with close 

molecular weight distribution patterns by HPSEC-ELSD and obvious bands 
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corresponding to galactose and glucose by HPTLC12,21. In addition, studies reported 

that polysaccharides with different monosaccharides composition and linkages 

presented variable acid induced hydrolysates-oligosaccharides profiles. 

Interestingly, we found that oligosaccharides released by mild hydrolyzation of 

polysaccharides from both species had similar patterns, indicating potentially close 

structural characters. In further exploration of comparison in structural 

characterization, the polysaccharides were turned out to share most of the structural 

consistency in the aspect of IR and NMR spectra patterns and major linkage type’s 

distributions. To compare the structural similarity, previous effort has been made 

on using the response to enzymatic digestion of crude polysaccharides from GL and 

GS12. It suggested that polysaccharide from both species were positive to the same 

enzymes, such as lichenase and β-glucanase, indicating the existence of (1,4)-β-D-

glucosidic linkages which were also confirmed in our study. Considering the limited 

kinds of enzymes corresponding to various linkage types, classical and simple 

approaches-methylation and IR/NMR analysis were used22,109,110.  

Furthermore, our animal study revealed that potent and comparative antitumor 

activity against 4T1 were found in mice that had received polysaccharides from two 

species by oral administration. The 4T1 is a mouse mammary gland carcinoma cell 
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line, resembling the stage four human breast cancer. In previous studies, a fucose-

containing polysaccharide fraction from G. lucidum was reported to enhance lipid 

rafts-dependent ubiquitination of TGFβ receptor degradation and attenuate 4T1 

breast cancer tumorigenesis in mice by intraperitoneal injection86. Similar results 

have been reported when sarcoma-180 or the same tumor model was treated with 

the polysaccharide extracts from GL by intraperitoneal or oral administration111,108. 

In general, β-D-glucans, bearing linkages (1→3, 1→4 or / and 1→6) residues 

proved to be antitumor and immune-enhancing in many reports 24, 25, 26, 27, while the 

antitumor effect of α-D-glucan is seldom reported28. While our result indicated that 

all the GLW/GSW mainly possessing α-D-anomeric configurations and the 

GLA/GSA mainly having β-D-anomeric configurations significantly inhibit the 

tumor growth. An important difference compared to the literatures is that our 

polysaccharides worked via oral administration while in many other studies the 

polysaccharides were dosed via intraperitoneal injection. 

In addition, different from in vivo studies, our in vitro studies suggested that 

with the dose of 400 μg/mL all polysaccharides had no cytotoxicity against 4T1 

cancer cells. Data from other studies also showed that polysaccharide from GL had 

little or no direct cancer cell-killing effect 108,112. Instead, obvious cytotoxicity was 
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observed where macrophages were involved, indicating the important role of 

macrophage in the interaction. Polysaccharides from two species resembled each 

other in activating murine macrophages, inducing enhancement of phagocytosis 

and increase in NO release and cytokines IL-6 and TNF-α production. This may in 

turn boost the tumoricidal activities. For example, TNF-α can trigger the release of 

a portfolio of cytokines and activate and recruit immune cells113. NO exerts 

cytostatic effects on tumor cells via NO-dependent pathways114. Meanwhile, the 

generation of NO and cytokine secretion as cellular responses in macrophages was 

reported to be characterized by activating the toll-like receptor 4 (TLR 4) signaling 

pathway activated by botanical polysaccharides115. Hsu, et al 116 reported extract of 

GL polysaccharide- EORP could induce cytokine expression via activation of 

MAPKs: ERK, JNK, and p38. In addition, Yu. et al 117proofed that a purified 

polysaccharide from G. atrum (PSG-1) could promote macrophage activities by 

activating the NF-κB pathways. In our study, the phosphorylation level of 

phosphorylated MAPKs, such as JNK, p38 and ERK as well as NF-κB proteins in 

RAW264.7 cells can be increased by treatment with polysaccharides from either 

GL or GS, suggesting their similarity in possible TLR4 signaling pathway 

activation. 
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species modulated gut microbiota in similar ways. Previous research has suggested 

that most extraneous polysaccharides are indigestible until they reach the 

intestine118,119. In the gut, they can be fermented by microbes and in turn stimulate 

the growth and / or activity of some communities, thereby influencing the host’s 

health120. Firmicutes and Bacteroides are two main advantageous phyla in the gut 

of mammals. Feeding polysaccharide from GL can alter the shifted ratio of 

Firmicutes and Bacteroides70,121,122. The alteration of ratio has been reported to be 

associated with cancer, obesity, diabetes, and other diseases. In agreement with 

these studies, we found the changed ratio of Firmicutes and Bacteroides by 4T1 

carcinogenesis effect tended to be altered finally with the tumor suppression. In 

addition to the shift at the phylum level, the polysaccharides changed some 

important communities in antitumor-related genera. For instance, Alistipes, a major 

short-chain fatty acid producer, recovered and was further enriched after feeding 

with these fractional polysaccharides. A previous study had revealed that Alistipe. 

shahii played an important role in suppression of tumor growth123. In addition, 

rising abundance of Prevotellaceae_UCG-001 was observed. Unfortunately, there 

is little evidence on functions of this strain; however, Prevotella, of the family 



 

65 

 

 

Prevotellaceae has been reported to regulate the immune cell population, 

suppressing tumor growth in mice124. Another genus Bacteroide seldom found in 

the control group but which was increased has been reported to take part in the 

antitumor effects of the CTLA-4 blockade125. Although we found some interesting 

trends, whether the altering and enriching trends in gut community played a role in 

shrinking the tumors in mice needs further evidence for validation.  

2.5 Concluding remarks 

In conclusion, all our findings provide scientific evidence that polysaccharides 

are the shared therapeutic basis of Lingzhi. The results firstly showed that the 

polysaccharides from two species shared the same structural features in terms of 

mono-/oligo-saccharide profiles, molecular size, sugar linkages, and IR/NMR 

spectra. In addition, these polysaccharides showed similar tumor-suppressive 

activity in mice. Further study on RAW264.7 cells indicated that these 

polysaccharides exhibited similar inducing effects to macrophages, as evaluated in 

the phagocytosis function, NO/cytokines production, inhibition against the viability 

and migration of cancer cells. Mechanistic investigation revealed the identical 

activation via TLR-4 related signaling pathway and gut-microbiota modulatory 
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effects. In summary, GL and GS polysaccharides presented similar chemical 

features, antitumor/immunomodulating activities and mechanism; this establishes 

polysaccharides as the active principles and supports the official use of both species 

as Lingzhi. 
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CHAPTER 3 ABEE-LABELED OLIGOSACCHRIDE-MARKER 

APPROACH TO QUALITATIVE AND QUANTITATIVE 

ANALYSIS OF SPECIFIC POLYSACCHARIDES IN HERB 

FORMULA BY LC-QTOF-MS: DANGGUI BUXUE TANG, A 

CASE STUDY 

3.1 Introduction 

Polysaccharides are abundant in herbal materials and Chinese medicine 

formulae, and play important roles in these materials’ bioactivities126.  For 

example, without polysaccharide-rich Ziziphus jujuba the formula PHY906 lost its 

ability to prevent death in tumor-bearing mice127. The two species of Lingzhi, 

Ganoderma lucidum and G. sinensis, have a big difference in their ganoderic acid 

profiles, but share the same polysaccharides as their common bioactive substances.  

However, until now, the quality control of herbal polysaccharides remains a 

difficulty blocking the research and development of polysaccharide-based products. 

Due to the large molecular mass, structural diversity and complexity, getting 

information from intact polysaccharides is hard. Methylation analysis, NMR 

analysis, and phenol-sulphuric acid method are commonly used in qualitative and 
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quantitative analysis of polysaccharides, but none of them is able to determine 

specific polysaccharides in herb mixture4. Even polysaccharide-marker was 

established for the qualitative and quantitative analysis of Dendrobium officinalis 

polysaccharide11, this approach may not be a good solution because most herb 

materials do not have such a dominant and specific polysaccharide-marker. Similar 

analysis such as ELISA128, SEC combined with MALLS and RID or MS 55,57, and 

direct analysis in real time (DART) MS129 have been also attempted. But the same 

problem exists. 

People tried to transform these hard-to-analyze polymers to small molecules. 

Monosaccharide composition analysis is one of the methods130,131. It is good at 

demonstrate the features of saccharide units of polysaccharides and therefore shows 

some specificity of the polysaccharide sample, however, similar to the above-

mentioned methods, it is weak in identifying specific polysaccharide in a mixture, 

because different polysaccharides lost their most structural features after complete 

hydrolysis and often share similar monosaccharide units. Beside polymer and 

monomer, people also tried the oligomer approach which was supposed to keep 

sufficient structural features and was relatively easy to analyze. Saccharide 

mapping (oligosaccharide fingerprint) based on PACE is a successful method to 
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identify the target polysaccharide and herbs3. However, this method, like most 

fingerprint, is weak at quantitative analysis. Oligosaccharide-marker might be a 

better solution, but this approach has the difficulty in marker preparation. Even 

some oligosaccharides are commercially available, it is also difficult to analyze 

these markers in an efficient way. Normally they could be separated on Amide and 

HILIC columns, but the separation resolution is limited. Furthermore, the extremely 

weak UV adsorption of saccharides causes another difficulty in analysis.  

In order to solve this difficulty, as shown in Fig 3.1, in this study we modified 

the oligosaccharide-marker approach by adding fluorescence-tag to these markers 

which achieved the “one stone two birds” results: transforming saccharides into 

easy-to-separate glycosides and making them UV-detectable. Therefore, these 

oligosaccharide-markers could be prepared by preparative HPLC-UV and analyzed 

by liquid chromatography combined with mass (LC-MS) on C18 columns12-14.  

Here, following the flowchart of experiment design (Fig 3.2), Danggui Buxue 

Tang (DBT), a polysaccharide-rich herbal formula which is composed of Radix 

Astragali (Huang Qi) and Radix Angelica Sinensis (Dang Gui) in a weight ratio of 

5:1132, was taken as an example to verify our fluorescence-labeled oligosaccharide-
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marker approach in qualitative and quantitative analysis of specific polysaccharides 

in a herb formula. 

 

Figure 3.1 Comparison between different approaches to qualitative & quantitative analysis of 

specific polysaccharides in herb formulae.  
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Figure 3.2 Experiment scheme of ABEE-labeled oligosaccharide-marker approach. DBT: 

Danggui Buxue Tang, prepared by HQ and DG in a weight ratio of 5:1 

3.2 Experiment 

3.2.1 Chemicals 

Dextran (Mw=3.0 kDa, 10 kDa and 500 kDa), pullulan (Mw=6.2 kDa, 23 kDa 

and 348 kDa) and isomaltotriose were from Sigma-Aldrich Corp. (St. Louis, USA). 

Maltotetraose was from Chemcruz (Santa Cruz Biotechnology, Inc.). 

Monosaccharide standards including glucose (Glc), mannose (Man), galactose 

(Gal), rhamnose (Rha), arabinose (Ara), fucose (Fuc), glucuronic acid (GluA), and 
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galacturonic acid (GalA) were obtained from Sigma (St. Louis, MO, United States). 

The BCA kit for protein analysis was purchased from Thermo. M-phenyl phenol, 

sodium borate, concentrated sulfuric acid, TFA, ABEE, sodium cyanoborohydride 

and other related chemical regents were all purchased from Sigma-Aldrich Corp. 

(St. Louis, USA). Sigma. 

3.2.2 Preparation of polysaccharides of Radix Astragali and Radix Angelica 

Sinensis  

Radix Astragali and Radix Angelica Sinensis were purchased from local retail 

or wholesale drug stores in Hong Kong, China. The identification was authenticated 

by Prof. Hu-Biao Chen. The dried pieces of Radix Astragali and Radix Angelica 

Sinensis were powdered and extracted with water to obtain polysaccharides. In brief, 

plant powders were extracted with water (0.05 g/mL) at 100 °C (2 h×2 times). The 

extracted solutions were centrifuged at 4,000 rpm for 10 min, and the supernatants 

(the crude polysaccharide solutions) were combined, condensed, and then 

precipitated in 60% ethanol to get crude polysaccharide precipitate, which was re-

dissolved in water and passed through ultrafiltration using membrane centrifuge 

tubes with molecular size cutting-off of 3 kDa. 
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Polysaccharides to be used for quantitative analysis should meet the following 

criteria: 1) the total content of sugar and uronic acid is more than 90%; 2) the protein 

content is less than 5%; 3) the monosaccharide composition is stable. In this study, 

the total sugar, protein and uronic acid content were determined to confirm the 

purity. The sugar content was determined by phenol-sulfuric acid assay, uronic acid 

content was measured by M-phenyl phenol method, and protein content was 

obtained following the introduction of BCA kit. Simultaneously, the molecular 

weight and monosaccharide composition were determined using the methods 

described in supplementary as basic characterization. The supernatant after 60% 

ethanol precipitation and filtrate after ultrafiltration were kept for investigation of 

marker specificity. 

3.2.3 Herbal sample preparation 

Water extracts: Each batch of dried sample powder of Radix Astragali or Radix 

Angelica Sinensis (1.0 g) was extracted with water at 100°C (20 mL x 2 h x 2 times), 

respectively. The extracted solutions were centrifuged at 3,500 rpm for 10 min. The 

supernatants were then combined for further analysis. 

Danggui Buxue Tang preparation: Dried sample powders of Radix Astragali 
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(No. 2) and Radix Angelica Sinensis (No. 2) were combined in the ratio, by weight, 

of 1:0, 5:1, 3:1, 1:1, 1:3, 1:5 and 0:1. The mixtures (total 1.0 g) were extracted using 

the same procedure as water extract preparation. Supernatants were then combined 

for further analysis. 

3.2.4 Molecular weight determination by HPGPC-CAD  

The prepared water extracts of Radix Astragali samples and Radix Angelica 

Sinensis samples were analyzed using HPGPC. The analyses were performed on a 

Thermo U-3000 UPLC-DAD system coupled with CAD, where 20 μL sample was 

eluted with 20 mmol/L ammonium acetate at a flow rate of 0.6 mL/min with column 

temperature maintained at 40°C on a TSK GMPWXL gel filtration column 

(7.8×300 mm, Tosoh Bio-science, Tokyo, Japan). UV detection wavelengths were 

set at 260 and 280 nm.  

Aqueous stock solutions of pullulans (2 mg/mL) with different molecular 

weights (1, 3, 6, 22, 50, 110. 400, 800 and 2560 kDa) were injected into the HPGPC 

under the same conditions as described for the sample extracts. Data from the 

pullulan analyses were used to construct a molecular weight-retention time 

calibration curve by plotting logarithm of the peak area versus the retention time to 
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calculate the average molecular weight of prepared standard RAP and ASP. 

3.2.5 Monosaccharide composition 

 Samples to be analyzed was fully hydrolyzed using 2 mL of TFA (2.0 mol/L) 

at 120°C for 3 hrs. The hydrolyzed products were derivatized with ABEE as 

previously reported with modifications. Briefly, 100 μL of the hydrolyzed sample 

was dried and re-dissolved into 200 μL water. The sample solution was then mixed 

with 560 μL derivatization reagent (400 μL 0.6 mol/L ABEE, 80 μL glacial acetic 

acid and 80 μL 1.4 mol/L sodium borohydride) and incubated at 65°C for 2 h. After 

cooling, water and diethyl ether were added to the solution, and the mixture was 

fully mixed and centrifugated at 15,000 rpm for 5 min. The upper layer (ABEE 

solution) was removed; the rest of water phase was dried and re-dissolved into 250 

μL of 60% (V/V) methanol for further analysis. The mixed standards of Glc, Man, 

Gal, Rha, Ara, Fuc, GluA and GalA were labeled using the same procedures. The 

analyses were performed on a Thermo U-3000 UPLC-DAD system. The separation 

was achieved through a Waters BEH UPLC C18 (2.1×100 mm, 1.7 μm) with a C18 

pre-column operated at 50°C, using gradient elution with 0.2 mol/L potassium 

borate in aqueous solution (pH=8.9) (A) and acetonitrile (B) at a flow rate of 0.5 
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mL/min: 0~15 min, 3~21% B; 15~20 min, 21~3% B. 

3.2.6 Acid-induced partial hydrolyzation and ABEE-labeling 

The appropriate amount of dried polysaccharide was dissolved in 2 mL TFA 

(1.0 mol/L) and partially digested at 80°C for 2 h, respectively. After removing the 

TFA, hydrolyzed products (mono/oligosaccharides) were re-dissolved in 1.5 ml of 

60% (V/V) methanol and the solution was centrifuged at 15,000 rpm for 3 min. The 

supernatant was collected for further analysis. The acid-induced hydrolyzation 

conditions were optimized in terms of temperature, acid concentration and 

incubating time. 

The hydrolyzed products were derivatized with ABEE as previously reported 

with modifications133. Briefly, 100 μL of the hydrolyzed sample was dried and re-

dissolved in 200 μL water. The sample solution was then mixed with 560 μL 

derivatization reagent (400 μL 0.6 mol/L ABEE, 80 μL glacial acetic acid and 80 

μL 1.4 mol/L sodium borohydride) and incubated at 65°C for 2 h. After cooling, 

water and diethyl ether were added to the solution, and the mixture was fully mixed 

and centrifuged at 15,000 rpm for 5 min. The upper layer (ABEE solution) was 

removed and the remaining water phase was dried, re-dissolved in 500 μL of 60% 
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(V/V) methanol, and finally subjected to LC-MS analysis. 

3.2.7 LC-DAD-qTOF-MS conditions 

The separation was performed on an Agilent 1290 UHPLC system (Agilent 

Technologies, Santa Clara, USA) equipped with a binary pump, a thermostatic 

column compartment, an auto-sampler, and a degasser and a diode-array detector 

(DAD). The system was controlled by Mass Hunter B.06 software. The 

chromatographic column ACQUITY UPLC BEH C18 (2.1 mm × 100 mm, 1.7 μm, 

Waters, Milford, USA) was used and eluted with a linear gradient of 0.1% formic 

acid in water (A) and 0.1% formic acid in acetonitrile (B) at a flow rate of 0.4 

mL/min and at a temperature of 30°C. The solvent gradient programming was as 

follows: 0–5 min, 10% B; 5–18 min, 10–18% B; 18–23 min, 18–25% B; 23–26 min, 

25-100% B; 26-29 min, 100% B; 29–29.1 min, 100-10% B; 29.1-34 min, 10% B. 

The injection volume was 1 μL. 

MS data were collected from an Agilent 6540 Q-TOF mass spectrometer 

(Agilent Technologies, Santa Clara, USA) equipped with a quadrupole-time-of-

flight (Q-TOF) mass spectrometer and a JetStream electrospray ion (ESI) source. 

Data acquisition was controlled by MassHunter B.06 software (Agilent 
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Technologies). The optimized operating parameters in the negative ion mode were 

as follows: nebulizing gas (N2) flow rate, 7.0 L/min; nebulizing gas temperature, 

300℃; Jet Stream gas flow, 8 L/min; sheath gas temperature, 350℃; nebulizer, 40 

psi; capillary, 3000 V; skimmer, 65 V; Oct RFV, 600 V; and fragmentary voltage, 

150 V. The mass scan range was set as mass to charge (m/z) 100–2000 and the 

wavelength of 305 nm was set by DAD detection. 

3.2.8 Model Study-Dextran and pullulan 

A model study using commercially available polysaccharides was executed 

first to verify if there is a linear relationship between parent polysaccharides and 

their daughter oligosaccharides.  

In this test, the well-known and commonly available polysaccharide standards, 

dextran (3, 10, 500 kDa and mixture) and pullulan (6.2, 23, 348 kDa and mixture), 

were used; a mixture of dextran was prepared at the equal ratio of dextran 3, 10, 

500 kDa and a mixture of pullulan was prepared at the equal ratio of pullulan 6.2, 

23, 348 kDa. Series of amounts of above dextran and pullulan including 0.5, 1.0, 

1.5, 2.0 and 4.0 mg were hydrolyzed, derived and analyzed by LC-MS. A series of 

commercially available oligosaccharides-isomaltotriose (DP=3) and maltotetraose 
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(DP=4) standards (0.1-25.0 μg/mL) were prepared and derived with the same 

procedures for marker identification and quantitative analysis. The relationships 

between various variables were determined by plotting 1) the concentration of 

identified daughter oligosaccharide versus the peak area of ABEE-labeled daughter 

oligosaccharide, 2) the detected amount of identified daughter oligosaccharides in 

hydrolyzed standard polysaccharide versus the amount of standard polysaccharide, 

and 3) the peak area of ABEE-labeled daughter oligosaccharide versus the amount 

of standard polysaccharide. The daughter oligosaccharide was isomaltotriose or 

maltotetraose, and the standard polysaccharide was dextran or pullulan with 

different molecular weight.  

3.2.9 Selection of ABEE-labeled oligosaccharides marker for DBT 

The daughter oligosaccharide marker selected for qualitative and quantitative 

analysis should satisfy the following conditions: 1) has high specificity, that is, the 

marker should not naturally exist in the original water decoction, and the marker 

should not be produced by polysaccharide of other herb components; 2) is 

repeatable, that is, it exists in different batch of sample; 3) easily detected, that is, 

it shows relatively larger signals than other markers); and 4) gives satisfactory 
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method validation results. 

3.2.10 Oligosaccharide marker preparation and characterization 

Large number of crude polysaccharides of Radix Astragali or Radix Angelica 

Sinensis was prepared. The prepared polysaccharide was hydrolyzed, and the 

hydrolysates were derived. The prepared freeze-dried hydrolysate (0.5 g/mL) was 

dissolved in 60% MeOH. The supernatant containing ABEE-labeled 

oligosaccharide fragments was kept for further maker preparation. The ABEE-

labeled oligosaccharide fragments were loaded onto Alitima C18 preparation 

column (22 × 250 mm, 10 μm) and detected by UV at 305 nm. The oligosaccharide 

fragments of RAP were eluted with 10% ACN at a flow rate of 8 mL/min. The 

oligosaccharide fragments of ASP were separated by gradient elution with H2O 

containing 0.1% formic acid (A) and ACN containing 0.1% formic acid (B): 0~35 

min, 15~22% B; 35~47 min, 22~50% B, 47~52 min, 50~15% B. The fraction 

containing markers were collected and combined and re-chromatographed on 

Agilent Eclipse XDB-C18 semi-preparation column (9.4 × 250 mm, 5 μm). The Rm 

(marker for RAP) was obtained by eluting with 8% ACN, and the Am (marker for 

ASP) was prepared by eluting with 15% ACN containing 0.1% formic acid. The 
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purity was monitored by LC-MS analysis. The purified Rm and Am were 

lyophilized. Their structures were characterized by monosaccharide analysis, 

linkage analysis and NMR. 

For NMR spectroscopic analysis, samples (20 mg) were dissolved in 0.5 ml of 

D2O. The 1H and 13C NMR spectra were recorded at 400 MHz and 100 MHz, 

respectively, on a Bruker Avance 400 spectrometer at 25°C (Brucker, Rheinstetten, 

Germany). TMS was used as an internal reference. Water suppression experiment 

was used to give clear signal of interest. The 1H-1H COSY, HSQC and HMBC 

experiments were conducted using the standard Bruker pulse sequence. Data was 

processed using MestReNova. 

3.2.11 Optimization of hydrolysis condition 

To get the most suitable conditions to depolymerize the determined 

polysaccharide, acid concentration, temperature and hydrolysis time were 

investigated. About 2 mg of RAP or ASP was exposed to 0.5, 1.0 and 1.5 mol/L of 

TFA at 80°C for 1.0 h to investigate the influence of acid concentration. The same 

amount of RAP or ASP was hydrolyzed in 1.0 mol/L of TFA at 70°C, 80°C and 

90°C for 1.0 h or hydrolyzed in 1.0 mol/L of TFA at 80°C but for different times, 
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namely 0.5, 1.0, 2.0 and 4.0 h. The hydrolysis temperature and time were 

investigated. The peak areas of Rm and Am were recorded and compared. 

3.2.12 Quantitative method development and validation 

The LC-MS method for directly quantitative analysis of the polysaccharides 

in Radix Astragali, Radix Angelica Sinensis water extract and DBTs were validated 

in terms of linearity, precision and accuracy. 

A series of standard polysaccharide RAP and ASP of 0.5, 1.0, 2.0, 4.0, 6.0, 8.0 

and 10, (12) mg were precisely weighed for the construction of calibration curves. 

Each concentration was prepared in triplicate. The polysaccharides were exposed 

to hydrolyzation and ABEE derivatization following the described procedures. 

Each sample was analyzed in duplicate, and the amounts of Rm and Am were 

obtained by calculation based on the calibration curve between peak area and 

amount of Rm (1.0 -32.0 μg/mL) and Am (0.05-1.6 μg/mL). Relationships between 

variables were visualized by plotting 1) the concentration of marker versus the peak 

area of marker; 2) the amount of detected marker in hydrolyzed polysaccharide 

versus the amount of polysaccharide, and 2) the peak areas of marker in hydrolyzed 

polysaccharide versus the amount of polysaccharide. The marker referred to Rm or 
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Am, and the polysaccharide referred to RAP and ASP.  

In addition, the repeatability of the marker was determined during linearity 

establishment. During the establishment of the linearity relationship between parent 

polysaccharides and ABEE-labeled daughter oligosaccharide markers, four steps, 

namely polysaccharide preparation, hydrolyzation, derivatization and LC-MS 

analysis, were taken. To check the repeatability of the marker, the variation in each 

step was determined. For step 4, the same sample was injected 3 times to check the 

precision of the instrument. For step 3, the same hydrolyzed samples were derived 

by ABEE in triplicate. For step 2, the same amount of polysaccharide was 

hydrolyzed in triplicate. And for step 1, three batches of the polysaccharides were 

extracted and purified from the batch No.2 of each herbal raw material following 

the same protocol. The peak areas of markers were recorded. 

The water extract of Radix Astragali (No.2), water extract of Radix Angelica 

Sinensis (No.2), and DBT (1:1) were used in the following method validation. Intra-

day and inter-day variations were chosen to determine the precision of the 

developed assay. For the intra-day variability test, six replicates of each sample 

were analyzed within one day, while for the inter-day variability test; duplicate of 

the same sample was examined for three consecutive days. Variations in the peak 
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areas of Rm and Am were expressed by the RSD. 

The spike recovery test was used to evaluate the accuracy of the method. About 

25.0 mg water extract of Radix Angelica Sinensis (No.2), 50.0 mg of water extract 

of Radix Astragali (No.2) and DBT (1:1) with known contents of polysaccharide 

was weighed, and different amounts (high 120%, 100% middle and 80% low level, 

n=3 each concentration) of the standard polysaccharide were spiked, then 

hydrolyzed, derived and analyzed in duplicate. The spike recoveries were 

calculated. 

3.2.13 RAP and ASP determination in water extract of raw material and DBT 

Radix Astragali water extracts (50.0 mg), Radix Angelica Sinensis water 

extracts (25.0 mg) and 50.0 mg of DBTs were precisely weighed, hydrolyzed and 

derived by the described procedures. The peak areas of the Rm and Am were 

recorded and the contents of the polysaccharides RAP and ASP were calculated 

according to the established linear relationship in the developed method. Each 

sample was assessed in triplicate. 
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3.3 Result and Discussion 

3.3.1 ABEE-labeled Oligosaccharide-marker approach tested on Dextran 

and Pullulan model  

Before we tested the idea of ABEE-labeled Oligosaccharide-marker on real 

herb samples, reference standards of Dextran (3 kDa, 10 kDa, 500 kDa and mixture), 

pullulan (6.2 kDa, 23 kDa, 348 kDa and mixture), and two oligosaccharides 

(isomaltotriose and maltotetraose) were used to conduct a model study, in order to 

determine if there is a linear relationship between the parent polysaccharides and 

the hydrolysis-produced daughter oligosaccharides. Representing a branched 

glucan, dextran consists of α-1,6 glycosidic linkages with branches mainly from α-

1,3 linkages134. Pullulan is a typical linear glucan consisting of maltotriose (α-1,4 

glycosidic linkages) units connected by α-1,6 glycosidic bonds135. Commercially 

available oligosaccharides related to these two glucans were labeled with ABEE as 

references. 

As shown in Fig 3.3, these two types of glucans presented very different 

profiles of ABEE-labeled oligosaccharide fragments, even they shared the same 

monosaccharide composition: glucose. This suggested that the oligosaccharide 
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approach could present sufficient specificity to closely similar polysaccharides. 

After comparison with reference ABEE-labeled oligosaccharides by LC-MS (Fig 

3A and 3B), ABEE-labeled isomaltotriose (Rt=8.73 min, m/z 652.2539 ± 0.050) 

and ABEE-labeled maltotetraose (m/z 814.2995 ± 0.050) were identified as 

markers of dextran and pullulan, respectively. Two isomers of ABEE-labeled 

maltotetraose were also separated on baseline, evidencing the significantly 

improved separation resolution of oligosaccharides after ABEE labeling.  
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Figure 3.3 Typical chromatograms ((λ = 305 nm) of oligosaccharide fragments derived from 

reference polysaccharides (A), extracted ion chromatograms (EIC) (B) and the mass spectra (C) 

of identified ABEE-labeled oligosaccharide marker. A: 1. Dextran mixture (3 kDa: 10 kDa: 500 

kDa = 1: 1: 1); 2. Pullulan mixture (6.2 kDa: 23 kDa: 348 kDa = 1: 1: 1). B. 1. ABEE-labeled 

isomaltotriose (m/z 652.2539 ± 0.050 ESI-; retention time = 8.73 min); 2. ABEE-labeled 

maltotetraose (m/z 814.2995 ± 0.050 ESI-; retention time = 10.44 min); C. 1. ABEE-labeled 

isomaltotriose; 2. ABEE-labeled maltotetraose. The oligosaccharides were all produced by 1.0 

mol/L TFA-induced hydrolyzation at 80°C for 1 h. 

Then, using isomaltotriose as marker for dextran and maltotetraose for 

pullulan, we found a good linear relationship between the amount of parent 

polysaccharides and the peak areas of ABEE-labeled daughter oligosaccharides. 



 

88 

 

 

Firstly, the calibration curves were obtained by plotting the different concentrations 

of isomaltotriose or maltotetraose versus their individual peak areas after ABEE 

labeling. And then, different amounts of dextran or pullulan were treated with 

hydrolysis and ABEE-labeling, and the amounts of generated isomaltotriose or 

maltotetraose were calculated using the above-mentioned calibration curves, based 

on the peak areas of ABEE-labeled oligosaccharides. After that, the linear 

relationships between the generated isomaltotriose or maltotetraose with their 

individual parent polysaccharides were investigated. As shown in Fig. 3.4 A 2, there 

was good linear relationship between the amounts of daughter isomaltotriose with 

the parent dextran (r≥0.9982). And the similar results were observed between 

maltotetraose and pullulan (r≥0.9925). As shown in Fig. 3.4 A 3, no matter how the 

molecular weight of dextran varied, the correlation coefficients were always above 

0.9873, showing good linear relationship in the range of 0.5-4.0 mg. So did pullulan 

(r≥0.9911) (Fig. 3.4 B 3). These results suggested that oligosaccharide markers had 

great potential to quantify their parent polysaccharides. 
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Figure 3.4 Model linear relationship establishment using dextran (A) and pullulan (B). 

Calibration curves were obtained by plotting oligosaccharide concentration (linear range from 

0.1 to 25.0 μg/mL) versus peak area after ABEE-labeling, oligosaccharide amount versus 

original polysaccharides amount, and peak area of ABEE-labeled oligosaccharides versus 

polysaccharide amount (linear range from 0.5 to 4.0 mg).  A: 1. Isomaltotriose; 2. Dextran (3, 

10, 500 kDa and mixture) versus isomaltotriose; 3. Dextran (3, 10, 500 kDa and mixture) versus 

ABEE-labeled isomaltotriose. B: 1. Maltotetraose; 2. Pullulan (6.2, 23, 348 kDa and mixture) 

versus maltotetraose; 3. Pullulan (6.2, 23, 348 kDa and mixture) versus ABEE-labeled 

maltotetraose.  

3.3.2 ABEE-labeled oligosaccharide marker selection  

Actually, not all oligosaccharides are qualified for this job. The marker 

selection should fulfill the criteria as described in section 2.7. The oligosaccharide-

marker should be specific enough and highly reproducible. The high specificity 
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means that 1) the marker should not naturally exist in the original water decoction, 

and 2) the marker should not be produced by polysaccharide of other herb 

components. The high reproducibility means that the relationship between oligomer 

and polymer should be repeatable in different batches of samples. 

After acid hydrolysis and ABEE labeling, polysaccharides of two herb 

components showed very different profiles of ABEE-labeled saccharides on C18 

column (Fig. 3.4). There were nine ABEE-labeled oligomers for each 

polysaccharide, with four common peaks. Those uncommon peaks were further 

checked one by one in the polysaccharide-absent water extracts (supernatant of 

ethanol precipitation) of each herb and DBT after these extracts were treated with 

hydrolysis and ABEE-labeling in parallel (Fig. 3.4). Two more peaks were found 

unspecific to polysaccharides, as listed in Table 3. 1. Thus, three and five marker 

candidates were for RAP and ASP, respectively. Theoretically they all could be used 

as the marker, but finally the marker Rm (Rt of 8.23 min and m/z 1462.5179) and 

Am (the Rt of 11.03 and m/z 680.2459) were selected for RAP and ASP, 

respectively. It was because these two showed the largest peaks and were well 

separated from other peaks (Fig 3.6), therefore it is easy for us to prepare sufficient 

sample for further study.   
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Figure 3.5 ABEE-labeled oligosaccharides makers selection based on retention time and mass-

to-charge ratio. A 1: UV chromatograms (λ=305 nm) of ABEE-labeled oligosaccharide 
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fragments of hydrolyzed RAP (H-RAP); A 2: Comparison of extracted ion chromatograms 

(EIC) of nine oligosaccharide fragments of hydrolyzed RAP in other related hydrolyzed 

samples. B 1: UV chromatograms (λ=305 nm) of ABEE-labeled oligosaccharide fragments of 

hydrolyzed ASP (H-ASP); B 2: Comparison of EIC of nine oligosaccharide fragments of H-

ASP in other related hydrolyzed samples. The target ABEE-labeled oligosaccharide fragment 

is marked by numbers and black arrows. RAP: Radix Astragali polysaccharide; ASP: Radix 

Angelica Sinensis polysaccharide; RAS: Radix Astragali water extract without RAP; ASS: 

Radix Angelica Sinensis water extract with ASP; DBTS: Danggui Buxue Tang (Radix Astragali: 

Radix Angelica Sinensis=5:1) without RAP and ASP; H: Hydrolyzation.  
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Figure 3.6 Specificity of the selected ABEE-labeled oligosaccharide markers Rm and Am. A. 

UV chromatograms (λ = 305 nm) of ABEE-labeled oligosaccharide fragments: 

oligosaccharides produced by partial hydrolysis of RAP and ASP. The selected markers are 

indicated by red arrows in the chromatograms; B. ESI mass spectra of Rm m/z 1462.5179 ± 

0.050 (retention time = 8.23 min) and Am m/z 680.2459 ± 0.050 (retention time = 11.03 min) 

in negative mode; C. Extracted ion chromatograms (EIC) of Rm and Am in hydrolyzed RAP, 

ASP, DBT and DBT without RAP and ASP. 
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Table 3.1. ABEE-labeled oligosaccharides markers selection based on the retention time and 

mass-to-charge ratio 

H-RAP 

Peak No. Rt (min) m/z H-ASP H-RAS H-ASS H-DBTS 

1 11.63 490.1959 + + + + 

2 11.07 652.2490 + + + + 

3 10.35 814.3058 + + + + 

4 9.63 976.3611 + + - + 

5 9.04 1138.4110 - + - + 

6 8.56 1300.4632 - + - + 

7* 8.23 1462.5179 - - - - 

8 7.99 1624.5526 - - - - 

9 7.26 892.8162 (2-) - - - - 

H-ASP 

Peak No. Rt (min) m/z H-RAP H-RAS H-ASS H-DBTS 

1 11.65 490.1959 + + + + 

2# 11.03 680.2459 - - - - 

3 10.73 518.1491 - - - - 

4 10.26 814.3058 + + + + 

5 9.48 976.3611 + + + + 

6 8.95 652.2490 - + + + 

7 8.29 814.3027 - - - - 

8 7.81 1138.4211 - - - - 

9 7.51 1300.4750 - - - - 

Note: 1) RAP: Radix Astragali polysaccharide; ASP: Radix Angelica Sinensis 

polysaccharide; RAS: Radix Astragali water extract without RAP; ASS: Radix 

Angelica Sinensis water extract with ASP; DBTS: Danggui Buxue Tang (Radix 

Astragali: Radix Angelica Sinensis=5:1) without RAP and ASP; H: Hydrolyzation 

induced by 1.0 mol/L TFA at 80°C for 2 h; 2) The ABEE-labeled oligosaccharides 

detected in the sample was marked as “+”, otherwise as “－”; 3) The ABEE-labeled 

oligosaccharides which can be used for discriminate RAP and ASP in DBT were 

highlighted; 4) The final markers used for RAP and ASP were marked by red 

asterisk (*) and hash symbol (#), respectively. 
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Finally, the marker’s reproducibility was confirmed by comparing the results 

of different batch of herbs. As shown in Fig. 3.7, the ABEE-labeled oligosaccharide 

fragments profiles showed high consistency and the selected markers (highlighted 

in the chromatograms) were found in different batch of hydrolyzed parent 

polysaccharides. These results indicated that the selected marker Rm and Am had 

reliable reproducibility. 
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Figure 3.7 UV chromatograms (λ=305 nm) of ABEE-labeled oligosaccharide fragments 

produce by partial hydrolyzed Radix Astragali polysaccharides (A) and Radix Angelica 

Sinensis polysaccharides (B). The polysaccharides were prepared from different batch of raw 

materials (n=6). Makers (Rm and Am) are highlighted based on the retention time and mass 

fragmentation. 
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3.3.3 Sample preparation and structure elucidation of selected 

oligosaccharide markers  

Because these markers could be detectable under UV and be separable on C18 

column, it is easy for us to prepare sufficient amount of these two markers by using 

preparative HPLC-UV (Fig. 3.8), and it is naturally possible for us to elucidate the 

exact chemical structures of these isolated glycosides by spectral analysis (NMR 

and MS) and methylation analysis.  
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Figure 3.8 Flow chart of ABEE-labeled oligosaccharide marker preparation. The ABEE-labeled 

oligosaccharides are separated on preparative and semi-preparative C18 columns using UV 

detection at 305 nm. 

The result of mono-sugar composition analysis indicated that Rm is composed 

of glucose (Fig. 3.9). The high-resolution MS data showed Rm is an octasaccharide 

derivative. More structure information was provided by NMR analysis. The 

characteristic signals in the 13C- and 1H-NMR spectra (Fig. 3.10) were completely 

assigned with aids of DEPT 135, HSQC, HMBC and 1H-1H COSY spectra, as listed 
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in Table 3.2. The characteristic signals of this ABEE-labeled marker could be 

divided into three parts: 1) ABEE part: the signals δC 155.8, δC 114.9/δH 6.73, δC 

134.5/δH 7.82, δC 120.1 ppm corresponding to phenol structure of ABEE, signal at 

δC 172 ppm attributable to the carbonyl group, and signals at δC 64.4/δH 4.30 and 

δC 16.5/δH 1.35 assignable to the -CH2 and -CH3 groups; 2) sugar linked to ABEE: 

anomeric signals of δC 48.4/δH 3.36,3.41; 3) the remaining seven sugar residues: 

anomeric proton signals at δH 5.13 (1H, d, J=3.8 Hz) and around 5.36 ppm (6H, 

overlapped), which coupling constant (<4.0 Hz) suggesting α-anomeric 

configuration. In addition, based on peak correlation plots of δC 80, 85/δH 3.65, 3.90 

in HSQC, as well as their significant HMBC correlations with the anomeric signals, 

the sugar linkage of (1→4)-linked-α-D-glucopyranose was proposed. This 

deduction was confirmed by GC-MS methylation analysis (Table 3.3). And this 

sugar linkage was also reported in the structure of Radix Astragali 

polysaccharide136,137. As mentioned above, Rm was elucidated to be ABEE-labeled 

(1→4)-linked-octa-α-D-glucopyranose.  
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Figure 3.9 Monosaccharide composition of Rm and Am. Mixed standards (Mixed std) 

contained the following saccharides: Galacturonic acid (GalA); glucuronic acid (GluA); 

Galactose (Gal); Mannose (Man); Glucose (Glc); Arabinose (Ara); Rhamnose (Rha); Xylose 

(Xyl); Fucose (Fuc). 
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Figure 3.10 Chemical structures, 1H-NMR, 13C-NMR, and DEPT 135 spectra (A), HSQC (B), 

part of 1H-1H COSY (C), 1H-1H COSY (D) and HMBC spectra (E) of Rm. The marker was 

dissolved in D2O, and TMS was used as an internal reference. The 1H and 13C-NMR spectra 

were recorded at 400 MHz and 100 MHz, respectively. 
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Table 3.2 Chemical shift assignments of 1H-NMR and 13C-NMR spectra of Rm and Am based 

on HSQC, 1H-1H COSY, DEPT-135 and HMBC spectra 

Marker Sugar Residues 
Chemical shift 

H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6/C-6 OCH3 

 

Rm 

B:4)-α-D-Glcp-

(1-ABEE 

3.35,3.4

3/ 

48.4 

4.04/ 

72.1 

3.94/ 

75.6 

3.90/ 

85.1 

4.00/ 

73.9 

3.65,3.73/ 

65.0 
/ 

C: 4)-α-D-

Glcp-(1 

5.13/ 

103.2 

3.63/ 

74.4 

3.94/ 

76.8 

3.65/ 

79.8 

3.92/ 

74.2 

3.83/ 

63.3 
/ 

D: 4)-α-D-

Glcp-(1 

5.36/ 

102.7 

3.63/ 

74.4 

3.94/ 

76.8 

3.65/ 

80.1 

3.82/ 

74.0 

3.83/ 

63.3 
/ 

E: α-D-Glcp-(1 
5.36/ 

102.6 

3.57/ 

74.6 

3.69/ 

75.8 

3.43/ 

72.1 

3.94/ 

75.3 

3.83/ 

63.3 
/ 

 
B:6)-β-D-Galp-

(1-ABEE 

3.44/ 

49.6 

4.16/ 

70.5 

3.75/ 

72.5 

3.72/ 

72.9 

4.17/ 

71.6 

3.79,4.03/ 

74.9 
/ 

Am 
C: 6)-β-D-

Galp-(1 

4.41/ 

106.3 

3.57/ 

73.8 

3.65/ 

75.5 

3.95/ 

71.7 

3.88/ 

76.7 

3.88,4.01/ 

72.5 
/ 

 

D: β-4-O-Me-

D- 

GalAp-(1 

4.52/ 

105.7 

3.38/ 

75.8 

3.60/ 

77.9 

3.35/ 

84.5 

3.92/ 

77.0 
176.3 

3.51/ 

63.1 

 
ABEE 

Residues 
C-1' 

H-2',6' 

/C-2',6' 

H-3',5' 

/C-3',5' 
C-4' C-7' H-8'/C-8' 

H-9'/C-

9' 

Rm A: ABEE 155.8 
6.76/ 

114.9 

7.85/ 

134.5 
120.1 172.1 

4.31/ 

64.5 

1.35/ 

16.5 

Am A: ABEE 154.2 
6.83/ 

116.3 

7.85/ 

134.5 
121.8 172.1 

4.30/ 

64.7 

1.35/ 

16.5 

Note: The marker was dissolved in D2O, and TMS was used as an internal reference. The 1H 

and 13C-NMR spectra were recorded at 400 MHz and 100 MHz. 

Table 3.3 Linkage analysis of Rm by methylation and GC-MS 

PMAA Linkage pattern Molar ratio a Ion fragmentation (m/z) 

2,3,4,6-Me4-Glcp 1-linked Glcp 1 43, 71, 87, 101, 117, 129, 

145, 161, 205 

2,3,6-Me3-Glcp 1,4-linked Glcp 6 43, 71, 101, 113, 117, 

131, 143, 173, 233 

a The molar ratios of residues were estimated by the integration of their peak areas 

in total ion chromatograms. 
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The structure of Am was quite different from that of Rm. The MS data 

suggested that Am should be a trisaccharide derivative. The result of sugar 

composition analysis indicated that Am was composed of galactose (Fig. 3.9). 

However, the NMR spectral (Fig. 3.11) showed the existence of a galacturonic acid 

(δC 176 ppm), in addition to the characteristic signals of ABEE, and galactoses 

(Table 2)138,2. The key HMBC correlations as shown in Sup. Fig. 8 suggested that 

these sugars were linked together via (1→6)-linkage. This deduction was confirmed 

by the typical oxygenated methylene carbon signals at 72.5 ppm and 74.9 ppm. The 

anomeric proton signals at δH 4.41 (1H, d, J=7.8 Hz) and δH 4.52 (1H, d, J=7.8 Hz) 

revealed that there were only one β-D-galactopyranose and one β-D-galacturonic 

acid, beside the one directly linked to ABEE. An extra methoxyl was further 

assigned to C4 of galacturonic acid according to the HMBC between their 

individual carbon and proton signals (Fig. 3.10 D). Therefore, the chemical 

structure of Am was deduced to be a complicated tri-galactose derivative as shown 

in Fig. 3.10 A.   
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Figure 3.11 Chemical structures, 1H-NMR, 13C-NMR, and DEPT 135 spectra (A), HSQC (B), 

part of 1H-1H COSY (C), 1H-1H COSY (D) and HMBC spectra (E) of Am. The marker was 

dissolved in D2O, and TMS was used as an internal reference. The 1H and 13C-NMR spectra 

were recorded at 400 MHz and 100 MHz, respectively. 

3.3.4 Quantitative method development and validation  

With the sufficient sample amount of these markers, we not only identified 

their chemical structures, but also verified the linear relationship between these 

markers with their parent polysaccharides, as we did in the model study. 

3.3.4.1 Preparation of standard polysaccharides 
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First of all, the standard parent polysaccharides RAP and ASP were prepared 

in triplicate following the protocol described in section 3.2.2, and they were 

characterized in terms of molecular size distribution, total sugar content, uronic acid 

content, protein content, and monosaccharide composition, and the results were 

listed in Table 3.4. These data showed that the preparation of standard 

polysaccharide RAP and ASP was highly repeatable with RSD ≤6.0%, and these 

standard polysaccharides fulfill the criteria: total sugar and uronic acid content 

above 90%, protein content below 5.0%. 

Table 3.4 Basic characterization of the standard polysaccharides prepared for 

quantitative analysis 

Polysacch

aride 

Molecular 

weight a 

Sugar content 
b  

Uronic acid 

content c 

Protein content 
d 

Monosaccharide 

composition e 

RAP 113±3 kDa 88.03±3.51% 4.21±0.21% 2.90±0.16% 
Glc: GalA: Gal: 

Ara=94:2.8:2.5:1.0 

ASP 136±5 kDa 66.3±1.46% 37.1±0.88% 4.65±0.28% 
GalA: Gal: Glc: 

Ara=1.9:1.2:1.2:1.0 

Note: The data was obtained by determining three batches of standard polysaccharide prepared 

from individual herbs. The data was shown as Mean ± SD (n = 3). a Molecular weight was 

determined by HPGPC-CAD using the established molecular weight-retention time calibration 

curve; b sugar content was determined by phenol-sulfuric acid method; c uronic acid content 

was determined by M-phenyl phenol method; d protein content was obtained by BCA method; 

e monosaccharide composition was determined after ethyl p-aminobenzoate (ABEE) 

derivatization; the ratio was calculated according to the peak area percentage. 
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3.3.4.2 Optimization of acid-induced hydrolysis conditions 

In order to make sure that all the polysaccharides were hydrolyzed, and the 

oligo-saccharide-markers were produced as much as possible, the hydrolysis 

condition was optimized in terms of temperature (70°C, 80°C and 90°C), hydrolysis 

time (0.5, 1, 2 and 4 h), and TFA concentration (0.5, 1.0 and 1.5 mol/L). The results 

(Fig. 3.12) showed that when RAP was hydrolyzed at 80°C for 2 h in 1.0 mol/L 

TFA, the peak area of Rm reached its highest level. But when RAP was exposed to 

higher temperature (90°C) or TFA concentration (1.5 mol/L) or longer incubation 

time (4 h), the Rm amount decreased. It was suggested that Rm, as a larger 

oligosaccharide, could be further degraded under stronger conditions. However, this 

phenomenon was not observed in ASP. It may be because Am is much smaller, 

showing temperature/ time/ TFA concentration-dependent production. In order to 

simultaneously determine both of Rm and Am in DBT, the hydrolysis condition was 

finally optimized to 1.0 mol/L TFA at 80°C for 2 h, because this condition made 

Rm reach the maximum peak area and also made Am give comparably significant 

signal. 
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Figure 3.12 Hydrolyzation condition optimization according to peak area of ABEE-labeled 

oligosaccharide markers, Rm and Am. A. hydrolysis in 1.0 mol/L TFA at 70, 80, 90°C for 1 h; 

B. hydrolysis in 1.0 mol/L TFA at 80°C for 0.5, 1, 2 and 4 h; C. hydrolysis in 0.5, 1.0, 1.5 mol/L 

TFA at 80°C for 1 h.  

3.3.4.3 Linearity relationship establishment and validation 

As did in model study, we hypothesized that there would be a similar linearity 

between RAP and Rm, and between ASP and Am, and in turn using the established 

linearities, the amount of RAP and ASP in DBT can be calculated. Similar to the 

dextran and pullulan model, RAP and ASP showed satisfactory linear relationships 

with their respective markers (r≥0.9987) (Fig. 3.13). Therefore, finally in our study, 

we directly performed linear regressions by plotting the peak areas of markers 
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versus the amounts of RAP and ASP. The calibration curves were adequate in the 

range of 0.63-7.92 mg, 0.58-11.94 mg, and the coefficients of correlation (r) were 

beyond 0.9961.  

 

Figure 3.13 Linear relationship between standard polysaccharides and ABEE-labeled 

oligosaccharide markers. Calibration curves were obtained by marker concentration versus 

peak area, polysaccharide amount versus marker amount, and polysaccharide amount versus 

peak area of markers. A 1: Rm (linear range from 1.0 to 32.0 μg/mL); A2: RAP amount versus 

Rm amount; A 3: RAP amount versus peak area of Rm. B 1: Am (linear range from 0.05 to 1.6 

μg/mL); B 2: ASP amount versus Am amount; B 3: ASP amount versus peak area of Am. The 

linear range of RAP and ASP was 0.63-7.92 mg and 0.58- 11.94 mg. Data are shown as mean 

± SD (n=3). 

Furthermore, the established method was systematically validated in terms of 

precision, stability (intra-day and inter-day), sensitivity, and accuracy (expressed as 
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spiked recoveries). As described, obtaining the regression curve involved multiple 

steps: namely, polysaccharide preparation, hydrolyzation, ABEE-labeling, and LC-

qTOF-MS analysis, and this multiple-step operation will greatly reduce the 

repeatability. So that each of the four steps was evaluated for the variation: 1) 

ABEE-labeled oligosaccharide fragments sample (precision of LC-MS analysis), 2) 

TFA-induced hydrolysates (variation of ABEE-labeling), 3) polysaccharide 

(variation of hydrolyzation), and 4) individual herb (variation of polysaccharide 

preparation). As shown in Fig. 3.14, all the variation values in each step were low 

to 2%, and the final variation value for the whole process was no more than 8%. 

These results suggested that the established method was highly precise even four 

steps were included.  
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Figure 3.14 Variation of peak area of Rm and Am during the linear relationship establishment. 

The raw materials were Radix Astragali and Radix Angelica Sinensis. 2.0 mg of polysaccharide 

(RAP or ASP) were used to conduct the hydrolyzation. Each RSD was obtained from three 

replicates of each experiment. 

In addition, the overall intra- and inter-day RSD variations (Table 3.5) of Rm 

were about 4.81% and 6.79% in Radix Astragali water extract, and 4.21% and 

4.74% in DBT, respectively. The overall intra- and inter-day RSD variations (Table 

3.5) of Am were about 5.24% and 7.39% in Radix Angelica Sinensis water extract, 

and 5.65% and 8.31% in DBT, respectively. As shown in Table 3.5, the method also 

showed acceptable accuracy, with RAP’s spike recovery of 84.9%–96.2% in 

Astragalus water extract and 83.3%-87.2% in DBT (1:1), and with ASP’s spike 

recovery of 79.8%–85.9% in Angelica water extract and 81.2%-86.3% in DBT (1:1) 

at different concentrations, respectively.  
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In summary, these results displayed that the established method had 

satisfactory specificity, linearity, precision, and accuracy. 

Table 3.5 Validation result of established quantitative method  

Poly-

sacch

aride 

Analyt

es 

Repeatability 

(RSD%) LOQ d 

(μg/mL) 

LOD d 

(μg/mL) 

Spike recovery % (RSD% n=3) 

Intra-

day 

(n=6) 

Inter-

day 

(n=3) 
Low RSD Middle RSD High RSD 

RAP 
RAW a 4.81% 5.79% 

0.50 0.25 
96.2   3.62 86.7 6.36 84.9 5.21 

DBT b 4.21% 4.74% 87.2 5.44 83.3 4.98 86.2 3.24 

ASP 
ASW c 5.24% 7.39% 

0.05 0.02 
85.9   7.12 83.2 5.49 79.8 6.72 

DBT b 5.65% 8.31% 86.3 6.41 84.5 6.23 81.2 5.98 

Note: a Radix Astragali (No.2) water extract (RAW), b Radix Angelica Sinensis (No.2) water 

extract (ASW) and c Danggui Buxue Tang (DBT) (1:1) were used in method validation. d The 

limits of detection (LOD) and limits of quantitation (LOQ) of Rm and Am under the present 

conditions were determined at an S/N (signal to noise) of about 3 and 10. 

3.3.5 RAP and ASP determination in water extract of individual herbs and 

DBT 

After all the above validation, the method was finally evaluated in quantitative 

determination of RAP/ASP in six batches of individual herb components, and DBT 

samples which were made of the same one batch herb components in six different 

ratios (5:1, 3:1, 1:1, 1:3, 1:5). The results were demonstrated in Fig. 3.15 and Fig. 

3.16. The six batches of herbs showed different contents of RAP (12.44 - 33.43 

mg/g) and ASP (68.53 - 98.20 mg/g). Among them, herb batch No. 2 of each Radix 
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Astragali and Radix Angelica Sinensis were selected to prepare DBT samples and 

were used as a reference control to determine if this method could accurately 

determine the same polysaccharide content among these DBT samples. After 

statistical analysis, the results indicated no significant difference between any of 

these DBT samples with the reference herb. These data confirmed that the 

established method was reliable to quantify specific polysaccharides in herb 

formula.  
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Figure 3.15 Typical UV chromatograms (λ=305 nm) of ABEE-labeling saccharides and 

extracted ion chromatograms (EIC) of Rm and Am in hydrolyzed samples. A. Radix Astragali; 

B. Radix Angelica Sinensis; C. Danggui Buxue Tang (DBT). DBT was prepared by Radix 

Astragali and Radix Angelica Sinensis in a weight ratio of 5:1. EIC of Rm and Am were 

obtained by extracting mass of m/z 1462.5179 ± 0.050 (retention time = 8.23 min) and m/z 

680.2459 ± 0.050 (retention time = 11.03 min) in negative mode (ESI-). 
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Figure 3.16 Quantitation of the RAP and ASP by the established method. A: six batches of 

Radix Astragali (No.1~No.6); B: six batches of Radix Angelica Sinensis (No.1~No.6); C: RAP 

content in Radix Astragali of DBTs; D: ASP content in Angelica Sinensis of DBTs; DBT was 

prepared by Radix Astragali and Radix Angelica Sinensis in a weight ratio of 5:1, 3:1, 1:1, 1:3, 

1:5; 1:0 and 0:1. Data are shown as mean ± SD (n=3). Significant difference NS p＞0.05，*p < 

0.05, **p < 0.01, ***p < 0.001 compared with DBT(1:0) or DBT (0:1). 

Our results also revealed an interesting observation that the polysaccharide 

content of Radix Angelica Sinensis was about 2-8 times that of Radix Astragali. 
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This might give a new answer to a popular question about the titled formula DBT. 

In theory of Chinese Medicine, Radix Astragali is the leader component of DBT 

while Radix Angelica Sinensis works as the helper component. When talking about 

DBT, people always ask why this formula is named with Danggui (Radix Angelica 

Sinensis)139. Our results suggested that the high ratio of 5:1 between Radix Astragali 

and Radix Angelica Sinensis in preparation of DBT may not be due to Radix 

Astragali is the leader component, it may be because polysaccharide content in 

Radix Astragali is so low that much more Radix Astragali must be used to contribute 

comparable amount of polysaccharide as Radix Angelica Sinensis. After all, this 

hypothesis has a precondition that polysaccharide is the major active ingredient of 

Radix Astragali for this formula and this deserves further pharmacological 

investigation. Anyway, our method provides a way to qualitatively and 

quantitatively analyze the specific polysaccharide in herb formula which is the first 

step to find polysaccharides’ role in herbal formulae. 
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3.4 Concluding remarks 

An ABEE-labeled oligosaccharide marker approach was established to 

qualitative and quantitative determination of individual polysaccharides RAP and 

ASP for each herb component in Chinese formula Danggui Buxue Tang, by using 

LC-qTOF-MS. The results of systematical validation verified that these marker’s 

use showed sufficient specificity, repeatability, and accuracy. This approach 

provides a promising solution to the difficulty in quality control of herbal medicines 

which contain polysaccharide as the major active ingredients. 
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CHAPTER 4 DESTINY OF DENDROBIUM OFFICINALE 

POLYSACCHARIDE AFTER ORAL ADMINISTRATION: 

INDIGESTIBLE AND NONABSORBING, ENDS IN 

MODULATING GUT MICROBIOTA   

4.1 Introduction 

Polysaccharides from the CM are attracting increasing attention due to their 

variety of biological activities. But the recognition of mechanism needs more efforts 

comparing to small molecules. The biggest barrier to investigating these 

mechanisms is the poor understanding of pharmacokinetic behavior in digestive and 

blood circulative system by oral administration. 

In this study, the marker polysaccharide (called DOP) of Dendrobium 

officinale Caulis is used as an example to study the destiny of orally-dosed 

polysaccharides. Dendrobium officinale Kimura et Migo is called Tiepi Shihu in 

Chinese, and, is popularly consumed as functional dietary supplement and one of 

the most expensive tea material140. In our previous studies, 16,141,142DOP (abundant 

in the stems of D. officinale with the yield rate more than 30%) was established as 

a characteristic polysaccharide marker for authentication purpose, and its chemical 
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structure was elucidated to be 1,4-mannan with a large molecular size of around 

730 KDa. As for bioactivities, DOP showed obvious anti-fatigue activity on forced-

swimming mice model, but it exhibited no significant immunomodulating effect on 

macrophage cells.  

The current study planned to determine if DOP could be digested and absorbed 

in mice, and to observe its effects on gut microbiota. Firstly, the blood samples of 

mice receiving oral dose of original DOP were examined; then the dynamic 

distribution of fluorescence-labelled FITC-DOP in mice after were monitored; an 

in vitro digestion system with enlarged sample load of DOP (1.0 g) was used to 

determine the digestion outcomes; finally, DOP’s modulation on gut microbiota 

was checked on a tumor-bearing mice model. 

4.2 Experiment 

4.2.1 Material 

The monosaccharide standards, fluorescein isothiocyanate isomer I (FITC), 

dibutyltin dilaurate, ABEE, sodium cyanoborohydride, Cis-Di-

chiorodiamineplatinum (II) (cisplatin) and all other reagents used were purchased 

from Sigma-Aldrich Corp. (St. Louis, USA). Pepsin, pancreatin, bile salt and other 

regents used in in vitro digestion model test were all purchased from Sigma-Aldrich 
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Corp. Short chain fatty acids (SCFAs) standards for GC analysis including acetic, 

propionic, butyric and isovaleric acids were also obtained from Sigma-Aldrich Corp. 

(St. Louis, USA). 

4.2.2 Preparation of the polysaccharide 

The Dendrobium officinale polysaccharide DOP used in this study was the 

same chemical preparation and structure elucidation of which have been reported 

previously16. Briefly, DOP was prepared from the water extract of the dried herb 

by a series of operations: ethanol precipitation, dialysis, and de-starch. After 

integration of extensive chemical and spectral analysis, as well as comparison with 

literature data 143, the DOP was identified as a water soluble 1,4-β-D-mannan with 

a large molecular size of around 730 kDa and a low protein content of 1.5%. 

4.2.3 Animals 

BALB/C mice (6-8 weeks of age; female: 20.0±2.0 g) were obtained from Tin 

Hang Technology Limited (Hong Kong, China). All experimental protocols were 

approved by the Hong Kong Baptist University Committee on the Use of Human 

& Animal Subjects in Teaching and Research and conducted in accordance with the 
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guidelines for the use of experimental animals of Hong Kong Baptist University. 

4.2.4 Absorption of DOP analyzed by HPGPC-CAD 

DOP (4.0 mg in 0.3 mL distilled water) was orally administrated to the normal 

mice. The mice (n=3 each group) were sacrificed at 1, 2, 3, 4 and 6 h and blood was 

collected. The mice fed with water were set as blank control. The serum sample 

was prepared according to the modified method144. In brief, 100 μL of the liquid 

was mixed with 40 μL of 30% (w/v) trichloroacetic acid to remove protein. After 

centrifugation at 15,000 rpm for 10 min, the supernatant (100 μL) was neutralized 

by 30 μL 11% (w/v) of NaOH. After centrifugation, the supernatant was collected 

for analysis. The analysis was performed on Thermo U-3000 UPLC-DAD system 

coupled with CAD, where 20 μL sample was eluted with 20 mmol/L ammonium 

acetate at a flow rate of 1.0 mL/min with column temperature maintained at 40°C 

on a TSK GMPWXL gel filtration column (7.8×300 mm Tosoh Bio-science, Tokyo, 

Japan). 
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4.2.5 Dynamic distribution of FITC-labeled DOP after oral administration 

4.2.5.1 Preparation of FITC-labeled DOP (FDOP) 

DOP was labeled with FITC as reported. 145Briefly, DOP (1.0 g) was dissolved 

in methyl sulphoxide (10 mL) containing a few drops of pyridine, fluorescein 

isothiocyanate isomer I (0.1 g) was added, followed by dibutyltin dilaurate (20 mg), 

and the mixture was heated for 2 h at 95°C. After repeated precipitation in ethanol 

to remove free dye, the FDOP was further purified by molecular sieve (3 kDa 

cutting-off). 

4.2.5.2 Dynamic distribution of FDOP analyzed by near-infrared fluorescence 

imaging 

A dose of 4.0 mg of FDOP in 0.3 mL distilled water was orally administrated 

to each mouse, both those without and with fasting. Optical images for FDOP were 

acquired using the IVIS Lumina XR in vivo imaging system (PerkinElmer). In vivo 

near-infrared fluorescence imaging was performed at 0, 1, 2, 3, 4 and 6 h after oral 

administration. The mice (n=3 each group) were sacrificed and blood and major 

tissues including liver, spleen, kidney, stomach, small intestine, mesenteric lymph 

nodes (MLN), caecum and colon were collected and imaged at the same time points. 
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The collected tissue was ex vivo imaged and then homogenized using a 3-fold 

volume of 0.1 mol/L phosphate buffer (pH 7.4) and centrifugated at 15,000 rpm for 

10 min. And the supernatant was collected and stored at -20°C until 

chromatographic assay. 

4.2.5.3 Dynamic distribution of FDOP analyzed by HPGPC-FLD 

The supernatant (collected in Sect. 4.2.5.2) was prepared according to the 

method described in Sect. 4.2.4. The analysis was performed on Agilent-1100 

HPLC System equipped with FLD. The excitation wavelength and emission 

wavelength of FLD were 495 and 515 nm, respectively. 

4.2.5.4 Free monosaccharide analysis by UPLC-UV 

The above stomach and small intestine supernatant (collected in Sect. 4.2.5.2) 

was used to monitor the free monosaccharides after ABEE derivatization. 200 μL 

ACN was added into the 50 μL sample to remove protein. After centrifugation at 

15,000 rpm for 5 min, the supernatant (230 μL) was dried by concentrator at room 

temperature. Then the dried sample was redissolved in 100 μL water and went to 

ABEE derivatization. The procedure and analysis employed for the derivatization 

was carried out according to a published method25 after some modification. Briefly, 
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80 μL of 1.4 M NaBH3CN in methanol, 80 μL of glacial acetic acid, and 400 μL of 

0.6 M ABEE in methanol were added and the mixture was heated at 65°C for 2 h. 

After cooling, 400 μL of distilled water was added. The diethyl ether was added to 

remove excess ABEE and the aqueous layer was dried and redissolved in 200 μL 

60% methanol and finally subjected to UPLC analysis. The analysis was performed 

on Thermo U-3000 UPLC-DAD system. The separation was achieved through a 

Waters BEH UPLC C18 (2.1×100 mm, 1.7 μm) with a C18 pre-column operated at 

50°C, using gradient elution with 0.2 mol/L potassium borate in aqueous solution 

(pH=8.9) (A) and acetonitrile (B) at a flow rate of 0.5 mL/min: 0~15 min, 3~21% 

B; 15~20 min, 21~3% B. 

4.2.6 In vitro digestion of DOP 

4.2.6.1 Apparatus and substrates of in vitro model 

One batch of in vitro model was comprised of three vessels which simulated 

the environment of human stomach, small intestine, and colon (large intestine). The 

temperature of the three vessels was kept at 37.0°C with the circulation of a water 

bath. The pH was programme-controlled with the addition of hydrochloride/sodium 

hydroxide solution. The culture medium was the mixture of basal medium as 
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reported 146. The resistant starch 3 (2 g/L) was used in control group. Gastric fluid 

consisted of NaCl (0.2 g/L) and pepsin (0.32 g/L). Small intestine fluid consisted 

of pancreatin (0.9 g/L), bile salt (6.0 g/L) and NaHCO3 (12.5 g/L). Large intestine 

fluid was made of human feces as described below.  

Feces were collected from three volunteers who had not taken any antibiotic 

in the past six months. Two ends and surface parts of the feces were discarded; only 

the central parts of feces were sampled. The pooled fecal sample (in the portion of 

1:1:1 from each volunteer) was suspended in sterile normal saline with the addition 

of sterile glycerol in the portion of 2:7:1 (g/mL/mL). The sterile glycerol was used 

as a cryoprotective agent. The mixture was centrifuged at 2,000 rpm for 5 min at 

4°C. The supernatant was collected as fecal inoculum. The fecal inoculum was 

stored at -80°C immediately, and later thawed at 37°C water bath before use. 

4.2.6.2 Sample collection after digestion in gastric, small intestine and large 

intestine fluids 

The sample load of DOP was 1.00 g in 500 mL nutrient medium. Culture 

medium was mixed with gastric fluid (2:1 in volume) in a stomach vessel, and pH 

was then adjusted to 2.0-2.3. Samples were collected at 0, 2, 4, and 6 h. Then the 
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gastric digestion mixture in stomach vessel was transferred to small intestine vessel 

and pH was adjusted to 6.0-7.5. Small intestine fluid was added to the vessel in a 

ratio of 1:4 (small intestine fluid: gastric digested mixture by volume). During the 

digestion, the mixture was sampled at 2, 4, 8 and 12 h. The small intestine digested 

mixture was transferred to colon vessel and pH was adjusted to 6.5-6.9. Prepared 

fecal inoculum was added to the digestion solution (fecal inoculum: small intestine 

digestion mixture=1:5 in volume). The fermentation was allowed to proceed for 24 

h at 37°C, and the samples were collected at 2, 6, 12, 18 and 24 h. Immediately after 

collection, all samples were immersed into a boiling water bath for 20 min to end 

enzymatic reactions. The mixture was centrifuged at 12,000 rpm for 5 min. After 

enzyme inactivation, the collected samples were analyzed by HPGPC-CAD to see 

if DOP was degraded. The supernatant collected at 6, 12, 18 and 24 h was for GC-

MS analysis to determine the SCFAs. All the samples were stored under -80°C until 

assay.  

4.2.6.3 Analysis of SCFAs by GC-MS 

The contents of SCFAs including acetic acid, propionic acid, butyric acid and 

isovaleric acid were determined according to a previously validated method147. 

Briefly, 400 μL of 20% formic acid in methanol was added into 400 μL of sample 
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or standard solution. The mixture was centrifuged at 12,000 rpm for 5 min. The 

supernatant (1 μL) was analyzed on a GC-column (DB-WAX, 10 m×0.100 

mm×0.20 μm, Agilent, USA) by a Shimadzu gas chromatography with mass 

spectrum system. The concentration of SCFAs was determined using an external 

standard method. 

4.2.7 Investigation of DOP’s effect on gut microbiota in a 4T1-tumor mice 

model 

All mice were housed in animal housing with ambient temperature of 25 ± 

0.5°C, humidity-controlled conditions (50 ± 5%), and a regular cycle of day and 

night (12 h/12 h light/dark). After acclimation of 2 weeks, the mice were randomly 

divided into 4 groups with 8 mice in each group: normal, tumor control (water), 

DOP-treated (gavage/oral administration daily with 200 mg/kg), and positive 

control (Cisplatin-intraperitoneally injected with 4.0 mg/kg every four days after 

4T1 cells implantation). The mice in DOP group were treated in advance for six 

days. And then each mouse in all groups received an injection of 2×104 4T1 cells 

into the mammary fat pads. Treatment was performed every day for another 

consecutive 18 days. Body weight and tumor volume were measured. At the end of 
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the experiment, feces samples (n=5 for each group) were collected and stored at -

80°C; tumors were excised and weighed after sacrificed. 

The DNA of the mice feces samples was extracted using the E.Z.N.A. ® Soil 

DNA Kit (Omega Bio-Tek, Norcross, GA, USA). The V4-V5 regions of the 16S 

rRNA gene were PCR-amplified using primers 515F 5’-barcode-

GTGCCAGCMGCCGCGG)-3’and 907R 5’-CCGTCAATTCMTTTRAGTTT-3’, 

where the barcode is an eight-base sequence unique to each sample. All the analysis 

was performed by Shanghai Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 

China).  

4.3 Result 

4.3.1 Digestion and absorption of DOP in vivo 

To investigate whether DOP can be absorbed into blood circulation, DOP (200 

mg/kg) was orally administrated to the normal mice, and blood samples were 

collected for chromatographic analysis. As shown in Fig. 4.1, even DOP exhibited 

a satisfactory LOD of 1.0 μg/mL in the HPGPC-CAD analysis but was not found 

(at retention time=7.35 min which would represent DOP) in any serum samples. If 
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DOP had been absorbed, the absorbed content would be less than the LOD. Given 

the total blood volume was 1.0 mL in a mouse, the content of DOP in the blood 

would be less than 1.0 μg, and 0.025% of the dosage. In other words, more than 

99.9% of DOP was not absorbed. 

 

Figure 4.1 HPGPC chromatograms of DOP and serum samples collected from normal mice 

after oral administration of DOP (200 mg/kg) from 0 (blank) to 6 h. Samples were detected by 

HPGPC coupled with a corona charged aerosol detector (CAD). The limit of detection (LOD) 

was 1.0 μg/ml. 

To more sensitively detect the absorption and digestion behavior of DOP in 

vivo, FITC was adopted to label DOP for further analysis. FITC was chosen, 

because, as shown in Fig. 4.2, it did not significantly change the molecular size of 
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DOP. After the mice (without or with fasting) were orally administrated with FDOP, 

the absorption and digestion behavior at different time points was detected by near-

infrared fluorescence imaging and subjected to chromatographic analysis. 

 

Figure 4.2 Fluorescence and molecular weight characterizations of FDOP. (A) chromatograms 

of DOP and FDOP by HPGPC-FLD analysis; (B) chromatograms  of DOP and FDOP by 

HPGPC-CAD analysis. Samples were detected by fluorescence detector (FLD) with an 

excitation wavelength of 495 nm and an emission wavelength of 515 nm. 

The fluorescence images (Fig. 4.3A) show that the signal intensity in the whole 

mice was mainly observed in the digestive tract. This result suggested that most of 

the FDOP after oral administration reached and accumulated in the digestive system. 

Then, to figure out the details of relative distribution in major organs, and specific 

tissues and segments, ex vivo optical imaging experiments were performed. As seen 

in Fig. 4.3B, the strong signal intensity (ROI value) in the small intestine firstly 
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increased, reaching a maximum at 1 h, and then decreased. Similarly, the signal 

intensities in caecum and colon tended to reach the top at 2 h and 3 h, respectively. 

However, we failed to trace the signal in the MLN, indicating that FDOP is not 

transported by nor circulated in the lymphatic system. Also, no obvious signal was 

found in the liver, kidney and spleen (Fig. 4.3C). The result suggested that FDOP 

cannot enter into the blood or any organs. 
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Figure 4.3 The in vivo distribution profile of orally-dosed FDOP (200 mg/kg) in normal mice 

(without fasting) from 0 to 6 h. (A) Fluorescence intensity images of mice. (B) Ex vivo imaging 

and ROI (region of interest) value of different gastrointestinal tract parts collected from mice. 

(C) Ex vivo imaging and ROI value of some other organs (MLN: mesenteric lymph nodes) 

collected from mice. 

Even using above method, the signal can be tracked dynamically, but whether 

the detected fluorescence was generated by intact FDOP need further evidence. To 

verify the metabolic status of FDOP, HPGPC-FLD testing combined with free 

monosaccharide analysis by UPLC-UV was done. The result showed no FDOP 

(LOD=100 ng/mL) was detected in the blood serum (Fig. 4.4 A), the MLN (Fig. 



 

138 

 

 

4.4 B), nor other organs (Fig. 4.4 G-E), confirming the above findings. Using 

HPGPC-FLD method, some FDOP was found in the stomach at 1 h, keeping the 

same molecular weight as FDOP before digestion (Fig. 4.4 C). In the small intestine, 

a considerable amount of FDOP accumulated over time, and retained at the same 

time. (Fig. 4.3 D). In addition, we also determined whether any monomeric 

monosaccharide was released during digestion. Fig. 4.5 presents chromatograms 

for the determination of free monosaccharides released after stomach and intestinal 

digestion within 6 h. The result shows no obvious difference between the 

chromatograms of blank control and FDOP after the stomach and small intestine 

digestion at different time points. All these findings indicate that FDOP passes 

through the upper digestive system as an intact molecule. However, when it reached 

the caecum and colon, the retention time of FDOP was delayed (Fig. 4.4 E and F). 

It is suggested that the molecular size of FDOP began to gradually decrease and 

FDOP was degraded in caecum and colon. The obviously increased mannose 

production in caecum confirmed by retention time and mass spectroscopy provided 

further evidence for the degradation of FDOP (Fig. 4.5 C and D). Progressively 

weakened signals over time in the colon suggests that FDOP is gradually and 

completely degraded, with commensurate quenching of fluorescence. 



 

139 

 

 

 

Figure 4.4 HPGPC-FLD chromatograms of FDOP and biological samples collected from 

normal mice (without fasting) after oral administration of DOP from 0 (blank) to 6 h. (A) Serum; 

(B) MLN (mesenteric lymph nodes); (C) Stomach; (D) Small intestinal; (E) Caecum; (F) Colon; 

(G) Liver; (H) Spleen and (I) Kidney. Samples after de-protein were detected by fluorescence 

detector (FLD) with an excitation wavelength of 495 nm and an emission wavelength of 515 

nm. The limit of detection (LOD) of FDOP is 100 ng/ml. 
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Figure 4.5 Chromatograms of free monosaccharides in stomach (A), small intestine (B) , 

caecum by UPLC-UV (C) and LC-DAD-qTOF-MS (D) collected from normal mice (without 

fasting) after oral administration of DOP from 0 (blank) to 6 h. Mixed standards (Mixed std) 

contained the following saccharides: Galactose (Gal); Mannose (Man); Glucose (Glc); 

Arabinose (Ara); Fucose (Fuc); Rhamnose (Rha). 

In mice after fasting over 12 hours, the FDOP still remained unabsorbed and 

undigested (Fig. 4.6 and Fig. 4.7), but stayed 1 h longer in small intestine, and 

arrived caecum 1 h later. The result might suggest that the food in gut tract reduced 

the tract room to keep DOP and speed up the delivery of FDOP. But this speculation 
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needs further confirmation due to the lack of relevant references. Another 

interesting observation is that the signal of degraded FDOP was only observed in 

caecum, but not colon. This suggested that the microbiota in caecum was able to 

completely degrade DOP. In addition, comparing to this result in colon, it was quite 

different from the observation in mice without fasting. In colon of mice without 

fasting, obvious peaks at 3 h and 6 h were observed while at 4 h almost no peak can 

be detected. As the results were observed on different mice rather than one mouse. 

One mouse at one time point. The food intake of the mouse at 4 h was supposed to 

be quite less than other mice and then resulted in slower delivery of DOP to colon. 

As no peak was detected in any time point in fasting mice, the result once again 

demonstrated that the food intake may greatly affect the delivery of DOP in 

digestive system. 



 

142 

 

 

 

Figure 4.6 The in vivo distribution profile of orally-dosed FDOP (200 mg/kg) in normal mice 

(fasting for 12 h) from 0 (blank) to 6 h. (A) Fluorescence intensity images of mice. (B) Ex vivo 

imaging and ROI (region of interest) value of different gastrointestinal tract parts collected from 

mice. (C) Ex vivo imaging and ROI value of some other organs (MLN: mesenteric lymph nodes) 

collected from mice. 
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Figure 4.7 HPGPC-FLD chromatograms of FDOP and biological samples collected from 

normal mice (fasting for 12 h) after oral administration of DOP from 0 (blank) to 6 h. (A) 

stomach; (B) small intestinal; (C) Caecum and (D) Colon. Samples after de-protein were 

detected by fluorescence detector (FLD) with an excitation wavelength of 495 nm and an 

emission wavelength of 515 nm. The limit of detection (LOD) of FDOP is 100 ng/ml. 

4.3.2 Digestion of DOP in vitro 

In the in vivo study, we observed DOP were non-absorbing, ingestible and 

degraded in microbe-enriched caecum. To further confirm the role of gut 

microbiota in DOP’s degradation behavior and to analyze the final metabolites, the 

in vitro model was used, in which non-labeled DOP could be checked, because 

using this model, the sample load could be greatly enlarged, and non-labeled DOP 
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could be directly analyzed by HPGPC-CAD analysis. Furthermore, the model 

closely simulates the human gastrointestinal and colonic tracts. 

4.3.2.1 Molecular weight distribution of digested DOP in simulated 

gastrointestinal fluids 

The results（Fig. 4.8 B and C）showed that the DOP remained unchanged at 

different time points under the simulated gastric (0, 2, 4 and 6 h) and small intestinal 

conditions (2, 4, 8 and 12 h). However, when the solution was transferred to the 

part of large intestine where fermentation occurred in the presence of fecal 

microbiota, after 2 h, DOP had been degraded according to the prolonged retention 

time. After fermentation for 6 h, no obvious DOP was present. In summary, all these 

findings confirmed that DOP is indigestible in stomach and small intestine and is 

degraded by fecal microbiota.  
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Figure 4. 8 HPGPC-CAD chromatograms of DOP (2.0 g/L) at different timepoints in the gastric 

(B), small intestinal (C) and large intestinal (D) parts of the in vitro digestion model, compared 

with original DOP and medium (A). G-DOP, SI-DOP and LI-DOP represent the samples 

collected from gastric, small and large intestinal digestion parts. Peak a represents the DOP, 

while peaks b and c represent the substances in medium after de-protein. 

4.3.2.2 SCFAs production after fermentation in simulated large intestinal 

medium 

The original SCFAs including acetic acid, propanoic acid, butyric acid and 

isovaleric acid were detected in fecal inoculum. The concentrations in the inoculum 

were used (divided by 10, the dilution factor of fecal inoculum in culture medium) 

to represent the concentrations at 0 h of fermentation in the large intestinal vessel. 
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Concentrations of the above SCFAs during in vitro fermentation of DOP are shown 

in Fig. 4.9. Comparing to 0 h, further fermentation of both DOP and resistant starch 

3 (positive control group) could significantly and gradually enhance the production 

of SCFAs. For example, at the final point (24 h) of DOP utilization, the 

concentrations of acetic acid (6.42±0.75 mM), propionic acid (4.07±0.21 mM) and 

butyric acid (2.13±0.06 mM) were about 8.6-fold, 18.6-fold and 5.4-fold, 

respectively, higher than at 0 h. At 24 h, isovaleric acid was also present in a 

relatively high concentration (1.49 ± 0.09 mM). 
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Figure 4.9 Production of acetic acid (A), propionic acid (B), butyric acid (C), isovaleric acid 

(D) during the in vitro fermentation of DOP compared to positive control (resistant starch 3) at 

0, 6, 12, 18 and 24 h. Supernatant of samples were detected by GC-MS. Values were presented 

as mean ± SD.  

4.3.2.3 DOP suppressed the growth of 4T1 breast cancer in BALB/C mice 

Using 4T1 breast cancer-bearing BALB/C mice, our study demonstrated that 

DOP after oral administration exerted significant (p < 0.001) suppressing effects on 

tumor growth. Briefly, the tumor weights in the DOP administrated mice were 

significantly reduced to 188.5±65.7 mg compared to the mice in control group 
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(303.8±56.0 mg) (Fig. 4.10). The cisplatin treatment with a regular dose caused not 

only decreased body weight but also mass mortality in mice over the course even it 

had remarkable tumor inhibition effect. It suggested DOP had less toxicity than 

normally used chemotherapy drug, cisplatin. 

 

 

Figure 4.10 Orally-dosed DOP suppressed the growth of 4T1 mammary carcinoma in BABL/C 

mice. (A) Tumor image. The black frame label was denoted as dead subjects before the end of 

experiment. (B) Tumor volume; (C) Tumor weight. Data are shown as mean ± SD. Significant 

difference *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group. 
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4.3.2.4 Effect of DOP on fecal gut microbiota from 4T1-bearing BABL/C mice  

Diversity of the communities was calculated by measuring Shannon’s index 

(Fig. 4.11 A), which accounts for both species’ richness and evenness. The index 

value indicated that gut microbiota in DOP treated group presented an increase 

trend. In addition, from the hierarchical cluster analysis (Fig. 4.11 B), we found that 

samples except for sample 2 in control group were closed to each other within one 

group. Therefore, sample 2 in control group was removed as an outlier in the latter 

analysis.  

Taxonomy-based analysis indicated (Fig. 4.11 C) a total of 4 phyla, being 

identified as Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria, 

accounted for about 99% of the total reads in all groups. Compared with the normal 

group, mice in control group contained significantly more Firmicutes (47.0%) and 

Proteobacteria (3.0%) but significantly less Bacteroidetes (48.5%) and 

Actinobacteria (0.38%) (p < 0.05). The ratio of Firmicutes to Bacteroidetes showed 

some reversed trends after treatment with these polysaccharides. At the genus level 

(Fig. 4.11 D and E), compared with the control group, the abundance of 

Lachnospiraceae_NK4A136-group (3.59% vs. 7.36%) and Lachnoclostridium 
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(1.23% vs. 4.84%) significantly increased (p < 0.05). Obvious rising tendency was 

also found in one major genus- Alistipes (from 8.56% to 17.43%). Two genera, 

accounting for small abundance of the community, Prevotellaceae_UCG-001 

(from 2.68% to 5.97%), Helicobacter (from 1.36% to 4.85%) and Bacteroides 

(from 1.67% to 3.23%) presented increasing trends as well even not to a significant 

level. Generally, our results suggested that DOP can balance or shape the 

composition of gut microbiota in tumor-bearing mice. 
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Figure 4.11 Taxonomic classification of gut microbiota in normal, control and DOP treatment 

group mice. (A) Shannon index value; (B) Hierarchical cluster analysis of variance of samples 

on OUT level based on Bray-Curtis method; (C) Relative abundances at phylum level; (D) 

Relative abundance at genus level; (E) Relative abundance of enriched genus. Normal: mice 

without tumor or any polysaccharide treatment; Control: 4T1 tumor bearing mice treated with 

water daily; DOP: 4T1 tumor bearing mice treated with 200 mg/kg daily. Data are shown as 

mean ± SD. Significant difference *p < 0.05, **p < 0.01, ***p < 0.001 compared with control 

group. 

4.4 Discussion 

Are polysaccharides absorbable after oral administration? The poor 

bioavailability of polysaccharides is popularly accepted, but people seldom 
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completely denied the possibility of absorption. Actually, some reports provided 

evidences to support the absorption of polysaccharides: Radix Angelica 

polysaccharide (Mw=73 kDa) which was labeled with Cy5.5 easily entered the 

systemic circulation, as demonstrated by fluorescence imaging 148, FITC-chitosan 

(from 3.8 to 230 kDa) reached the Cmax from 0.5 to 20 μg/mL 149, and less than 1.4% 

of FITC-peptidomannan KS-2 was absorbed 150. However, none of them clarified 

if the fluorescent reagent played a crucial role in the absorption. In our study, the 

unlabeled DOP was tested first, by using HPGPC-CAD which provides much 

improved sensitivity than other detectors for polymers, with LOD of DOP of 1.0 

μg/mL. Namely, even 0.025% of the dosed DOP, if absorbed, could be detected. 

Furthermore, the HPGPC-FLD detection of FDOP improved the sensitivity ten 

times to 0.0025% of single dose and was used to double check the absorbing 

property. Finally, neither DOP nor FDOP was detected in serum, MLN and other 

major tissues, and we could conclude that DOP is non-absorbing.  

Are polysaccharides digestible? Of course, the textbook tells us this is how our 

body gets glucose from food: some starch are hydrolyzed to glucose or 

oligosaccharides by α-amylase 151. But the fact is much more complicated than this. 

The digestion is highly enzyme-specific while our bodies do not have every enzyme, 
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this is why many polysaccharides have proven to be indigestible: such as 

polysaccharides from sugar-beet arabinan152, pacific abalone76 and Ganodema 

atrum153. In this study, DOP bearing 1,4-β-mannopyranoside bond which was not 

able to release free monosaccharides during the digestion in vivo and in vitro, is 

another example. Only in large intestine, DOP was finally degraded into SCFAs 

which might induce diverse effects on host immunity regulatory154. In this study, 

SCFAs may not be the main explanation for DOP’s function because DOP and the 

resistant starch did not show significant differences in the profile of their SCFA 

metabolites. The gut microbiota in large intestine is highlighted in metabolism of 

these indigestible carbohydrates as they are encoded with extensive enzymes 

genomes. It is suggested that all these polysaccharides might not directly work on 

our body to generate beneficial effects, they seem to work as some prebiotics such 

as β-glucan, arabinogalactans, arabinoxylans, and inulin and thereby modulate 

composition and function of gut microbiota153,155. This partially explains why some 

polysaccharides did not exhibit any bioactivities in vitro but did generate beneficial 

effects in vivo70.  

What’s the role of gut microbiota in polysaccharides’ function? In the past ten 

years, increasing researches showed that the gut microbes play important roles in 
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many diseases’ development and treatment. For example, the gut commensal 

Bacteroides acidifaciens156 and Parabacteroides goldsteinii 71 were showed to be 

associated with anti-obesity effect. The Clostridium scindens157,158 influencing bile 

acid was correlated to NKT cell accumulation in liver and protection from 

Clostridium difficile infection. Besides colonization of certain single strain or 

probiotics treatment, some non-digestible fibers work as prebiotics and alter the 

relevant disorder in gut-microbiota. Actually, Zhao et al 71 proved that dietary fibers 

can restore some SCFA producers which in turn alleviates type 2 diabetes; and 

altered the ratio of Firmicutes to Bacteroidetes which in turn influenced 

hematopoiesis and prevented the development of Hypertension159. In this study, 

besides the shifted ratio of Firmicutes and Bacteroides, at the phylum level, we also 

observed changes in some important communities of potential antitumor-related 

genera: Alistipes. Prevotellaceae_UCG-001, Bacteroide, and Helicobacter. All of 

them are known to be associated with anti-tumor activities: Alistipe. shahii was 

reported to play an important role in suppression of tumor growth123; Prevotella has 

been reported to regulate the immune cell population, suppressing tumor growth in 

mice160; the increased genus Bacteroide has been reported to take part in the 

antitumor effects of the CTLA-4 blockade161; and Helicobacter pylori secreted 
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TNF-α inducing protein: it is a potent inducer of TNF-α and chemokine genes162. 

Based on the above mentioned, it is suggested that gut microbiota play important 

role in the degradation and bioactivities of polysaccharides. 

4.5 Concluding remarks 

In conclusion, taking DOP as an example, we demonstrated DOP was 

indigestible and non-absorbing, but finally degraded into SCFAs by gut microbiota 

in large intestine, and simultaneously DOP modulated the composition of gut 

microbiota which was associated with DOP’s anti-tumor effects. This study 

presented an insight into the digestive and absorbing behaviors, as well as the 

underlying mechanism of DOP-like polysaccharides of the CM. The role of gut 

microbiota in polysaccharides’ bioactivities deserves further investigation. 
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CHAPTER 5 SUMMARIES AND PROSPECTS OF THE 

RESEARCH 

5.1  Summary and conclusion of the research 

In this study, using several CMs as the examples, quality analysis of bioactive 

polysaccharides was investigated using a series of chemical and biological methods. 

The result obtained in this project could be summarized as follows: 

Firstly, our study provided evidence of the importance of polysaccharide 

determination in the CM quality assessment. In this part, two main fractional 

polysaccharides from two species of Lingzhi (Ganoderma lucidum and G. sinense) 

were systematically compared by a series of chemical and biological experiments. 

The results showed that the polysaccharides from two species shared the same 

structural features in terms of mono-/oligo-saccharide profiles, molecular size, 

sugar linkages, and IR/NMR spectra. In addition, these polysaccharides showed 

similar tumor-suppressive activity in mice. Further study on RAW264.7 cells 

indicated that these polysaccharides exhibited similar inducing effects to 

macrophages, as evaluated in the phagocytosis function, NO/cytokines production, 

inhibition against the viability and migration of cancer cells. Mechanistic 
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investigation revealed the identical activation via TLR-4 related signaling pathway 

and gut-microbiota modulatory effects. In a word, polysaccharides from these two 

species presented similar chemical features, antitumor/immunomodulating 

activities and mechanism; this establishes polysaccharides as the active principles 

and supports the official use of both species as Lingzhi. 

In addition, our study moved to figure out the problems in polysaccharide 

quality analysis in herbal formulae. In this section, using Danggui Buxue Tang 

(DBT) as an example, a fluorescence-labeled oligosaccharide-marker approach was 

successfully established to identify and quantify the specific polysaccharide of 

individual herbs in an herb formula. First of all, a special oligosaccharide profile of 

DBT water decoction was produced by acid hydrolysis, fluorescent derivation 

(ethyl p-aminobenzoate-ABEE), and LC-DAD-qTOF-MS analysis on C18 column, 

from which two oligosaccharides (named Rm and Am) showed high specificity to 

individual herb polysaccharides were selected as chemical markers. Secondly, the 

oligosaccharide-markers were isolated and identified by spectral analysis, and their 

linear relationships with individual polysaccharides were established (r≥0.99). 

Finally, the quantitation of individual polysaccharides in herb formula samples by 

using these specific oligosaccharide-markers was systematically validated. This 
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method showed satisfactory repeatability (RSD≤8.4%) and recovery (≥80%), and 

successfully determined the accurate contents of individual polysaccharides of the 

same herb batch in different DBT samples (p<0.05). This method presented a 

simple approach to achieve efficient quality analysis of polysaccharides in herb 

formulae. 

Finally, the quality analysis focused on dynamically and systematically trace 

what exactly happens to the polysaccharide after oral administration both in vivo 

and in vitro. Employing marker polysaccharide (DOP) of Dendrobium officinale as 

an example, the results indicate that, 1) neither DOP nor fluorescence-labeled DOP 

(FDOP) was absorbed; 2) both DOP and FDOP were undigested and were quickly 

degraded to short-chain fatty acids in the large intestine; 3) DOP modulated gut 

microbiota, which could be associated with DOP’s suppression of 4T1 tumor 

growth in mice. All these findings suggest that some (maybe not all) bioactive 

polysaccharides share the common destiny: indigestible and non-absorbing, ends in 

modulating bioactivities-associated gut microbiota.  
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5.2  Prospects of the research 

As described in the objectives of project, the polysaccharide quality analysis 

approaches proposed could be not only used in the CM in this study but also have 

promising applications in other polysaccharides or polysaccharides-dominated CM 

in the future. Besides of these application in polysaccharide quality analysis, in the 

further research, other aspects related to bioactivity and mechanism studies will also 

be our interests. 

Firstly, in Chapter 3, an ABEE-labeled oligosaccharide marker approach was 

successfully established and applied to quantify the individual polysaccharides 

RAP and ASP for each herb component in Chinese formula-DBT. As per the 

purpose of quality control, we need to verify that specific polysaccharides is one of 

the major active ingredient of the Chinese medicine formula. Traditional use of 

Radix Angelica and Radix Astragali are Qi-tonic and blood-nourishing, 

respectively; and DBT is popularly used in treatment of blood-deficiency. All of 

these functions are associated with immune-enhancing effects. Therefore, we will 

adopt immune system related in vitro and in vivo models to evaluate the 

bioactivities of the specific polysaccharides of DBT. 
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In addition, in Chapter 4, DOP was found to be a gut microbiota modulator, 

which was associated with DOP’s anti-tumor effects. However, the role of gut 

microbiota in polysaccharides’ bioactivities and relevant mechanism deserves 

further investigation. Therefore, in future study, we will firstly confirm the role of 

gut microbiota in DOP’s antitumor activity using antibiotic cocktail treated model 

and fecal microbiota transplantation experiment. At the end of the experiments, the 

blood, feces, tumor tissues and other lymphoid organs will be sampled. Then, the 

study will focus on the DOP’s effect on total microbiota, cancer-associated specific 

bacteria, and microbiota-related positive and negative regulators in the samples got 

from the above experiments. As the gut bacteria could participate in host 

metabolism and contribute to the degradation of non-digestible polysaccharides. 

The crosstalk generates a series of microbiota-associated products that may directly 

affect the growth of cancer cells or modulate the anticancer immunosurveillance 

through immune response. Therefore, metabolomics study will be used to find the 

differential metabolites among different treatment groups. Finally, through 

comprehensive analysis of the change of gut microbiome products, polysaccharide-

degraded products, tumor-associated cells, cytokines, antigens, receptors and 

antibodies, special bacteria species will be figured out. The same single strain or 
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stain encoded with the similar functional genes which is commercially available 

will be used to verify the role of special bacteria species in DOP’s antitumor activity. 
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