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ABSTRACT 

Numerous of studies have reported that polysaccharides have many bioactivities including 

immune system modulation, anti-oxidative and anti-tumor activities. Because herbal materials 

are rich in polysaccharides, some of the herbs like Dendrobium offcinale, its polysaccharide 

marker (DOP) has been applied in the quality analysis of polysaccharides in D. officinale by 

high performance gel permeation chromatography (HPGPC). However, such polysaccharide 

marker is not presented in every herb, and DOP also has limitation in monitoring herb formula. 

In addition, even though the same herbal materials and the same extraction methods were used, 

different studies gave out different conclusion regarding the structure of polysaccharides. 

Therefore, in the current study, D. officinale was used as a case study to demonstrate the 

application of ABEE-labeled oligosaccharides approach on structure elucidation and 

quantification of polysaccharides in herbs and herb formulae.  

First, the elucidation of polysaccharide structure remains challenging due to the lack of 

accurate analytical methods to determine the sequence and nature of glycosidic linkages. 

Oligosaccharide fragments from hydrolysis of polysaccharides are believed to provide accurate 

structure information, however, they are hard-to-separate and hard-to-detect. In the proposed 

method, the oligosaccharides generated from partial acid hydrolysis of DOP were labeled with 

p-aminobenzoic ethyl ester (ABEE), which made them separable and detectable by ultra-high 

performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC-Q-

TOF-MS-DAD). Subsequently, nine ABEE-labeled oligosaccharide fragments (dimer to 

decamer) were isolated and identified by MS sequencing and 2D-NMR, and were confirmed 

by methylation analysis. The results indicated that the backbone should be β-D-1,4-linked Manp 

chain instead of mixed mannose and glucose chain.  

Second, two ABEE-labeled oligosaccharides namely, Te-Man-ABEE and Pen-Man-ABEE, 

were selected as chemical markers in the quantification of DOP in D. officinale and D.officinale 

(DO) products due to their high specificity in herb formula. The linear relationship between the 

content of these two markers and the content of DOP was successfully established. The linear 



iii 

 

relationship was further transformed to that between peak area of chemical markers and DOP 

content so that chemical markers were not necessary to be isolated for analysis. This linear 

relationship was systemically validated in terms of repeatability, precision and accuracy. The 

results showed that these two oligosaccharide markers presented a good linear relationship with 

DOP (R2 ≥ 0.997) in the range of 0.68-16.02 µg and also demonstrated satisfactory repeatability 

(RSD < 7.0%), and recovery (91.41% - 118.30%) in real sample determination. There was no 

significant difference between the results given by the two chemical markers as the RSD values 

were not more than 7.0%. While concerning the results given by the oligosaccharide-markers 

and the previously-published polysaccharide marker, the RSD value was not more than 6.4%.  

In conclusion, this approach provided an efficient and reliable method to obtain accurate 

structure information of polysaccharides and quantify specific polysaccharide in herb formula. 

it is believed that ABEE-labeled oligosaccharides approach can be also applied in the analysis 

of other saccharide-dominant herbal materials which in turns helps to find out the bioactivity 

mechanism of polysaccharides. 
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CHARTER 1 RECENT DEVELOPMENT ON QUALITY 

CONTROL OF DENDROBIUM OFFICINALE 

1.1. General introduction of Dendrobium officinale  

Dendrobium, one of the largest genera, is mostly epiphytic and lithophytic orchids in the 

plant family Orchidaceae. It is found to contain more than 1800 species that are widely 

distributed in the subtropical and tropical regions throughout south, east and southeast Asia 

including China, Japan and India as well as Europe and Australia (Pradhan, Paudel, & Pant, 

2013). Most of the orchids have a huge demand in horticulture for their stunning blooms while 

others are used in Traditional Chinese Medicine for the purported bioactivity of compounds in 

their stems and leaves (Liu, Luo, Heinen, Bhat, & Liu, 2014). Over 70 species and 2 variations 

of Dendrobium plants that are found in China. The fresh or dried stems of about thirty 

Dendrobium species are collectively regarded as a famous tonic herb, namely Shihu in Chinese. 

Dendrobium has been documented as a “superior grade” herb in “Shennong Bencao Jing”, an 

ancient textbook on herbal materials. Chinese orchids are one of the most important components 

of China’s botanical diversity and orchid diversity worldwide. Dendrobium has been used for 

thousands of years for its traditional nourishing properties, such as benefiting stomachs, 

enriching body fluids and strengthening immune system (Gutiérrez, 2010). Among them, 
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Dendrobii Officinalis Caulis, known as “Tiepi Shihu” in Chinese, is proceeded from the dried 

stems of D. officinale Kimura et Migo. It is traditionally recognized as the best Shihu for tonic 

purpose like nourishing stomach, protecting throat and benefiting eyes. In "Dao Zang', a classic 

encyclopedia of Taoism, Dendrobii Officinalis Caulis was ever listed as the first one of “the 

Nine Herbs for Immortality of China”. In fact, according to the record of the Pharmacopeia of 

the People's Republic of China (PPRC) (2015 version), there is an officially classification 

between “Shihu” and “Tiepi Shihu”. Dendrobium nobile Lindl., D. chrysotoxum Lindl., D. 

fimbriatum Hook., and the related species of Dendrobium genus are all officially regarded as 

Shihu while only D. officianle is officially regarded as Teipi Shihu (The Commission of the 

PPRC, 2015). Therefore, there are differences between Shihu and Teipi Shihu on their origins 

and medicinal values. Due to the special growing environment, seed germination of D. 

officinale needs special fungi which makes it grows very slowly in the wild (Pei et al., 2017). 

In addition, excess herbal-gathering of D. officinale over the past three decades damaged much 

of the wild habitat which caused D. officinale as the national third-level rare and endangered 

plants (Cheng et al., 2019). Nevertheless, due to the improvement in both the seedling 

propagation and artificial cultivation technology, the production yield of D. officinale is 

gradually increasing. 
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e that as it may, due to the propagation of the tonic therapeutic effect of D. officinale by 

social media which resulted in great demand and large consumption of D. officinale. It is still 

the most renowned and rarest Dendrobium herbs in herbal markets (Ming et al., 2019). Thus, it 

becomes one of the most expensive Chinese medicinal herbs in herbal markets worldwide, 

particularly in Southeast Asia. Due to the great tonic efficacy and high profit value, Dendrobii 

Officinalis Caulis has been used in different commercial products such as dietary supplement 

and cosmetics. However, due to the easy confusion with other Dendrobium products, 

adulteration always occurs (Zhu et al., 2018). Dendrobium species are notoriously difficult to 

be distinguished from each other due to their similar appearance and tissue structure especially 

when they are processed into commercial product “tiepifengdou”. Therefore, authentication and 

quality evaluation of Dendrobii Officinalis Caulis is crucial for ensuring the safety and efficacy 

when it is applied in the commercial products. 

1.2. Authentication strategies on Dendrobium officinale based on small 

molecules and DNA barcoding 

Traditionally, the identification of D. officinale depends heavily on morphological 

methods, microscopic method, molecular techniques of using DNA fingerprinting, DNA 

sequencing as well as DNA microarray and phytochemical analysis like capillary 
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electrophoresis (CE) and high-pressure liquid chromatography (HPLC) (Ye et al., 2017). 

Conventional authentication method severely depends on experts’ experience and subjective 

judgement. Similar appearance of Dendrobium species would make the conventional 

authentication more complicated and unconvincing.  

As for the phytochemical analysis, it was reported there are serval groups of chemicals 

were found in Dendrobium (Xu et al., 2013). Alkaloids are the first type of chemicals extracted 

from Dendrobium with confirmed chemical structures. There are five types of alkaloids have 

been reported from Dendrobium, in which sesquiterpenoid is specific to Dendrobium. In 

addition to alkaloids, a large number of aromatic compounds like bibenzyls, phenanthrenes, 

fluorenones and coumarins are also presented in Dendrobium. However, Even though these 

chemicals were found and were specific to Dendrobium, it is unable to distinguish D. officinale 

from several Dendrobium species, especially 5 closely related species, D. tosaense Makino; D. 

shixingense Z. L. Chen, S. J. Zeng et J. Duan; D. flexicaule Z. H. Tsi, S. C. Sun et L. G. Xu; D. 

scoriarum W. W. Smith; D. aduncum Lindl.) owing to their close affinities (Xu et al., 2013).  

Recently, application of molecular techniques, like DNA bar-coding, have been studied for 

the authentication of Dendrobium, and a multitude of molecular markers have been developed 

to identify D. officinale and its closely related species (Zhu et al., 2018). However, the 
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differentiation between D. officinale and its close relatives remains challenge due to the high 

similarities in their genetic backgrounds. In addition, there are limitations that restrict the 

methods can only be applied in authentication of a single ingredient herbal preparations and for 

unprocessed herbal materials. Therefore, if the herbal materials have been undergone various 

extractions and processing steps, it would lead to loss, degradation or mixing of DNA. 

Moreover, these applications are usually involved high-cost and time-consuming operation, and 

therefore it is unpractical for high quantity sampling (Raclariu, Heinrich, Ichim, &deBoer, 

2018).  

1.3. Quality control on polysaccharides 

1.3.1. Introduction of polysaccharides 

Due to fact that monitoring small molecules and DNA barcoding cannot perfectly reflect 

the quality and adulteration of D. officinale, researchers have changed their focus on monitoring 

other macromolecules. One of the macromolecules that has been drawn a number of attentions 

and interests is polysaccharides. In fact, the composition of Traditional Chinese Medicine 

(TCM) is very complex. In addition to small molecules, it also contains biomacromolecules 

like carbohydrates, proteins, lipids and nucleic acids (Li, Niu, Xing, & Wang, 2018). Most 

carbohydrates found in herbal materials existing as polysaccharides which not only act as the 

building blocks, but also mediate many bioactivities like cell-cell communication (Powderly, 
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Schreiber, Pier, & Markham, 1988), immune recognition (González-Fernández, Faro, & 

Fernández, 2008) and mitogenesis (Kumbar et al., 2011).  

Dendrobium species are also rich in polysaccharides, many studies have reported that 

polysaccharides are contained in different species of Dendrobium, including D. huoshanense 

(Zha, Luo, Luo, & Jiang, 2007), D. denneanum (Fan et al., 2009), D. nobile (A. X. Luo et al., 

2009) and D. offiicinale (Xu, Guan, Chen, Zhao, & Li, 2011). Importantly, the amounts of 

polysaccharides presented in plants are controlled by a lot of genetic and environmental factors 

which are variable in different species (Li et al., 2017). For example, growth duration and 

harvest time (Liu, Su, Li, Lang, & Huang, 2018), blossoming (Rosa et al., 2009), plant 

geography (Braun et al., 2016), light intensities (Haaland, 1976), growing temperature and 

humidity (Loka & Oosterhuis, 2016) are also the possible factors that may affect the amounts 

of polysaccharides in plants. Thus, with a control on the breeding and the harvesting conditions 

of Dendrobium, the polysaccharides content can be increased. By having the right nurturing 

conditions, it was found that the polysaccharides content of cultivated Dendrobium was higher 

than that of wild grown (Zhu, Si, Guo, He, & Zhang, 2010). 

Regarding the bioactivity of polysaccharide isolated from D. officinale (DOP), it exhibits 

a variety of bioactivities such as anti-oxidation, immunomodulation, anti-tumor, hypoglycemic 

activities and improvement of colonic health (He et al., 2016; Huang et al., 2016; Huang et al., 
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2015; Wei et al., 2016; Xing et al., 2014). Therefore, in some extent, the bioactive compounds 

in D. officinale not only come from small molecules, but also macromolecules like 

polysaccharides.  

 

1.3.2. Extraction, purification, and fractionation of Dendrobium 

polysaccharides 

1.3.2.1. Extraction of polysaccharides using hot water 

In general, polysaccharides in herbal materials are polar and hydrophilic macromolecules 

(Chen et al., 2016). Therefore, water is an ideal solvent which is commonly used in the 

extraction of polysaccharides. Since high temperature can break down cell walls and accelerate 

the dissolution of polysaccharides, boiling water extraction has long been a commonly-used 

method for the isolation of water-soluble polysaccharides from Dendrobium species. Recently, 

other methods, like ultrasound-assisted extraction and enzyme-assisted extraction were 

employed.  

As for ultrasound-assisted extraction, the acoustic cavitation can disrupt the cell walls and 

reduce the particle sizes so that the contact between solvents and target compounds can be 

boosted. More importantly, the lower temperature and shorter extraction time make it more 

preferable to boiling water extraction. Be that as it may, some of the researches reported that 
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the polysaccharides obtained from these two methods showed differences in both quantitative 

and qualitatively (Yip et al., 2016). The disadvantage of ultrasound-assisted extraction is that 

polysaccharide degradation may occur during the treatment.  

As for enzyme-assisted extraction, enzymes like proteases, cellulases, amylases, 

glucanases or endoproteases were used to assist water extraction (Zhu et al., 2014). It has been 

reported that cellulases were employed to facilitate the extraction of Dendrobium 

polysaccharides. However, when compared to the polysaccharides obtained from boiling water 

extraction, a decreased molecular weight, relative viscosity and changed in monosaccharide 

composition were observed (Pan, Wang, Ye, Zha, & Luo, 2015). It has to be noted that most of 

the polysaccharides obtained from Dendrobium species, such as D. huoshanense (Hsieh et al., 

2008), D. denneanum (Luo et al., 2011), D. nobile (Jin et al., 2017) and D. officinale (Wei et 

al., 2016) were β-D-1,4-glucomannan. The utilization of cellulase may hydrolyze the β-D-1,4-

Glcp chain which will destroy the original structure of polysaccharides.  

1.3.2.2. Purification and fractionation of Dendrobium polysaccharides 

Usually, after boiling water extraction, certain percentages of ethanol will be added to the 

extracts to perform precipitation. Crude polysaccharides will be obtained after removing the 

supernatant and redissolving in deionized water. However, in order to obtain the purified 
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polysaccharides, serval steps have to be conducted. Although most of the impurities like 

proteins, pigments, small molecules and other impurities are removed after ethanol precipitation, 

some of the impurities mainly proteins and small molecules may still retain. Therefore, 

deproteination, dialysis, ultracentrifugation and gel chromatography are applied to further 

purify the targeted polysaccharides. The common deproteination methods are Sevag method, 

trichlorotrifluoroethane method , and trichloroacetic acid method (Xie, Zhang, Peng, & Gan, 

2011). In these methods, reagents used will denature the proteins so that proteins will be 

precipitated and removed. However, these methods would also cause some degree of 

destruction on polysaccharides. Optimization are needed to ensure that proteins are removed 

without damage on polysaccharides. Dialysis is another choice to remove impurities. By 

choosing appropriate cut-off dialysis membrane, small molecules like inorganic salt, 

monosaccharides and oligosaccharides can be easily removed (Zhang et al., 2017). After the 

treatment, the dialysates may need to be further purified as the effectiveness of using dialysis 

membrane is relatively low. 

On the other hand, chromatography is the most effective separation and analysis method. 

The most common used chromatography in the purification of polysaccharides is gel 

permeation chromatography and ion exchange chromatography (Chen et al., 2016). Gel 

permeation chromatography is one of the size exclusion chromatography which separates 
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analytes on the basis of molecular size (Moore, 2005). Generally, separation occurs via the use 

of porous beads packed in a column. The smaller molecules will be trapped in the pores easily 

while the larger molecules can pass through the column without restrictions. Therefore, 

depending on the molecular size of the molecules, smaller molecules will take a longer retention 

to be eluted from the column while larger molecules will have a shorter retention time. The 

commonly used gel columns include diethylaminoethyl (DEAE)-cellulose columns, Sephacryl 

S-400 HR, Sephadex G-200, and Sepharose 6B. Due to the fact that many polysaccharides 

isolated from herbal materials are weak acids, ion exchange chromatography is able to separate 

acidic and neutral polysaccharides based on the net charge difference. Usually, anion exchange 

chromatography is applied on the separation. Since the stationary phase of the anion exchange 

chromatography is positively charged, the negatively charged acidic polysaccharide will have 

higher affinity to the column and is retained. By using different elution conditions, the 

polysaccharide samples can be purified and quantified. 

1.3.2.3. Structural determination analysis of polysaccharides 

Structure-activity relationships (SAR) are the main aspects on drug discovery. It is 

generally accepted that the biological activity of a compound greatly depends on the molecular 

structure and other physiochemical properties. Since polysaccharides are a potential candidate 
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for the development as pharmaceutical and nutraceutical products, it is necessary to investigate 

the intrinsic structure and other physiochemical properties of polysaccharides, (Li, Wu, Lv, & 

Zhao, 2013; Ma et al., 2018). The investigation involves water solubility, molecular weight, 

monosaccharide composition, glycosidic bonds and the sequence of the main chain so that the 

biological mechanism of action can be clearly examined. However, many kinds of ingredients 

in herbal materials like proteins and lipids always co-existed with polysaccharides. The 

extraction and purification processes can greatly influence the intrinsic structural characteristic 

of polysaccharides. Currently, there are different analytical methods that can reveal the 

structural information of polysaccharides. According to the previous studies, the application of 

different analytical methods and their corresponding advantages and disadvantages are listed in 

Table 1.1.  
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Table 1.1 Application of different analytical methods and the related advantages and disadvantages. 

Technique Application Advantage Disadvantage Reference 

Phenol-sulfuric acid 

colorimetry 

Determination of the total 

carbohydrates in a sample. 

Simple and rapid. Virtually detect 

all classes of carbohydrates, 

including mono-, di-, oligo-, and 

polysaccharides. 

Glucose is used to create the 

standard curve. However, 

absorptivity of different 

carbohydrates varies. Poor 

accuracy. 

(Nielsen, 2003) 

Gas chromatography 

(GC) 

Determination of the 

monosaccharide 

composition of 

oligosaccharides and 

polysaccharides 

High sensitivity (FID detector), 

high selectivity, high resolution, 

high accuracy. 

Require derivatization with 

multiple steps and low 

derivatization yield. Only 

limited to several 

monosaccharides. 

(Bradbury, 1990) 

(Xia et al., 2018) 

Carbohydrate gel 

electrophoresis 

(PACE) 

Determination of the 

monosaccharide 

composition and 

polysaccharide 

hydrolysates 

High sensitivity and simple 

operation. Provide 

“polysaccharide fingerprint” for 

quality control 

No oligosaccharide standards 

to establish further analysis. 

Limitation in analysis of 

complex natural 

polysaccharides. Limited 

number of commercial 

equipment suppliers. Not able 

to provide quantitative 

analysis 

(Goubet, Jackson, 

Deery, &Dupree, 

2002) 

(Volpi, Maccari, 

&Linhardt, 2008) 

High-performance 

thin-layer 

chromatography 

Determination of the 

monosaccharide 

composition and 

Simple and rapid, able to analyze 

a large batch of samples. Provide 

“polysaccharide fingerprint” for 

Difficult to find out a suitable 

developing solvent for 

obtaining an effective 

(Yang, Guan, 

Zhang, &Li, 

2010) 
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(HPTLC) polysaccharide 

hydrolysates 

quality control resolution for 

monosaccharides. 

(X.Chen, 

Yamamoto, 

&Okamoto, 2007) 

High-performance 

liquid 

chromatography 

(HPLC) 

Determination of the 

monosaccharide 

composition, 

oligosaccharides and 

polysaccharide 

hydrolysates. 

Establishment of 

qualitative and quantitative 

analysis of carbohydrates. 

Molecular weight 

determination. 

High sensitivity and high 

selectivity after pre-column 

derivatization. Several operation 

modes including reversed phase 

(RP) and normal phase (NP), 

hydrophobic (HIC) and 

hydrophilic chromatography 

(HILIC), anion exchange 

chromatography (AEC) and size 

exchange chromatography (SEC) 

can be operated. Several detection 

methods like refractive index (RI), 

ultraviolet and visible light (UV-

Vis), evaporative light scattering 

(ELS) and mass spectrometry 

(MS) can be applied. 

Poor separation of 

oligosaccharides profile. 

Sensitivity decrease with 

increase in the molecular 

weight. Unable to distinguish 

isomers. 

(Dai et al., 2010) 

(Yan, 2016) 

(ElRassi, 1995) 

High-performance 

gel permeation 

chromatography 

(HPGPC) 

Determination of purity and 

molecular weight of 

polysaccharides. 

Qualitative and quantitative 

analysis of polysaccharides 

(some of the herbal 

Highly sensitivity, accuracy, 

reproducibility and rapid.  

Low resolution (no complete 

separation between 

polysaccharides, 

oligosaccharides and 

monosaccharides). 

(JunXu et al., 

2014a) 

(Y. A.Wei &Fang, 

1989a) 
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martials). Purification of 

polysaccharides 

Methylation analysis Determination of 

glycosidic linkages.  

Valuable and powerful tool for 

linkage analysis. 

Multiple procedures, 

frequently occasion of 

undermethylation. 

(Sims, Carnachan, 

Bell, &Hinkley, 

2018a) 

(Needs 

&Selvendran, 

1993a) 

NMR spectroscopy Structural and Interaction 

Studies of Polysaccharides 

Reveal of structural information of 

polysaccharides such as presence 

of functional groups, linkage 

information. 

Requirement of relatively 

large amount of samples. 

Overlapping signals, poor 

resolution. 

(H. N.Cheng 

&Neiss, 2012) 

(Duus, 

Gotfredsen, 

&Bock, 2000) 
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1.3.3. Qualitative and quantitative analysis of polysaccharides 

In order to monitor the quality of polysaccharides in herbal materials, characterization of 

polysaccharides such as monosaccharide composition, acid and enzymatic hydrolysates of 

polysaccharides and saccharide mapping are adopting currently. In addition, HPGPC detection 

of polysaccharides can be applied in some of the herbal materials like D. officinale.  

1.3.3.1. Analysis of monosaccharide composition 

Monosaccharide composition analysis of polysaccharides is the fundamentally important 

analysis which reveals the basic structural information and characteristics. The qualitative and 

quantitative analysis is usually based on the release of monosaccharides from polysaccharides 

after acid hydrolysis by using chromatographic methods (Wu, Jiang, Lu, Yu, & Wu, 2014). 

Trifluoroacetic acid (TFA) hydrolysis is the commonly accepted routine method for 

monosaccharide release.  

1.3.3.1.1. HPTLC 

HPTLC is a simple and rapid analytical technique for the analysis of mono-, oligo- and 

polysaccharides which can analyte a large batch of samples simultaneously (Li et al., 2013). In 

recent studies, it showed that HPTLC analysis is available to separate different types of 



16 

 

monosaccharides in one condition, and has been applied for 51 batches of samples (Wu et al., 

2015). In addition, since the monosaccharide composition of different polysaccharides is 

different, HPTLC chromatogram is able to provide fingerprint for the discrimination of 

polysaccharides. Since carbohydrates have poor UV absorbability, it cannot be directly detected 

under UV spectrometry. However, unlike other detection strategies which involve the pre-

column derivatization., the detection of carbohydrate in HPTLC can be simply examined by 

spraying detection reagents like diphenylamine-aniline-phosphoric acid (DPA) and sulphuric 

acid in ethanol (Zhang, Xiao, & Linhardt, 2009). It was also found that the sensitivity of HPTLC 

can even higher than HPLC coupled with RID, ELSD, or charged aerosol detector (CAD) 

(Morlock & Sabir, 2011). Even though formal negative charge and counterion in acid 

polysaccharides interact with commonly used stationary phases in GC and HPLC, HPTLC has 

the advantage in analyzing this uronic acid contained composition (Zhang et al., 2009). 

1.3.3.1.2. HPLC 

There are various detection methods of HPLC have been developed for the separation of 

carbohydrates such as reversed phase (RP) and normal phase (NP), hydrophilic 

chromatography (HILIC), anion exchange chromatography (AEC) and amide column 

chromatography. Since carbohydrates are lack of UV adsorption group, the choices of direct 
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detection are limited. In general, hydrophilic interaction chromatography like amide columns 

and HILIC columns together with ELSD detector, charged aerosol detector (CAD) or even MS 

are adopted (Jenkins, Corporation, Street, &Ma, 2015)(Ghfar et al., 2015). It was reported a 

HPLC-CAD method using HILIC columns has been successfully developed for monitoring 12 

saccharides (Lv et al., 2015). Three different columns were investigated, in which CARBOSep 

CHO-820 CA column showed a more satisfied separation. The problems of amide column were 

that mutarotation occurred in reducing sugars, and bifurcation peak resulted. In addition, uronic 

acid has a strong retention on the stationary which makes it hard to be separated from other 

analytes (Pabst & Altmann, 2011). Although no derivatization involves in the analysis, this 

methods have problems particularly in terms of column stability, separation reproducibility and 

specific requirement in mobile phase composition (Ghfar et al., 2015). Since an extremely high 

temperature (90 ℃) were used in the analysis, this will greatly shorten the lifetime of the 

column, and is not favor for analysis of large batch of samples. 

In order to avoid the problems of using amide and HILIC columns, pre-column 

derivatization HPLC is another approach for the characterization and quantification of 

monosaccharides presented in polysaccharides (Ai et al., 2016). There are several derivatization 

reagents that are used in monosaccharide composition analysis. The derivatization is usually 

conducted by reduction amination with 2-aminobenzamide (2-AB), 2-aminopyridine (2-AP) 
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and 1-phenyl-3-methyl-5-pyrazolone (PMP) (Harvey, 2011). In regard to the reaction of 2-AB 

and 2-AP, they are the most widely applied labels for N-glycan that are released from the 

glycoprotein (Radcliffe, Royle, Campbell, Rudd, & Dwek, 2008). On the other hand, PMP-

derivatization is another commonly used reagent on the monosaccharide composition analysis. 

The reason is that it can be widely used for derivatizing most of the reducing carbohydrates 

without unwanted breakdown of samples and with a good quantitative yield as the sensitivity 

is greatly increased due to the attachment of two label molecules per glycan (Honda, Suzuki, & 

Taga, 2003). With the attachment of PMP label, the analysis can be simply performed on C18 

columns with UV detector at 250nm, as the attachment enables UV absorption of carbohydrates 

(Ai et al., 2016). This analysis is accurate and has good reproducibility, therefore, widely 

applied in the determination of carbohydrates in various herbal materials (Zhang, Zhang, Wang, 

Shi, & Zhang, 2009). 

1.3.3.1.3. GC 

GC is another technique which is commonly used in monosaccharide composition analysis 

due to its high resolution and high sensitivity. Typical detectors used for carbohydrate analysis 

include flame ionization detectors (FID) and mass spectrometers (MS) (Hounsell, Davies, & 

Smith, 2002). However, the analysis of carbohydrates in GC cannot be conducted directly. 
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Instead, these methods require the derivation of monosaccharide prior to the analysis so as to 

improve the chromatographic properties and improve the sensitivity for trace determination 

(Wang, 2012). A multitude of derivatization reagents have been reported to be used for the 

analysis of monosaccharide composition including sialylation and acetylation reagents such as 

hexamethyldisiazane (HMDS), trimethylchlorosilane (TMCS), N-methyl-N-

(trimethylsilyl)trifluoroacetamide, trimethyl-silylimidazole (TMDS) etc (Merkle & Poppe, 

1994). Therefore, the determination of monosaccharide composition of polysaccharides 

involves the complete acid hydrolysis, followed by derivatization so as to make the analytes 

become volatile. By using the GC-MS selected-ion monitoring mode, the monosaccharides can 

be qualitatively and quantitatively determined. 

1.3.3.1.4. CE 

In addition to HPLC and GC, capillary electrophoresis (CE) has also been successfully 

used for monosaccharide composition analysis in polysaccharides (Volpi, 2011). This method 

is suitable for both derivatized and underivatized carbohydrates. The mechanism of this method 

is based on the ionization of the hydroxyl groups in carbohydrates that are ionized in strongly 

alkaline conditions. The ion form of carbohydrates is then suitable for electrophoretic analysis 

and can be identified through indirect UV detection or electrochemical detection (Soga & Serwe, 
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2000; Zemann, Nguyen, & Bonn, 1997)Among different CE methods, capillary-zone 

electrophoresis (CZE) and micellar eletrokinetic chromatography (MEKC) are the two 

frequently used modes in the analysis of carbohydrates (Li, Wu, Lv, & Zhao, 2013). CZE 

method is a high resolution, simple and efficient method with less sample requirement (Guo, 

Liu, Jia, Zhang, & Wu, 2013). This method is a direct UV detection method and has been 

successfully applied in the analysis of neutral monosaccharides and disaccharides in beverage 

samples. Moreover, it has also been adopted in the quantitative analysis of neutral 

monosaccharides in cellulosic fibers of different origin liberated by acid hydrolysis (Rovio, 

Simolin, Koljonen, & Sirén, 2008). MEKC is another approach used to identify and quantify 

monosaccharides obtained from carbohydrates hydrolysis. However, this method involves the 

derivatization with reagents like PMP (Chiesa, Oefner, Zieske, & O’Neill, n.d.). 

1.3.3.2. Analysis of oligosaccharides (polysaccharide hydrolysates) 

Although monosaccharide composition analysis can distinguish some of the herbal 

materials’ polysaccharides, the specificity of this method is relatively low because there are 

only 8-10 types of monosaccharides in heterogeneous polysaccharides (Engelking, 2014), but 

the composition of monosaccharides of different herbal materials’ polysaccharides is close to 

each other. Therefore, in order to develop a more specific and selective quality control method, 
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the monitoring of polysaccharide hydrolysates produced by acidic or enzymatic hydrolysis is 

proposed. It was found that by optimizing the acid hydrolysis conditions, a large number of 

oligosaccharides with different degree of polymerization (DP) value are generated. It is found 

that distinctive peak profiles or patterns can be easily observed from polysaccharides from 

different species (Di, Chan, Leung, & Huie, 2003).Therefore, it is regarded that the unique 

fingerprint profiles from acid hydrolysis of polysaccharides can be employed for differentiation 

of polysaccharides. 

1.3.3.2.1. HPTLC 

HPTLC is a simple and effective tool to monitor carbohydrates including oligosaccharides. 

In the chemical analysis of Ganoderma lunidum (GL) and G.sinesis (GS), it was found that 

these two species have a very different chemical profile regarding triterpenes (Li et al., 2018). 

However, when it comes to the analysis of carbohydrates, it was found that either the chemical 

and physical properties of polysaccharides, monosaccharides composition and polysaccharide 

hydrolysates were similar to each other. As a result, it is concluded that these two Ganoderma 

species have the same pharmaceutical use.  

Another study concerning polysaccharides in difference species of Cordyceps using 

“saccharide mapping” was investigated. In the investigation of the partial acid hydrolysates of 
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polysaccharides from different natural Cordyceps, it was found that the HPTLC fingerprints of 

C. sinensis were obviously different from other Cordyceps species (Wu et al., 2014). 

Consequently, the analysis of partial acid hydrolysates of polysaccharide of Cordyceps were 

successfully used in differentiate different species of Cordyceps and is helpful to improve the 

quality control of polysaccharides.  

1.3.3.2.2. Carbohydrate gel electrophoresis (PACE) 

PACE has been utilized to analysis polysaccharides in many reports because of high 

sensitivity, high resolution and high throughput. In the study concerning polysaccharides in 

difference species of Cordyceps using “saccharide mapping”, PACE was also adopted (Wu et 

al., 2014). When compared to HPTLC, PACE showed a lot of advantages over HPTLC, 

including the stability, sensitivity and resolution. In addition, more bands were obtained from 

PACE, implied that more structural information of polysaccharides can be obtained.  

1.3.3.2.3. HPLC 

There are few methods has been established in HPLC in analyzing carbohydrates of herbal 

materials. One of the strategies is using fingerprint technique based on hydrophilic interaction 

liquid chromatography (HILIC) method (Wang et al., 2016). By using this method, it has 

successfully developed a possible quality control method on monitoring the acid hydrolysates 
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of Astragalus membranaceus polysaccharide (APS). This method did not involve the 

derivatization of hydrolysates and can be detected via ELSD detector. It was found that this 

method has a satisfactory method validation result. In addition, regarding the molecular mass 

and structures of the hydrolysates, they were also determined by ESI-Quadrupole-time-of-flight 

(Q-TOF-MS/MS in positive mode. 

 

1.3.3.3. Analysis of polysaccharides 

HPGPC, a type of gel permeation/size exclusion chromatography (GPC/SEC), is routinely 

employed in studying molecular weight and structural characteristics of macromolecules 

including polysaccharides as well as proteins or RNA/DNA (Wei & Fang, 1989). In the research 

of herbal materials, HPGPC is employed for purifying polysaccharides and determining the 

molecular distribution (Striegel & Timpa, 1995). According to J. Xu’s research, a novel HPGPC 

method for the qualitative and quantitative determination of DOP was successfully applied in 

D. officinale (Xu et al., 2014). In this method, a dominant polysaccharide peak was observed 

and was totally separated from other small molecules. As a result, DOP can be used as a 

chemical marker for the quality control of D. officinale. However, not every single herb can 

contain such a dominant polysaccharide. Furthermore, this method is restricted in the analysis 
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of herbal formula, since the prescription of Chinese Medicine is always in form of decoction.  

1.4. Current limitations on the quality control of Dendrobium officinale 

polysaccharides 

Although the current quality control methods use small molecules as their major target, 

the analysis of carbohydrates in herbal materials is also getting more and more attention. 

Undoubtedly, small molecules play an important role in pharmaceutical drug development (Ho, 

2019), since numerous of researches have proved that small molecules exhibit pharmacological 

properties, and there are plenty of analytical methods can trace the presence and amount of 

small molecules inside a herbal medicine. However, even though small molecules are the active 

components in herbal material, it only accounts for less than 10% of the total content. On the 

contrary, macromolecules like protein and carbohydrates, account for more than 50% of the 

total content. In addition, carbohydrates also are important functional ingredients in herbal 

materials. Furthermore, different herbal materials may contain similar chemical composition 

on small molecules like flavonoids and phenolic acids while the structural characteristic of 

polysaccharides is different in different herbal materials. Therefore, the quantification of both 

small molecules and macromolecules especially polysaccharides are necessary to give a more 

comprehensive quality control of herbal materials.  

Similar to small molecules, their biological activities also depend on chemical 
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characteristics greatly. Thus, investigation of their structural information is essential because 

this provides the basis for rational marker selection and ensure the safety and the efficacy of 

herbs. However, when it comes to the analysis of carbohydrates in herbal materials, there are 

limitations in both the analysis of their chemical structures and quantification. One of the 

reasons is the enormous structural diversity. There is no direct detection method that can give 

the precise structural information of polysaccharides. Another reason is the lack of UV 

absorptivity. Therefore, only some of the detectors or specific columns can be used in the 

qualitative and quantitative analysis. However, specific conditions like aqueous phase with 

organic salts have to be used in such methods, which result in high background noise (Ikegami 

et al., 2008). 

1.5. Derivatization in carbohydrate analysis 

Due to the difficulties on the analytical method on underived monosaccharides, 

oligosaccharides and polysaccharides, a lot of research has proposed the pre-column 

derivatization of carbohydrates. Since oligosaccharides has a multi-hydroxyl structure, the 

difference in polarity was small even with the increase in number of sugar residues which makes 

them difficult to be separated in the chromatogram. Thus, derivatized the oligosaccharide 

mixture with UV label can facilitate the analysis and isolation of the oligosaccharide mixture 
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for structural determination (Cheng, Pai, & Her, 2007). Referring to the derivatization method, 

a multitude of reactions have been proposed like reduction amination with 2-AB and 2-AP, 

reaction of reducing carbohydrates with PMP. In regard to the reaction of 2-AB and 2-AP, they 

are the most widely applied labels for N-glycan that are released from the glycoprotein. The 

derivatization of N-glycan with fluorescence and MS detection are now routinely performed in 

a high-throughput manner. In addition, there are database GlycoBase and analytical tool 

autoGU which can assist the interpretation and assignment of the glycan profile (Radcliffe et 

al., 2008). However, these derivatization methods are not suitable for the research of O-glycans 

as N-glycans are generally enzymatically released for analysis which are highly repeatable and 

specificity. In contrast, the analysis of O-glycans is usually involved in the chemical methods 

like acid hydrolysis since there is no corresponding enzyme for the cleavage of the O-glycosidic 

bonds. As a result, the oligosaccharide fragments generated are highly depend on the methods 

which make it hard to develop a standardized analytical method for structural determination 

(Zauner, Koeleman, Deelder, & Wuhrer, 2012).  

PMP-derivatization is another commonly used reagent on the carbohydrate analysis. The 

reason is that it can be widely used for derivatizing most of the reducing carbohydrates without 

unwanted breakdown of samples and with a good quantitative yields as the sensitivity is greatly 
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increased due to the attachment of two label molecules per glycan (Honda et al., 2003). 

However, with the addition of the two label molecules per glycan, the chromatographic 

properties of the analyzed oligosaccharides are dominant by the tags. This would cause 

difficulties in isomer separation. 

In addition to the 2-AB, 2-AP and PMP labelling, ABEE labelling is another popular 

carbohydrate derivatization strategy. Similar to the chemical reaction of PMP, ABEE will be 

labelled to the reducing end of the carbohydrates but with only one labeled per glycan. Figure 

1.1 demonstrated the mechanism of action using ABEE to label the oligosaccharide by 

reductive amination (Gomis, Tamayo, & Alonso, 2001). Chen et al., 2012 showed that ABEE 

labeled oligosaccharides can be analyzed expressly by ESI negative mode with an enhanced 

sensitivity and a clear assignment for the linkage obtained. In addition to the improvement in 

the MS detection, it increases the polarity difference due to the insertion of a hydrophobic group 

which in terms facilitate the separation efficiency in HPLC. Furthermore, ABEE itself can be 

detected by both ultraviolence and fluorescence which can have a remarkable enhancement on 

the efficiency in both chromatography analysis and isolation as it can simply observed in the 

chromatogram of HPLC-UV as well as fluorescent detector (Rohmer, Baeumlisberger, Stahl, 

Bahr, & Karas, 2011).  
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Figure 1.1 The reaction of ABEE closed-ring labeling on saccharides 

The reaction mechanism of ABEE labelling on saccharide was shown in Figure 1.1. The 

reaction is conducted in form of reductive amination (Dalpathado, Jiang, Kater, & Desaire, 

2005). reductive amination. The ring opened (carbonyl) form of the carbohydrate reacts with 

an amine, that is usually aromatic. The resulting Schiff base is comparatively unstable and is 

reduced to the corresponding secondary amine when the reducing agent is added. Since these 

derivatives usually contain a chromophore, this derivatization not only enhances sensitivity for 

MS analysis, but it also allows for chromatographic detectability. This derivatization facilitates 

the detection of carbohydrates in both HPLC-UV and mass spectroscopy by enhancing the 

signal of carbohydrates. Since this reaction is working perfectly with the presence of ketone, it 

will only attach to the reducing end of the carbohydrates. Therefore, whenever how long is the 

chain of the carbohydrates, one chain will only be linked with one derivatization group 

regardless backbone or side-chain. The derivatization results in the production of glycoside 

which can enhance the hydrophobicity and help to increase the signal strength, regardless of 

the ionization technique used. Derivatization not only improves the signal, but it may provide 
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more structural information, especially with MS/MS experiments.  

1.6. Objectives of this study 

Since the structural characterization and quantification of polysaccharides still remain 

challenges, our study aims to find out novel approaches and methods for solving these existing 

problems. In this project, we selected D. officinale as an example because the quality control 

problems of D. officinale are specific. First, the current methods on small molecules cannot 

clearly distinguish D. officinale from other Dendrobium species. Second, even though a 

polysaccharide marker (DOP) has been successfully isolated from D. officinale and is able to 

qualitative and quantitative determine the content of polysaccharide in D. officinale. However, 

when it comes to the herbal formula and the related products, the HPGPC method based on 

DOP fails to quantify the amount of D. officinale polysaccharide because the HPGPC-based 

method is unable to separate different types of polysaccharides. In other words, this method is 

not specific enough to distinguish different kinds of polysaccharides. Since the polysaccharide 

marker is not specific enough in herb formula, a new quantitative method having a higher 

specificity is desired. Therefore, the objectives of this study are listed as follows: 

An oligosaccharide approach was adopted using DOP as an example to (1) establish a 

qualitative and quantitative analysis method of determining the content of original DOP in 



30 

 

herbal formula; (2) isolate and purify the oligosaccharide markers in determining the backbone 

structure of DOP. The hypothesis of this approach is that acid hydrolysates of DOP remains the 

structural features of the original DOP. Therefore, by isolating these oligosaccharide markers, 

“bottom up” sequencing may be applied to elucidate the backbone structure of DOP. In addition, 

we assume that there is a linear relationship between the oligosaccharide markers and DOP so 

that quantification analysis can be established by monitoring the amount of oligosaccharide 

markers in D. officinale and related herbal formula.   
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CHARTER 2 Structural elucidation of polysaccharide backbone 

using a modified ABEE-labeled oligosaccharide approach: 

Dendrobium officinale, a case study 

2.1. Introduction 

Numerous of studies have reported that polysaccharides have many bioactivities including 

immune system modulation, blood pressure regulation, and anti-oxidative and anti-tumor 

activities (Chen et al., 2016; Tang et al., 2014; Wang et al., 2015). These polysaccharides are 

tonic, non-toxic, readily available from renewable resources, and have great potential for 

development as pharmaceutical and nutraceutical products ( Li et al., 2013; Ma et al., 2018). 

However, even though the same herbal materials and the same extraction methods were used, 

different studies gave out different conclusion regarding the structure of polysaccharides. 

Without a clear understanding about the structure of polysaccharides, research interests in the 

mechanism of action, drug efficacy, safety, and quality control were greatly decreased, which 

is subsequently stalling the research and development of polysaccharide-based products. 

Currently, the structural elucidation of polysaccharides mainly relies on methylation 

analysis and NMR spectroscopy (Li et al., 2018; Zhou, Liao, Chen, et al., 2018; Zhou, Liao, 

Zeng, et al., 2018). Methylation analysis determines the nature and ratio of sugar linkages while 
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NMR, especially 2D-NMR confirms the interpretation results. However, all these methods fail 

to give out accurate structure information. For instance, methylation analysis of polysaccharide 

samples gives out mixed structure information of both backbone and side chain (Sims, 

Carnachan, Bell, & Hinkley, 2018). In addition, the ratio of sugar linkages is only a relative 

value based on peak areas after hydrolyzing the methylated polysaccharides (Duus et al., 2000). 

However, this relative value is unreliable because it is found that different acid hydrolysis 

conditions greatly affect the amounts of hydrolysates. According to the supplementary Figure 

2.1, although complete acid hydrolysis can be realized under all these three conditions, the 

monosaccharide composition ratio was different to each other. It was even observed that when 

the acid hydrolysis conditions became harsher (120 ℃, 4 hr), monosaccharides were destroyed. 

As for NMR which is good at presenting clear structural signals of small molecules, the signals 

of polysaccharides occur in a very narrow range and therefore severely overlap together. This 

makes it difficult to unambiguously assign these signals as people do to small molecules (Tojo 

&Prado, 2003). For example, it is commonly agreed that the backbone of Dendrobium officinale 

polysaccharide (DOP) contains β-D-1,4-linked-mannopyranosyl and β-D-1,4-linked-

glucopyranosyl units (Hua, Zhang, Fu, & Chen, 2004; Wei et al., 2016; Xing et al., 2014), but 

the ratio varied because integration of peaks cannot be determined in NMR spectra (Tao et al., 

2019; Xing et al., 2015). 
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Figure 2.1 Contents of mannose and glucose under different acid hydrolysis conditions at 4 hours for 

monosaccharide composition analysis. 2M TFA was used in all conditions.   

In order to solve the difficulty, the oligosaccharide strategy was adopted (Hu, Liu, Wang, 

& Ding, 2009; J.Lu et al., 2017). The oligosaccharides produced from hydrolysis of 

polysaccharides not only retain the structural information of the original polysaccharides, but 

also are as easily analyzable as small molecules by NMR spectroscopy and mass spectrometry. 

Regarding DOP in particular, researchers have found that after degraded by endo-β-mannanase, 

the oligosaccharide fragments of DOP presented satisfactory 1D/2D NMR spectra (Xing et al., 

2015). By this method, the ratio of β-D-1,4-linked-mannopyranosyl and β-D-1,4-linked-

glucopyranosyl units in DOP was calculated to a much narrower range of 4:1-6:1 due to more 

clear signals appeared in the spectra. Furthermore, more structure information such as the 

location of acetoxyl groups can be determined. Nevertheless, this method still possibly provides 
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inaccurate information because these NMR spectra were obtained from the hydrolysate 

mixtures which contain mixed structure information of both backbone and side chain. To solve 

this problem, these oligosaccharides need to isolate individually. Be that as it may, there are 

two technical difficulties, weak UV absorption and high polarity, which cause oligosaccharides 

hard to be separated and analyzed (Sanz & Martínez-Castro, 2007). Even if oligosaccharide-

markers are isolated, they need to be analyzed on special analytical columns like HILIC column 

and Amino column which showed unsatisfied separation resolution comparing to C18 column 

(Ikegami et al., 2008; Leijdekkers, Sanders, Schols, & Gruppen, 2011; Westphal, Schols, 

Voragen, & Gruppen, 2010). 

In this study, an undescribed but very simple and efficient approach was applied by taking 

DOP as an example. It involved the ABEE derivatization of oligosaccharide fragments 

generated from the partial acid hydrolysis of DOP. These UV-labeled oligosaccharides were 

then easily isolated by preparative HPLC, and their structures were determined by MS 

sequencing, and NMR spectroscopy (Figure 2.2). This approach provides a new insight on the 

accurate structure information of polysaccharide backbone.  
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2.2. Materials and methods 

2.2.1. Materials 

Authentic Dendrobium officinale samples were purchased collected from certified farms 

in China, and authenticated by Prof. Chen Hubiao. The voucher specimens were deposited at 

School of Chinese Medicine, Hong Kong Baptist University, Hong Kong, China. 

The chemical reagents p-aminobenzoic acid ethyl ester (ABEE), sodium 

cyanoborohydride (NaBH3CN), trifluoroacetic acid (TFA) and glacial acetic acid for 

oligosaccharide derivatization were bought from Sigma (St. Louis, Mo., USA). The methylation 

reagents, dimethyl sulfoxide (DMSO) was acquired from J&K Scientific (Shanghai, China), 

while sodium hydroxide (NaOH), methyl iodide and sodium borohydride (NaBH4) were 

acquired from Sigma (St. Louis, USA) respectively. 

Reference standards of D-glucose (Glc), D-mannose (Man) and pullulans with different 

molecular weight were purchased from Sigma (St. Louis, MO., USA). Methanol (HPLC grade), 

acetonitrile (HPLC grade), diethyl ether (HPLC grade) and chloroform were purchased from 

RCI Labscan Ltd. (Bangkok, Thailand) while absolute ethanol (ACS grade) was acquired from 

Merck (Darmstadt, Germany). Deionized water was prepared by Millipore Milli Q-Plus system 
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(Millipore, Bedford, MA, USA). 

2.1.1. Extraction of DOP 

Powdered Dendrobium officinale was treated with 20 volumes of deionized water at 100 ℃ 

for 2 hr and then filtered; the procedure was repeated three times. The combined extracts were 

centrifuged at 4000 rpm, 10 min. The supernatant was then concentrated on a rotary evaporator 

under reduced pressure at 55 ℃ and precipitated at 60% ethanol with vigorous stirring. The 

solution was allowed to stay overnight at 4 ℃, and the precipitate was filtered out, then washed 

with 80% ethanol to remove any impurities. After that, the precipitate was dissolved in an 

appropriate amount of deionized water with stirring and dialyzed against flowing water using 

dialysis membrane (molecular weight cut off = 3500 Da) for three days. Finally, the precipitate 

was lyophilized for further analysis. 

2.1.2. Partial acid hydrolysis and ABEE derivatization 

Partial acid hydrolysis was performed by weighing about 5.0 g of the samples and then 

dissolving in 500 mL 1.0 M TFA solution followed by 80 ℃ hot water bath for 2 hr. After 

removing TFA from the hydrolyzed samples by rotatory evaporator, the samples were 
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redissloved in 100 mL of deionized water.  

ABEE derivatization was performed using Gomis’s method with some modification 

(Gomis, Tamayo, & Alonso, 2001). In detail, each sample solution was mixed with 800 μL 

acetic acid, 800 μL 1.4 M NaBH3CN and 400 mL 0.6 M ABEE solution. The reaction mixture 

was then incubated in a 65 ℃ hot water bath for 2 hr. After that, 300 mL deionized water was 

added to quench the reaction and cause excess ABEE to precipitate. Next, the mixture was 

extracted 5 times with 300 mL of diethyl ether each time to remove excess ABEE reagent; the 

upper layer was discarded after each extraction. Finally, the water layer was dried by rotary 

evaporator under reduced pressure at 55 ℃. The dried solid was redissolved in 100 mL 60% 

methanol and subjected to UPLC-Q-TOF-MS analysis, isolation and purification.  

2.1.3. UHPLC-Q-TOF-MS analysis for acid hydrolysates 

The acid hydrolysates were separated and detected on an Agilent 1290 UHPLC system 

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

compartment, an auto-sampler, a degasser, and a diode-array detector (DAD). The system was 

controlled with Mass Hunter B.06 software. The Waters ACQUITY UPLC BEH C18 column 

(2.1 × 100 mm, 1,7 μm) was used. A gradient elution of 0.1% formic acid in water (A) and 0.1% 
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formic acid in acetonitrile (B) was used: 0-5 min: 90% A; 5-18 min: 90-82% A; 18-23 min: 82-

75% A; 23-26 min: 75-0% A; 26-29 min: 0% A; 29-29.1 min: 0-90% A; 29.1-34 min: 90% A. 

The flow rate was at 0.3 mL/min. The temperature was at 30 ℃. The injection volume was 2 

μL. MS data were collected form an Agilent 6540 Q-TOF mass spectrometer (Agilent 

Technologies, Santa Clara, USA) equipped with quadrupole-time-of-flight (Q-TOF) mass 

spectrometer and a JetStream electrospray ion (ESI) source. The MS condition was in negative 

mode. The optimized operating parameters in the negative ion mode were as follows: nebulizing 

gas (N2) flow rate, 8.0 L/min; nebulizing gas temperature, 300 ℃; jet stream gas flow, 8 L/min; 

sheath gas temperature, 350 ℃; nebulizer, 45 psi; capillary, 3500 V; skimmer, 65 V; Oct RFV, 

600 V; and fragmentor voltage, 150 V. Dry temperature was set to 180 ℃. Quadrupole ion 

energy was set to 3eV as well as the collision cell collision energy. The analysis was also 

monitored at the wavelength of 305 nm by DAD. 

2.1.4. Isolation of the oligosaccharide markers 

Firstly, the separation was achieved on a Waters 2545 Quaternary Gradient Module 

equipped with an autosampler and 2489 TUV Detector. Samples were fractionated through a 

GROM Saphir 110 C18 column (300 × 40 mm, 12 μm) (Grace, Columbia, Maryland, USA). 
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The mobile phase comprised water (A) and acetonitrile (B) with gradients as follows: 0-30 min, 

85% A; 30-50 min, 85%-80% A; 50-60 min, 80-70% A; 60-80 min, 70-0% A; 80-100 min, 0% 

A.  

The obtained fractions were further purified through an Agilent 1100 series HPLC system 

(Agilent, Palo Alto, CA, USA.) equipped with a binary pump, a thermostatic column 

compartment, an auto-sampler, a degasser and a diode-array detector (DAD). Samples at the 

concentration of 40 mg/mL were purified through an Alltima C18 column (240 × 10 mm, 10 μm) 

(Grace, Columbia, Maryland, USA). The mobile phase comprised water with 0.1% formic acid 

(A) and acetonitrile (B) with isocratic elution at a flow rate of 2.3 mL/min. The column 

temperature was set to 30 ℃, while the UV wavelength was set at 305 nm. 

2.1.5. ABEE-based sequence determination of isolated oligosaccharides by 

UHPLC-Q-TOF-MS 

After the monosaccharide composition determination, the purified oligosaccharides were 

subjected to sequence determination so as to reveal the connection of the saccharide units. In 

the determination, about 1.0 mg of the ABEE-labeled oligosaccharides marker was needed in 

partial acid hydrolysis. The hydrolysis was performed by mixing 1.0 mL of 1.0 M TFA with 

samples. The reaction mixture was then placed in a 100 ℃ dry bath heater for 2 hr. After cooling 
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down to room temperature, acid was removed by rotatory evaporator. The reaction mixture was 

redissolved in 200 μL 60% methanol and analyzed by UHPLC-Q-TOF-MS. After this first 

analysis, only the fragments that linked with ABEE appeared in the chromatogram. Therefore, 

it was able to determine the reducing end and the subsequent saccharide units by referring to 

the corresponding retention times and the mass spectra of known oligosaccharides. However, 

the dissociated parts were absent as they did not contain ABEE label. In order to identify the 

dissociated parts, the solution was re-labeled with ABEE reagents, and analyzed by UHPLC-

Q-TOF-MS again. Then, the newly observed signals revealed the dissociated parts. By linking 

the sequence of the reducing end parts and the dissociated parts, it is able to determine the whole 

sequence of a purified oligosaccharides. Importantly, ABEE-based MS sequencing has to be 

done from the lower degree polymerization oligosaccharides to the higher degree ones so as to 

establish a database of oligosaccharide profiles with regard to retention time and mass spectra.  

2.1.6. Glycosidic linkages as determined by methylation reaction and GC-

MS analysis 

Glycosidic linkages of the oligosaccharide markers were analyzed by methylation, using 

the method of Needs and Selvendran with some modification (Needs & Selvendran, 1993). 
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Generally, about 3-4 mg of dried sample was fully dissolved in 2 mL 4 Å molecular sieve-dried 

DMSO and incubated with 20 mg of NaOH dry fine powder for 3 hr. Subsequently, 1 mL methyl 

iodide was added slowly into the sample which was then placed in an ice bath to avoid the 

“peeling” reaction (Galermo et al., 2018) and allowed to stand for 3 hr. The reaction was then 

quenched by the addition of 1 mL deionized water. Excess methyl iodide was removed by rotary 

evaporator. A liquid-liquid extraction using chloroform and subsequent washes with deionized 

water were performed to remove excess NaOH and DMSO. The upper aqueous layer was 

discarded while the bottom organic layer containing permethylated products was collected and 

dried by rotary evaporator. Samples were then hydrolyzed by 4 mL 2.0 M TFA at 110 ℃ for 2 

hr. Next, 30 mg NaBH4 was added, and the solution was allowed to sit for 3 hr. Then, the 

reaction mixture was acetylated by adding 3 mL acetic anhydride for 1.5 hr at 100 ℃ followed 

by evaporation with toluene to remove excess reaction reagents. Finally, the sample was 

partitioned with deionized water-chloroform (1:1, v/v), after which the organic layer was 

collected and analyzed by GC-MS. The analysis was performed on a GCMS-QP2010 system 

(Shimadzu Co., Kyoto, Japan) equipped with a DB-5ms column (30 m × 0.25 mm, 0.25 μm 

film thickness) (Agilent Technologies, Santa Clara, USA) and a single quadrupole MS detector. 

The GC temperature program was: 140-180℃ at 2 ℃/min, then 180-200 ℃ at 1 ℃/min 

followed by 200-250 ℃ at 3 ℃/min. 
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2.1.7. Nuclear magnetic resonance (NMR) spectroscopy 

Samples for NMR spectroscopy were prepared by dissolving about 15-20 mg of isolated 

oligosaccharide in 0.5 mL D2O; the solution was transferred to a regular 5 nm NMR tube. The 

1H and 13C NMR spectra of these purified oligosaccharides were obtained using a Bruker 

Avance 400 spectrometer (Bruker Co., Germany) at 25 ℃, at 400 and 100 MHz, respectively. 

Chemical shifts were expressed in ppm and calibrated by comparison to reference shifts as 

follows: 0 ppm for 13C NMR (TMS); 4.80 ppm for 1H NMR (HDO). All the data was evaluated 

by MestReNova. 2D 1H-1H correlation NMR spectroscopy (COSY), 2D 1H-13C heteronuclear 

multiple-bond NMR spectroscopy (HMBC) and 2D 1H-13C heteronuclear single-quantum 

coherence spectroscopy (HSQC) analyses were also conducted following the standard Bruker 

pulse sequences. 

2.3. Results 

2.3.1. Protocol optimization for preparation of DOP hydrolysates (HDOP) 

Since polysaccharides are composed of long chains of monosaccharide units bound 

together by glycosidic linkages, it is assumed that oligosaccharides produced from partial acid 

hydrolysis retain at least some of the characteristics of the original polysaccharides (Li et al., 
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2018). Thus, this study aimed to generate and isolate oligosaccharides with different DP values 

so that more information could be provided on the original DOP structure. Figure 2.2 illustrates 

the workflow of how ABEE-labeled oligosaccharide markers were used here in the 

determination of the backbone structure of DOP.  

 

Figure 2.2 Workflow for the structural characterization of Dendrobium officinale polysaccharide (DOP) using a 

combination of ABEE derivatization and LC-MS. ABEE-based sequencing with monosaccharide analysis and 

linkage analysis can deduce the defined structure of DOP while NMR spectrometry can validate the given results. 
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Figure 2.3 Typical HPGPC chromatogram of DOP 

Table 2.1, Figures 2.3 and 2.4 provide basic information of DOP and DOP hydrolysates 

respectively. As shown in Table 2.1, the average molecular weight, sugar content, protein 

content and monosaccharide composition are similar to those previously reported (Xu et al., 

2014). While referring to Figure 2.3, a symmetrical peak was found in the HPGPC 

chromatogram. Concluding the results obtained from Table 2.1 and Figure 2.3, the purity of the 

prepared DOP was pure enough to conduct the experiment. To answer the question of whether 

the peaks generated from partial acid hydrolysis can retain and reveal structural information of 

DOP, hydrolysis of DOP under different concentrations of TFA were done at 80 ℃ for 2 hr. 

Figure 2.4 shows that, despite the change in the concentration of TFA, the chemical profiles of 

oligosaccharides were nearly the same. This indicates that (a) all these partial acid hydrolysis 

conditions have hydrolyzed the backbone of the polysaccharide, and (b) the oligosaccharides 

generated from any of them can be employed to determine the structures of DOP. Since the 

treatment of 1.0 M TFA produced a wide distribution range of oligosaccharides with a 
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satisfactory yield, it was chosen for further analysis.  
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Table 2.1 Molecular weight, sugar and protein content and monosaccharide composition of Dendrobium officinale polysaccharide 

Polysaccharide Average molecular weight a Sugar content b  Protein content c 
Monosaccharide composition d 

Man Glc 

DOP 770 kDa 92.65% N.D. 5.88 1 

 

Note: a Average 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 protein content was obtained by BCA method, d monosaccharide composition was determined after p-aminobenzoic 

ethyl ester (ABEE) derivatization.  The ratio was calculated according to the saccharide standards calibration curve. # Glc: glucose; Man: mannose. 
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Figure 2.4 Investigation of the effect in different concentration of acid for the generation of oligosaccharides in 

partial acid hydrolysis. 

 

2.3.2. Isolation and purity check of ABEE-labeled oligosaccharides 

In this study, the oligosaccharide fragments produced from acid hydrolysis of DOP were 

labeled with ABEE first and then the fragment profile was demonstrated by using UHPLC-

DAD. As illustrated in Figure 2.5B, there were 11 major peaks in the UHPLC-Q-TOF-MS 

chromatogram. Peaks 1 and 2 were identified to be mannose-ABEE and glucose-ABEE, after 

compared with ABEE-labeled reference compounds. Compounds 3 to 11 were successfully 

isolated and purified by using preparative HPLC-DAD on a C18 column. The purity of all the 

oligosaccharide isolates was analyzed via UHPLC-Q-TOF-MS-DAD. Each of them showed 

only one symmetric peak, indicating its satisfactory purity (Figure 2.5A).  

When ABEE derivatization is introduced to the reducing end of the oligosaccharides, it 
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transforms oligosaccharides into glycosides which makes them easy to separate and detect. 

Simultaneously, the structure information of oligosaccharides can be remained. Thus, the 

difficulties in isolation of oligosaccharide fragments can be easily solved. (Blanco Gomis et al., 

2001) Compared to the commonly used separation methods, mainly gel permeation 

chromatography like Bio-gel P-2 and P-4 with a refractive index detector, the new method 

showed significant advantages in terms of sensitivity, selectivity, separation efficiency, and 

resolution (Lu et al., 2017; Wan, Jiao, Yang, & Liu, 2012; Zheng et al., 2018). 

 

Figure 2.5 (A) and (B) UHPLC-Q-TOF-MS-DAD chromatograms of the ABEE-labeled oligosaccharides. 1. Man; 

2. Glc; 3. Di-Man-ABEE; 4. Tri-Man-ABEE; 5. Te-Man-ABEE; 6. Pen-Man-ABEE; 7. Hex-Man-ABEE; 8. Hept-

Man-ABEE; 9. Oct-Man-ABEE; 10. Nona-Man-ABEE; 11. Deca-Man-ABEE.  
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#Man, Glc, Di, Tri, Te, Pen, Hex, Hept, Oct, Nona and Deca are the abbreviation of mannose, glucose, disaccharide, 

trisaccharide, tetrasaccharide, pentasaccharide, hexasaccharide, heptasaccharide, octasaccharide, nonasaccharide 

and decasacchsaride, respectively. HDOP means the hydrolysates produced from partial hydrolysis of DOP. 

 

Figure 2.6 Mass spectra of ABEE-labeled oligosaccharide markers (negative mode). The major signals in each 

oligosaccharide are labeled as [M-H]- and [M-H+HCOO]-, respectively. The MS conditions: nebulizing gas (N2) 
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flow rate, 8.0 L/min; nebulizing gas temperature, 300 ℃; capillary, 3500 V; fragmentor voltage, 150 V. Dry 

temperature was set to 180 ℃. 

 

2.3.3. Structure characterization of HDOP by monosaccharide composition 

and methylation 

The monosaccharide composition of the purified ABEE-labeled oligosaccharide was 

analyzed by UHPLC-DAD with ABEE derivatization. All the oligosaccharides comprised more 

than 95% of mannose units with trace amounts of glucose (Table 2.2). As for the methylation 

analysis, only the signals of terminal Manp and 1,4-linked Manp were obtained. Since the 

linkage of ABEE on the reducing end of the oligosaccharide cannot be detected in GC-MS, 

glycosidic linkage of the reducing end sugar residues cannot be determined. As a result, when 

determining the signal ratio between the terminal Manp and the 1,4-linked Manp, one sugar 

residue of 1,4-linked Manp has to be deducted. In other words, methylation analysis cannot be 

conducted in Di-Man-ABEE. The ratio between the terminal Manp and the 1,4-linked Manp 

became 1:1 in Tri-Man-ABEE, 1:2 in Te-Man-ABEE, 1:3 in Pen-Man-ABEE, 1:4 in Hex-Man-

ABEE, 1:5 in Hept-Man-ABEE, 1:6 in Oct-Man-ABEE, 1:7 in Nona-Man-ABEE and 1:8 in 

Deca-Man-ABEE, respectively. Consequently, based on the methylation analysis, it can be 

concluded that all ABEE-labeled oligosaccharides were mainly β-1,4-linked Manp 

oligosaccharides. 
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Table 2.2 m/z ratio, DP value, monosaccharide composition and glycosidic linkage of the ABEE-labeled 

oligosaccharides. 

Oligosaccharides Rt 

(min) 

DP 
Mass Error 

Monosaccharides 

composition 

Residue linkage 

Peak area percentage 

Experimental Calculated (ppm) 
Man Glu T-Manp 1,4-linked-

Manp 

Di-Man 9.1 2 490.1880 490.193 -10.20 96.76 3.24 NA NA 

Tri-Man 8.1 3 652.2444 652.2458 -2.15 95.23 4.77 43.36 56.64 

Te-Man 7.0 4 814.2974 814.2986 -1.47 96.91 3.09 29.39 70.61 

Pen-Man  6.8 5 976.3520 976.3515 0.51 96.71 3.29 26.57 73.43 

Hex-Man 6.3 6 1138.3909 1138.4043 -11.77 96.4 3.60 20.54 79.46 

Hept-Man 6.0 7 1300.4585 1300.4571 1.08 97.15 2.85 16.91 83.09 

Oct-Man 5.7 8 1462.5226 1462.5099 8.68 97.83 2.17 13.69 86.31 

Nona-Man 5.4 9 1624.4414 1624.4628 12.70 96.89 3.11 12.51 87.49 

Deca-Man 5.3 10 1787.4838 1787.6156 14.00 97.60 2.40 10.95 89.05 

 

2.3.4. Structure elucidation of ABEE-labeled oligosaccharides 

To gain further insight into the sequence of oligosaccharides, MS sequencing and NMR 

spectrometry were conducted. The addition of ABEE chromophores to the reducing end of 

oligosaccharides not only improves separation efficiency and MS sensitivity, but also provides 

greater structural information on linkage and sequencing (H. L.Cheng & Her, 2002). Figure 2.7 

compared hydrolysate profiles of partially hydrolyzed ABEE-labeled oligosaccharide markers 
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before and after relabeling with ABEE. The red line indicates the profile of the partially 

hydrolyzed ABEE-labeled oligosaccharide markers while the black line indicates the profile of 

the subsequent ABEE-relabeled oligosaccharides after partial hydrolysis.  

Regarding to compound 3, the mass spectrum showed a characteristic peak of [M-

H+HCOO]- (observed m/z 536.1971, mass error = -2.61 ppm), indicating the molecular formula 

of C22H35O14N (Figure 2.6). The structure of compound 3 should contain two saccharide units. 

Additionally, hydrolysate profiles before and after ABEE-relabeling were the similar except the 

increase in the intensity of Man-ABEE. It was further confirmed that both the reducing end 

saccharide and the dissociated saccharide were mannose (Figure 2.7). As shown in the 13C and 

1H NMR spectra (Figures 2.10 and 2.11, and Table 2.3), the characteristic signals of this ABEE-

labeled oligosaccharides can be divided into three parts: 1) ABEE part: the signals δC 120.13, 

δC 134.45/δH 7.84, δC 115.41/δH 6.81, δC 156.16 ppm corresponding to phenol part of ABEE, 

signal at δC 172.30 ppm attributed to carbonyl group, and signals at δC 64.85/δH 4.32 and δC 

16.65/δH 1.35 assignable to the -CH2 and -CH3 groups; 2) saccharide linked to ABEE: anomeric 

proton signals of δC 48.69/δH 3.22, 3.66.3) the remaining saccharide unit: anomeric proton 

signals at δC 102.81/δH 4.77. Furthermore, based on the peak correlation plots of δC 102.81/δH 

4.77 in HSQC and δC 79.74/δH 4.77 in HMBC (Figures 2.12, 2.14 and 2.15), the glycosidic 
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linkage of β-1,4-linked Manp was proposed, and the result was also confirmed by the 

methylation analysis. Therefore, compound 3 is proposed as dimer namely Di-Man-ABEE. 

The mass spectrum of compound 4 showed two characteristic peaks of [M-H]- (observed 

m/z 652.2444, mass error = -2.15 ppm) and [M-H+HCOO]- (observed m/z 698.2509, mass error 

= -0.57 ppm), indicating the molecular formula of C27H43O17N and C28H45O19N, respectively. 

As a result, the structure of compound 4 should contain three saccharide units. Referring to the 

hydrolysate profiles, three peaks which were compound 4 (m/z = 652), Di-Man-ABEE (m/z = 

490) (highlighted with red star) and Man-ABEE (m/z = 328) showed in the first hydrolysis (red 

line). This indicated that Di-Man should be part of this oligomer’s structure. The results 

observed after relabeling with ABEE (black line) further revealed that this oligomer had one 

more mannose residue compared to Di-Man-ABEE. Furthermore, the 13C and 1H NMR spectra 

of compound 4 looked like to that of Di-Man-ABEE. There was an additional peak of δC 

103.08/δH 4.63 in the anomeric region indicating the additional saccharide unit was also 

mannose. It was also found that new peaks of δC 103.08/δH 4.63 and δC 80.05/δH 4.63 appeared 

in HSQC and HMBC spectra respectively. All these results revealed that the glycosidic linkages 

in Tri-Man-ABEE should also be β-1,4-linked Manp. Therefore, compound 4 is proposed as 

trimer namely Tri-Man-ABEE 
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The mass spectrum of compound 5 showed two characteristic peaks of [M-H]- (observed 

m/z 814.2974, mass error = -1.47 ppm) and [M-H+HCOO]- (observed m/z 860.3020, mass error 

= -2.44 ppm), indicating the molecular formula of C33H53O22N and C34H55O24N, respectively. 

As a result, the structure of compound 5 should comprise four saccharide units. According to 

the hydrolysate profiles of compound 5, four peaks presented in the first hydrolysis, which were 

compound 5 (m/z = 814), Tri-Man-ABEE (m/z = 652) (highlighted with red star), Di-Man-

ABEE (m/z = 490) and Man-ABEE (m/z = 328) (red line). This indicated that compound 5 

contained part of the sequence of Tri-Man-ABEE. Same result as Di-Man-ABEE and Tri-Man-

ABEE, there were no new peaks generated after relabeling with ABEE (black line). While 

referring to the HSQC and HMBC spectra, it can be observed that new peaks of δC 103.05/δH 

4.73 and δC 79.91/δH 4.73 appeared respectively. Therefore, compound 5 should be a tetra-

saccharide consisting of β-1,4-linked Manp, namely Te-Man-ABEE. 

Concerning the structural elucidation of compound 6, the mass spectrum showed two 

characteristic peaks of [M-H]- (observed m/z 976.3607, mass error = 0.51 ppm) and [M-

H+HCOO]- (observed m/z 1022.3673, mass error = 10.17 ppm), indicating the molecular 

formula of C39H63O27N and C40H65O29N, respectively. As a result, the structure of compound 6 

should comprise five saccharide units. The hydrolysate profile of compound 6 showed five 
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peaks which represented compound 6 (m/z = 976), Te-Man-ABEE (m/z = 814), Tri-Man-ABEE 

(m/z = 652) (highlighted with red star), Di-Man-ABEE (m/z = 490) and Man-ABEE (m/z = 328) 

in the chromatogram (red line). Because the intensities of these peaks increased after ABEE-

relabeling, it implies that Te-Man-ABEE was part of the sequence of compound 6 while the 

dissociated part was mannose. Although MS sequencing can help to reveal the structure of 

compound 6, the structural characterization was hard to be interpreted clearly in NMR 

spectroscopy from compounds 6 to 11, because signals were overlapped when the chain length 

was getting longer. However, since the spectra patterns of 1D and 2D NMR spectra of 

compound 6 was similar to that of Te-Man-ABEE, the structure elucidation of compound 6 

could still be comprehended by referring to the information of Te-Man-ABEE. Referring to the 

1H NMR spectra, even though the signals of anomeric protons overlapped in the region of δ 

4.60-4.80 ppm, the number of mannose residues in the overlapping region could still be 

determined by calculating the peak intensity ratio between the overlapping region to the region 

of δ 4.64 ppm (Figure 2.11). The peak intensity ratio in compound 6 was 1:3 which indicated 

there were four anomeric protons. Moreover, the signals that overlapped in the anomeric region 

implied the presence of only one type of monosaccharide unit. Furthermore, the additional 

anomeric signals in HSBC and HMBC spectra (Figure 2.14) tended to overlap in region of δC 

79.0-80.0/δH 4.65-4.80 ppm which was the same region as the anomeric region of Te-Man-
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ABEE. Therefore, it can be deduced the glycosidic bond of the additional monosaccharide unit 

was also β-1,4-linked Manp. Compound 6 is a penta-saccharide consisting of β-1,4-linked 

Manp, namely Pen-Man-ABEE. 

The mass spectrums of compounds 7 to 11 indicated that they were hexa-, hepta-, octa-, 

nona- and deca-saccharides, respectively (Figure 2.6). When it comes to the sequence 

determination of compounds 7-10 (Figure 2.7), regular patterns of hydrolysate profiles can be 

found in all oligosaccharides. For instance, Pen-Man-ABEE could be found in the hydrolysate 

profiles of compound 7, while compound 7 can be found in that of compound 8, and so on. 

Therefore, it could be concluded that oligosaccharides were different from each other by just 

one mannose unit. Moreover, the hydrolysate profiles of all the oligosaccharides gave out the 

deduction that only one type of glycosidic linkage was presented in the oligosaccharides, 

otherwise, there would be some new peaks appeared in the chromatograms after ABEE-

relabeling.  

Concerning compound 11, it is the largest oligosaccharide that was isolated in this study. 

It is a deca-saccharide which consists of 10 mannose units because a characteristic peak of [M-

H]- (observed m/z 1787.6238, mass error = 4.59 ppm) was found in the mass spectrum (Figure 

2.6). In the MS sequencing (Figure 2.8), 10 peaks were found in both hydrolysate profiles (red 
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and black lines). Compound 10, which has been identified as nona-saccharide, was found in the 

hydrolysate profile (red star). This implied that this nono-saccharide, namely Nona-Man-ABEE, 

was part of the structure of compound 11. The increase in the intensity of all the peaks after 

ABEE-relabeling meant that mannose is the only monosaccharide unit in compound 11. In 

further analysis of NMR spectra, the peak intensity ratio in compound 11 was 1:8 which 

indicated there were nine anomeric protons (Figure 2.11). In addition, the spectrum pattern of 

compound 11 was similar to other oligosaccharides, and therefore, it can be deduced that 

compound 11 is a deca-saccharide consisting of β-1,4-linked Manp, namely Deca-Man-ABEE. 

Consequently, the proposed structures of compounds 3 to 11 were shown in Figure 2.9. 

The addition of ABEE chromophores to the reducing end of oligosaccharides not only 

improves separation efficiency and MS sensitivity, but also provides greater structural 

information on linkage and sequencing.(H. L. Cheng & Her, 2002) Figure 2.7 compares 

hydrolysate profiles of partially hydrolyzed ABEE-labeled oligosaccharide markers before and 

after relabeling with ABEE. The red line indicates the profile of the partially hydrolyzed ABEE-

labeled oligosaccharide markers while the black line indicates the profile of the subsequent 

ABEE-relabeled oligosaccharides after partial hydrolysis. In brief, partial acid hydrolysis of 

Tri-Man-ABEE showed three peaks (red line) which were Tri-Man-ABEE (m/z = 652), Di-
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Man-ABEE (m/z = 490) and Man-ABEE (m/z = 328). This indicated that Di-Man-ABEE was 

part of the sequence of Tri-Man-ABEE. After relabeling with ABEE (black line), the relative 

amounts of these three peaks were increased, and there were no new peaks generated. This 

implied that the dissociated sugar residues were also Di-Man-ABEE and Man-ABEE and that 

the glycosidic linkage was unique throughout the structure of Tri-Man-ABEE. Thus, the 

structure of Tri-Man-ABEE should comprise 3 mannose residues with β-1,4-linkages; this 

interpretation is in line with monosaccharide composition and methylation. Accordingly, 

sequence analysis was carried out for the small oligosaccharides to the large oligosaccharides. 

We discovered that, from Tri-Man-ABEE to Deca-Man-ABEE, there was an oligosaccharide 

peak (highlighted with red star), that was one sugar residue less compared to the analyzing 

oligosaccharide, showed in the chromatogram before ABEE-relabeling. This implied that the 

purified oligosaccharides had similar structure characterization as the generated 

oligosaccharide fragments are one saccharide unit less than itself. Finally, by analyzing Deca-

Man-ABEE (Figure 2.8), we found that even up to DP value of 10, one characteristic of the 

structure of these oligosaccharides is the presence of β-1,4-linked Manp. Therefore, the 

proposed chemical structures of DOP acid hydrolysates are presented in Figure 2.9. 
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Figure 2.7 Comparison of hydrolysate profiles of partially hydrolyzed ABEE-labeled oligosaccharide markers 

before and after relabeling with ABEE. The red line shows the profile of each partially hydrolyzed ABEE-labeled 

oligosaccharide markers; and the black line presents the result of subsequent ABEE re-labeling after partial 

hydrolysis. Peak 3: Di-Man-ABEE, 4: Tri-Man-ABEE, 5: Te-Man-ABEE, 6: Pen-Man-ABEE, 7: Hex-Man-ABEE, 

8: Hept-Man ABEE, 9: Oct-Man-ABEE, 10: Nona-Man-ABEE, 11: Deca-Man-ABEE.  
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Figure 2.8 MS sequencing strategy using Deca-Man-ABEE (Peak 11) as an example. There was a significant 

increase in the intensity of several hydrolysate after relabeling was observed which suggested that partial 

hydrolysis of Deca-Man-ABEE contains these fragments. Especially, the production of Nona-Man-ABEE 

(highlighted with red star in Figure 2.7) indicated that the mother sample at least contained the fragment of Nona-

Man-ABEE.  
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Figure 2.9 The proposed chemical structure of the purified ABEE-labeled oligosaccharides. i stands for the 

terminal end, ii stands for the saccharide residue that linked to the terminal end while r stands for the reducing 

end which linked to ABEE (a). i.e. Te-Man, n = 1; Pen-Man, n = 2; Hex-Man, n = 3; Hept-Man, n = 4; Oct-Man, 

n = 5; Nona-Man, n = 6; Deca-Man, n = 7 

 

2.3.5. Structure elucidation of the backbone of DOP 

In the study, the nine purified oligosaccharides were found to have the same 

monosaccharide composition and type of glycosidic linkage. There are two reasons that the 

backbone structure of DOP is a long chain β-D -1,4-linked Manp: 1) all the purified 

oligosaccharides are the major isomers in their corresponding DP values which means that these 

purified oligosaccharides are the major fragments of backbone after acid hydrolysis; 2) starting 

from compound 3, a series of pattern can be observed along the chromatogram (Figure 2.5B). 

It is believed that even oligosaccharides, which are larger than Deca-Man-ABEE, comprise 

mannose as their saccharide units. Otherwise, irregular chromatography pattern will be 

observed. 

In the previously reported studies, β-D-1,4-linked-Manp and β-D-1,4-linked-Glcp units 
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were found in the methylation analysis and NMR spectroscopy comprising ratio of 4:1-6:1 (Tao 

et al., 2019; Wei et al., 2016). The reason that different results were obtained is because the 

analysis of the previous studies is directly determining the structural characterization of 

polysaccharides. However, in that approach, information of both backbone and side-chain 

structures is mixed. Therefore, it is hard to assign signals for the corresponding structures. In 

addition, the signals in NMR spectra are overlapping severely which give out a misleading 

interpretation that glucose is part of the backbone structure, since correlation peaks are found 

in HMBC spectra. Nevertheless, glucose should be part of the side-chain structure which 

connects with mannose in a β-D-1,4-linkage. Although more detailed structural information can 

be obtained when DOP is hydrolyzed by endo-β-mannanase to produce oligosaccharides rich 

in O-acetylated sugar residues (Xing et al., 2015), analysis is conducted on the mixture of 

oligosaccharide fragments. As a result, it is still hard to determine the exact sequence of the 

backbone structure. Compared with the previously reported methods, the proposed approach 

involves the isolation of oligosaccharide fragments, and therefore, it is able to assign analytical 

signals to the corresponding structures. In addition, it is capable to distinguish which 

oligosaccharides belong to the backbone or side-chain structure. 
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Figure 2.10 13C NMR spectra of ABEE-labeled oligosaccharide makers (100 MHz, in D2O). TMS was used as 

the internal reference. 
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Figure 2.11 1H NMR spectra of ABEE-labeled oligosaccharide makers (400 MHz, in D2O). TMS was used as the 

internal reference. The peak intensity ratio between anomeric proton of non-terminal mannose to that of the 

terminal mannoses were presented on the left. 
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2.3.6. Limitation of structural characterization using methylation analysis 

As for the methylation analysis, it is a commonly used method to determine the nature of 

glycosidic linkages as well as their relative abundance. Therefore, methylation analysis was 

conducted in the study to confirm the interpretation of MS sequencing and NMR spectra. From 

the result, only the signals of terminal Manp and 1,4-linked Manp were obtained in all 

oligosaccharides. Thus, it revealed that the backbone structure of DOP should only consist of 

β-D-1,4-linked-Manp.  

In methylation analysis, glycosidic linkage of the reducing end sugar residues cannot be 

determined due to the presence of ABEE on the reducing end of the oligosaccharides. As a 

result, the ratio between the terminal Manp and the 1,4-linked Manp should be 1:1 in Tri-Man-

ABEE, 1:2 in Te-Man-ABEE, 1:3 in Pen-Man-ABEE, 1:4 in Hex-Man-ABEE, 1:5 in Hept-

Man-ABEE, 1:6 in Oct-Man-ABEE, 1:7 in Nona-Man-ABEE and 1:8 in Deca-Man-ABEE, 

respectively. However, the exact ratio cannot be obtained. This may be due to the fact that 

methylation analysis contains a multiple of reaction steps, it is possible to have sample loss or 

errors during the experiment. Because unreliable results may be obtained from the methylation 

analysis, it is recommended to be used in qualitative analysis in determining the nature of 
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glycosidic bond, but not in quantitative analysis.  

 

Figure 2.12 HSQC (red and blue) spectra of ABEE-labeled oligosaccharide markers. A: Di-Man-ABEE, B: Tri-

Man-ABEE, C: Te-Man-ABEE, D: Pen-Man-ABEE, E: Hex-Man-ABEE, F: Hept-Man ABEE, G: Oct-Man-

ABEE. 
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Figure 2.13 1H-1H COSY spectra of ABEE-labeled oligosaccharide markers. A: Di-Man-ABEE, B: Tri-Man-

ABEE, C: Te-Man-ABEE, D: Pen-Man-ABEE, E: Hex-Man-ABEE, F: Hept-Man ABEE, G: Oct-Man-ABEE. 

 



68 

 

Table 2.3 Chemical shifts of 1H-13C 2D-NMR spectra of ABEE-labeled oligosaccharides. 

Oligosaccharide Sugar unit 

Chemical shift (1H/13C, in ppm) 

1 2 3 4 5 6 7 

Man 
 5.18/96.88 3.94/74.06 3.66/75.89 3.52/69.45 3.58/79.01 3.75,3.82/63.82  

Man-ABEE a (ABEE) 172.30 120.13 7.84/134.45 6.81/115.41 156.16 4.32/64.85 1.35/16.65 

 r Man 3.27,3.67/48.83 3.82/73.49 3.79/73.72 3.92/72.01 3.84/72.13 3.68,3.89/66.09  

Di 2 a (ABEE) 172.16 120.19 7.80/134.27 6.76/115.27 156.06 4.28/64.45 1.34/16.36 

 i Man 4.77/102.81 4.09/73.42 3.67/75.82 3.50/70.04 3.40/78.82 3.56,3.89/64.39  

 r Man 3.22,3.66/48.69 4.12/71.59 3.78/73.89 4.11/79.74 3.94/73.50 3.71,3.86/65.28  

Tri 2 a (ABEE) 172.20 120.26 7.83/134.35 6.80/115.39 156.07 4.30/64.48 1.35/16.47 

 i Man 4.79/102.82 4.14/73.05 3.65/75.68 3.57/69.55 3.39/79.30 3.55,3.93/63.71  

 ii Man 4.63/103.08 4.02/73.36 3.61/75.68 3.72/80.03 3.51/77.60 3.74/3.81/63.78  

 r Man 3.22,3.69/48.68 4.13/71.46 3.78/74.18 4.11/80.05 3.94/73.48 3.68,3.85/65.35  

Te 3 a (ABEE) 172.18 120.23 7.83/134.36 6.79/115.38 156.06 4.31/64.51 1.35/16.40 

 i Man 4.79/102.82 4.15/73.02 3.65/75.74 3.58/69.63 3.45/79.26 3.52,3.94/63.69  

 ii Man 4.73/103.05 4.08/72.86 3.81/74.29 3.83/79.40 3.52/77.71 3.75,3.90/63.36  

 iii Man 4.64/103.03 4.07/73.21 3.78/74.13 3.72/79.91 3.50/77.75 3.81,3.93/63.42  

 r Man 3.22,3.69/48.85 4.13/71.53 3.78/74.13 4.09/79.93 3.94/73.43 3.69,3.85/65.39  

Pen 2 a (ABEE) 172.01 122.52 7.89/134.72 6.80/117.19 153.98 4.31/65.00 1.35/16.50 

 i Man 4.88/103.11 4.13/73.08 3.64/76.04 3.57/69.93 3.44/79.56 3.52,3.97/64.06  

 ii Man 4.74/103.34 4.06/73.53 3.81/74.60 3.82/79.67 3.64/76.04 ~3.76/63.92  

 iii Man 4.73/103.40 4.08/73.53 3.76/74.39 3.81/79.71 3.52/78.03 ~3.76/63.92  

 iv-Man 3.65/103.37 4.08/73.06 3.76/74.47 3.71/80.17 3.50/78.03 ~3.76/63.92  

 r Man 3.26,3.72/50.36 4.13/71.44 3.78/74.44 4.07/80.04 3.92/73.65 3.67,3.83/65.64  

Hex 1 a (ABEE) 172.21 120.27 7.85/134.33 6.80.115.41 156.08 4.31/64.63 1.34/16.43 

 i Man 4.78/102.80 4.14/72.74 3.65/75.66 3.58/69.54 3.45/79.21 3.52,3.97/63.60  

 ii Man 4.76/102.95 4.08/72.95 3.79.74.16 3.82/79.34 3.57/77.78 ~3.76/63.92  
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 iii Man 4.74/103.00 4.08/72.95 3.79.74.16 3.82/79.34 3.57/77.78 ~3.76/63.92  

 iv Man 4.76/102.96 4.08/72.95 3.79.74.16 3.82/79.34 3.57/77.78 ~3.76/63.92  

 v Man 4.65/102.99 4.08/72.95 3.79.74.16 3.72/79.84 3.57/77.78 ~3.76/63.92  

 r Man 3.22,3.69/48.59 4.13/71.47 3.79.74.16 4.08/79.91 3.94/73.34 3.68,3.85/65.27  

Hept 1 a (ABEE) 172.22 120.27 7.86/134.35 6.82/115.41 156.08 4.32/64.55 1.37/16.36 

 i Man 4.78/102.78 4.13/72.72 3.65/75.88 3.58/69.67 3.45/79.26 3.52,4.02/63.43  

 ii Man 4.76/103.01 4.08/73.09 3.80/74.34 3.83/79.33 3.56/77.92 ~3.75/63.64  

 iii Man 4.76/103.01 4.08/73.09 3.80/74.34 3.83/79.33 3.56/77.92 ~3.75/63.64  

 iv Man 4.76/103.01 4.08/73.09 3.80/74.34 3.83/79.33 3.56/77.92 ~3.75/63.64  

 v Man 4.76/103.01 4.08/73.09 3.80/74.34 3.83/79.33 3.56/77.92 ~3.75/63.64  

 vi Man 4.66/103.05 4.08/73.09 3.80/74.34 3.72/80.05 3.56/77.92 ~3.75/63.64  

 r Man 3.22,3.69/48.91 4.13/72.72 3.80/74.34 4.10/79.88 3.94/73.52 3.67,3.84/65.32  

Oct 1 a (ABEE) 172.20 120.26 7.83/134.35 6.80/115.39 156.07 4.30/64.48 1.35/16.47 

 i Man 4.79/102.83 4.15/72.86 3.66/75.76 3.59/69.61 3.46/79.25 3.53,4.06/63.14  

 ii Man 4.75/103.00 4.08/73.19 3.80/74.28 3.83/79.39 3.58/77.91 ~3.77/63.46  

 iii Man 4.75/103.00 4.08/73.19 3.80/74.28 3.83/79.39 3.58/77.91 ~3.77/63.46  

 iv Man 4.75/103.00 4.08/73.19 3.80/74.28 3.83/79.39 3.58/77.91 ~3.77/63.46  

 v Man 4.75/103.00 4.08/73.19 3.80/74.28 3.83/79.39 3.58/77.91 ~3.77/63.46  

 vi Man 4.75/103.00 4.08/73.19 3.80/74.28 3.83/79.39 3.58/77.91 ~3.77/63.46  

 vii Man 4.66/103.03 4.08/73.19 3.80/74.28 3.73/79.84 3.58/77.91 ~3.77/63.46  

 r Man 3.23,3.70/48.83 4.15/71.56 3.80/74.28 4.09/79.95 3.94/73.32 3.70,3.86/65.34  
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2.3.7. Limitation of the proposed method on structure elucidation 

According to our previous study, O-acetyl groups were found in the structure of DOP. 14 It 

was found that the signals at around δH 2.08 and δC 21.54-21.81 ppm in 1H and 13C spectra 

belonged to the protons and methyl carbons in O-acetyl groups, while 13C resonances at δC 

173.79-173.83 were assigned to carbonyl carbons in O-acetyl groups. However, the 

corresponding signals were not found in the purified oligosaccharides. The drawback of this 

method is that acid hydrolysis can dissociate the O-acetyl group that linked on DOP (Hu et al., 

2018). In fact, the O-acetyl group on polysaccharides exists like ester which decomposed into 

acetic acid under acidic conditions. In order to determine the linkage of O-acetyl group on DOP, 

enzymatic hydrolysis can be adopted in producing oligosaccharide fragments. This approach 

not only protects the O-acetyl group from DOP, but also generates a new series of 

oligosaccharides. In addition, there is also a series of less abundant isomers which may be the 

composition of side chain structure. Therefore, it is believed that by combining the structural 

information of these three series of oligosaccharides, the whole structure of DOP can be 

determined. 
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Figure 2.14 Overlapping of HSQC (black) and HMBC (red) spectra of ABEE-labeled oligosaccharide markers. 

The example indication i-1/ii-4 showed HMBC correlation between proton i-1 and carbon ii-4. A: Di-Man-ABEE, 

B: Tri-Man-ABEE, C: Te-Man-ABEE, D: Pen-Man-ABEE, E: Hex-Man-ABEE, F: Hept-Man ABEE, G: Oct-

Man-ABEE. 
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Figure 2.15 HMBC spectra of ABEE-labeled oligosaccharide markers. A: Di-Man-ABEE, B: Tri-Man-ABEE, C: 

Te-Man-ABEE, D: Pen-Man-ABEE, E: Hex-Man-ABEE, F: Hept-Man ABEE, G: Oct-Man-ABEE. 
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2.4. Discussion 

In this study, we used ABEE derivatization of DOP hydrolysates to determine the 

backbone structure of DOP. The ABEE-labeled oligosaccharide approach offers advantages 

over the traditional analytical methods in three aspects: 1) the isolation of oligosaccharides 

produced from partial acid hydrolysis; 2) the ABEE-based MS sequencing of the purified 

oligosaccharides; 3) the interpretation of results to reveal the structure of the DOP backbone. 

Concerning the isolation of oligosaccharides, different researches have reported that 

polysaccharide hydrolysates retain the characteristics of the original polysaccharides because 

the same fingerprint pattern was observed in different batches of samples after partial acid 

hydrolysis.(Wu et al., 2015) Although traditional analytical methods can be adopted to 

determine the structure characterization of oligosaccharides which in turn presented the 

backbone structure of the polysaccharides, they all use oligosaccharide mixtures. Since 

information obtained from the mixtures cannot be clearly interpreted, misleading conclusion 

may be obtained. Therefore, isolation of oligosaccharides is necessary. In the current research, 

the separation of oligosaccharides was mainly achieved by gel permeation chromatography like 

Bio-gel P-2 and P-4, with a refractive index detector (Wan, Jiao, Yang, & Liu, 2012; Zheng et 

al., 2018). However, the sensitivity and selectivity of these methods are low, and not suitable 
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for separation of isomers (Lu et al., 2017). In order to increase separation efficiency, chemical 

derivatization techniques are necessary, as the addition of chromophores not only makes 

oligosaccharides UV-detectable, but also transforms them into easily separable glycosides 

(Gomis et al., 2001). In our study, we introduced ABEE derivatization on the reducing end of 

the oligosaccharides. This approach solved the problems of the lack of a UV absorption group 

and of the high polarity in carbohydrates, thereby greatly enhancing separation efficiency. 

Consequently, the separation of oligosaccharides was achievable by just using a C18 column. 

With the purified oligosaccharides, analytical methods give more accurate and reliable results. 

With regards to the ABEE-based MS sequencing, it can determine the sequence of the 

purified oligosaccharides with a very small amount of sample (about 1.0 mg) and in short time. 

Without ABEE derivatization, the MS sensitivity decreases as the mass of the oligosaccharide 

increases. Thus, the detection of larger oligosaccharides is insignificant due to poor ionization 

efficiency. However, with ABEE derivatization, both LC separation and MS sensitivity can be 

improved significantly (Kailemia, Ruhaak, Lebrilla, & Amster, 2014). In order to determine the 

sequence of the purified oligosaccharides, the hydrolysis conditions have to be controlled so 

that a series of oligosaccharides fragments are produced. For example, when we analyzed the 

sequence of a deca-oligosaccharide sample, a series of fragments starting from monosaccharide 
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to nona-oligosaccharide has to be produced. Provided that the sequence of the nona-

oligosaccharide was determined before, this indicates that the mother sample at least contained 

the fragment of nona-oligosaccharides. If there are no new peaks generated after ABEE-

relabeling, this suggests that the dissociated parts have the same glycosidic linkages and 

monosaccharide composition. Therefore, it can conclude that deca-oligosaccharide is a linear 

oligosaccharide with only one type of monosaccharide (Figure 2.8). On the other hand, if there 

are new peaks generated after ABEE-relabeling, it suggests that the dissociated parts have a 

different glycosidic linkage or different monosaccharide composition compared with the 

reducing end parts. As a result, it can conclude that the deca oligosaccharide is a hetero-

oligosaccharide which contains multiple glycosidic linkages and monosaccharide units. 

Regarding the interpretation on the backbone structure of DOP, several researches have 

concluded that 1,4-linked Glcp is part of the backbone structure. However, by using ABEE-

labeled oligosaccharide approach, we conclude that the backbone structure consists only of 1,4-

linked Manp. The conclusion of the presence of 1,4-linked Glcp is mainly due to the 

misinterpretation of methylation analysis and NMR spectroscopic results with regard to the 

monosaccharide composition ratio and oligosaccharide mixtures. From the methylation 

analysis, the 6:1 ratio between 1,4-linked Manp and 1,4-linked Glcp with limited degree of 
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branching can lead to the misunderstanding that the 1,4-linked Glcp is on the backbone because 

the ratio of the 1,4-linked Glcp is quite high. However, in our study, we found that 1,4-linked 

Manp should be the main component after finding the sequence of the purified oligosaccharides 

(the main oligosaccharide among the isomers). Instead, because we found that the sequence of 

the minor isomers contain glucose through the result given by ABEE-based MS sequencing, we 

believe that 1,4-linked Glcp is more probably on the side chain. Regarding the NMR 

spectroscopic analysis of the oligosaccharide mixture, even though correlation was found 

between glucose and mannose residues, it cannot be concluded that 1,4-linked Glcp is on the 

backbone. In fact, the side chain structure can be a glucomannan consisting of 1,4-Manp and 

1,4-Glcp residues.  

2.5. Conclusions 

In this study, an ABEE-labeled oligosaccharide approach was developed for the structure 

elucidation of the DOP backbone via the isolation of DOP hydrolysates and ABEE 

derivatization. Through MS sequencing, NMR spectroscopy and methylation analysis, it was 

confirmed that all the ABEE-labeled oligosaccharides were β-D-1,4-linked mannose 

oligosaccharides. Because the isolated oligosaccharide markers have the highest intensity in 

their corresponding DP values, it can be concluded that the DOP backbone mainly consists of 
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mannose units. Although most of the studies regarding the structure elucidation of DOP 

concluded that β-1,4-linked Glcp is part of the backbone, this conclusion is a misinterpretation 

of results due to inherent inaccuracies in the methods used especially methylation analysis. In 

this study, ABEE derivatization not only helps to isolate and purify oligosaccharides, but also 

enables determination of oligosaccharide sequences by improving the detection efficacy. 

Therefore, by using this approach on structure elucidation of the polysaccharide backbone, it 

can ensure that the polysaccharides isolated from the same herbal materials have the same 

structure, which in turns, results from different studies can be compared to each other so as to 

increase the reliability in the research and development of polysaccharide-based products.  
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CHARTER 3 Oligosaccharide-marker Approach for Qualitative 

and Quantitative Analysis of Specific Polysaccharide in Herb 

Formula by UHPLC-Q-TOF-MS: Dendrobium officinale, a case 

study  

3.1. Introduction 

Quality analysis of polysaccharides in herb formula has been a difficult issue for a long 

time, despite polysaccharides found in herb medicines exhibit a variety of biological activities 

such as anticancer, antiviral, anti-inflammatory, and immunostimulatory (Chen et al., 2016; 

Tang et al., 2014; Wang et al., 2015). Although studies regarding the chemistry and bioactivities 

of natural polysaccharides have been published in the past decades, few of them admitted that 

the purified and characterized polysaccharides had the same characters as the previously 

reported (Tao et al., 2019; Wei et al., 2016; Xing et al., 2014). On the other hand, the high 

consistence in monosaccharide composition, saccharide mapping, molecular distribution 

pattern and even NMR spectra of multiple batches of polysaccharides or related samples were 

demonstrated in several reports (He et al., 2016; Xing et al., 2015; Zha et al., 2012). There is a 

bold hypothesis that the quality of natural polysaccharides might be highly reliable and stable, 

whereas the poor repeatability demonstrated in previous studies was produced by analytical 
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methods concerning the intrinsic characteristics of large saccharide molecules (Li et al., 2013). 

Scientists have made efforts to develop new methods to demonstrate the repeatable quality 

of polysaccharides including: 1) monosaccharide composition analysis; 2) saccharide mapping 

and molecular size distribution pattern; 3) analysis based on polysaccharide-marker (Cheong et 

al., 2016; Deng et al., 2016; Deng, Han, Hu, Zhao, & Li, 2018). These fingerprint-based 

methods were successfully applied to display the consistency in different batches of Ganoderma 

lucidum polysaccharides and G. sinensis polysaccharides, but they showed poor specificity in 

herb mixtures that may further lead to poor results in quantitative analysis (Li et al., 2018). 

Even though the polysaccharide-marker (DOP) can be applied for qualitative and quantitative 

determination of Dendrobium officinalis polysaccharide, such polysaccharide marker could not 

be presented in every herb. Since the polysaccharide marker is still not specific enough in herb 

formula, a new quantitative method having a higher specificity is desired (Xu et al., 2014). 

Given the poor repeatability and limited specificity in previous reports, oligosaccharide-

marker might be a possible solution since oligosaccharides bear more structural features than 

monosaccharides, and therefore, are more specific (Lu et al., 2017; Moura, Macagnan, & Silva, 

2015). Compared to polysaccharides, they belong to the field of small molecules that can be 

easily analyzed (Cai, Ting, & Jin-Lan, 2016). However, there are two technical difficulties in 
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the analysis of oligosaccharides, weak UV absorption and high polarity which cause 

oligosaccharides hard to be separated (Sanz & Martínez-Castro, 2007). Even if oligosaccharide-

markers are isolated, they need to be analyzed on special analytical columns like HILIC column 

and Amino column which showed unsatisfied separation resolution comparing to C18 column 

(Ikegami et al., 2008; Leijdekkers, Sanders, Schols, & Gruppen, 2011; Westphal, Schols, 

Voragen, & Gruppen, 2010). In this study, we aimed to modify the oligosaccharides, which 

derived from hydrolysis of polysaccharides, into glycosides by labeling them with fluorescence 

reagent, such as p-aminobenzoic acid ethyl ester (ABEE), so that they can be easily detected 

and separated (Matsuura, Ohta, Murakami, Hirano, & Sweeley, 1992; Neville, Alonzi, & 

Butters, 2012; Vreeker & Wuhrer, 2017). Taking the first polysaccharide-marker Dendrobium 

officinale polysaccharide (DOP) as an example, we would like to establish the use of 

oligosaccharide-markers in quality analysis of specific polysaccharide in herb products by 1) 

verifying the specificity of the oligosaccharide-markers; 2) establishing linear relationship 

between the oligosaccharide-markers and the parent polysaccharide; 3) as well as 

systematically validating the quantitation ability in terms of linearity, precision, repeatability, 

and accuracy. 
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3.2. Material and methods 

3.2.1. Chemicals and materials 

Six batches of authentic Dendrobium officinale samples were collected from certified 

planting farms (Table 3.1) and authenticated by Prof. Chen Hubiao. The voucher specimens 

were deposited at School of Chinese Medicine, Hong Kong Baptist University, Hong Kong, 

China. Four samples of confection and one sample of granules were collected from Hong Kong 

market. The herbal ingredients of confection contained Dendrobii Officinalis Caulis, Panacis 

Quinquefolii Radix, Ophiopogonis Radix, Coicis Semen, Polygonati Rhizoma and Phragmitis 

Rhizoma while granules contained Dendrobii Officinalis Caulis and Panacis Quinquefolii 

Radix as the herbal ingredients. 

The chemical reagents p-aminobenzoic acid ethyl ester (ABEE), sodium 

cyanoborohydride, trifluoroacetic acid (TFA) and glacial acetic acid for oligosaccharide 

derivatization were bought from Sigma (St. Louis, Mo., USA). Methanol (HPLC grade), 

acetonitrile (HPLC grade), diethyl ether (HPLC grade) were purchased from RCI Labscan Ltd. 

(Bangkok, Thailand) while absolute ethanol (ACS grade) was acquired from Merck (Darmstadt, 

Germany). Deionized water was prepared by Millipore Milli Q-Plus system (Millipore, Bedford, 
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MA, USA). The reference chemicals D-mannose and D-glucose were purchased from Sigma 

(St. Louis, USA). Pullulan series were from sigma. BCA kit for protein analysis was purchased 

from Thermo fisher. 

Table 3.1 Information of six batches of Dendrobii products including the locality, type, molecular weight, sugar 

content and DOP content. 

Samples Locality Type Molecular 

weight a  

Sugar content 

b 

DOP content c 

(n=3) (mg/g) 

Herb1 Yunna, China Dry powdered 750 kDa 72.05% 255.53 ± 7.37 

Herb 2 Yunna, China Dry powdered 770 kDa 72.94% 433.07 ± 24.02 

Herb 3 Yunna, China Dry powdered 790 kDa 72.79% 207.84 ± 10.09 

Herb 4 Guangdong, 

China 

Fresh pulp 800 kDa 67.91% 151.55 ± 7.18 

Herb 5 Guangdong, 

China 

Fresh pulp 770 kDa 71.10% 219.93 ± 12.71 

Herb 6 Zhejing, 

China 

Fresh pulp 770 kDa 75.44% 112.89 ± 5.95 

DOP standard NA NA 770 kDa 92.65% NA 

 

3.2.2. Preparation of Dendrobium officinale polysaccharide-marker (DOP) 

The criteria of standard polysaccharide used for quantitative analysis included: 1) the total 

sugar content should be more than 90%; 2) the protein content should be less than 5%. 

In this study, the dried powder of Dendrobium officinale was boiled twice with deionized water 

at 100℃ for 2 hr and filtered. The combined extracts were centrifuged at 4000 rpm, and the 

supernatant was obtained. The supernatant was then concentrated on a rotary evaporator under 



83 

 

reduced pressure at 55 ℃ and precipitated in 60% ethanol solution. The sample was then filtered 

(4,000 rpm, 15 min × 5 times) by the ultra-centrifugal filter tube with molecular weight of 3.0 

kDa cutting-off. Finally, the residues were re-dissolved in water and lyophilized to yield DOP 

marker. The total sugar and protein content were determined by phenol-sulfuric acid method 

and BCA method, respectively. Simultaneously, the molecular weight and monosaccharide 

composition were determined as the basic characterization. 

3.2.3. HPGPC-CAD analysis 

The prepared Dendrobium officinale water extract samples and DOP were analyzed using 

HPGPC-CAD. The analysis was conducted via Thermo ScientificTM Dionex UltiMate 3000 

UHPLC system equipped with a Dionex Corona Veo RS Charged Aerosol Detector through an 

Alltech Interface 35900E multichannel interface. The detector parameters were as follows: Data 

collection rate, 20 Hz; filter, 0.2 s; gas regulation mode, MicroLC; power function, 1. The 

separation was conducted on a two tandem TSK GMPWXL gel filtration column (7.8 × 300 

mm, 10 μm, Tosoh Bio-science, Tokyo, Japan) at a flow rate of 0.6 mL/min with column 

temperature maintained at 40 °C. UV detection wavelength was set at 260 and 280 nm. Injection 

volume was 20 μL. The mobile phase consisted of 20 mM ammonium acetate. 

Aqueous stock solutions of pullulans (2 mg/mL) with different molecular weights (1 kDa, 
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3 kDa, 6 kDa, 22 kDa, 50 kDa, 110 kDa. 400 kDa, 800 kDa and 2560 kDa) were injected to 

HPGPC separately, using the same conditions for the construction of molecular weight-

retention time calibration curve by plotting logarithm of the peak area versus the retention time 

of each analyte. 

3.2.4. Monosaccharide composition analysis 

The samples were fully hydrolyzed using 2 mL of 2.0 M TFA at 120 °C for 2 hr and 

derivatized by ABEE afterwards. Briefly, 100 μL of the hydrolyzed sample was dried and 

redissolved into 200 μL deionized water. The sample solution was then derivatized with 80 μL 

acetic acid, 80 μL of 1.4 M sodium cyanoborohydride (NaBH3CN) and 400 μL of 0.6 M ABEE 

solution. The reaction was carried out in 65 ℃ hot water bath for 2 hr. After cooled to room 

temperature, 500 μ L deionized water was added to quench the reaction. The mixture was 

extracted 5 times with 700 μL of diethyl ether each and the upper layer was discarded to remove 

excess ABEE reagent. Finally, the water layer was dried and then redissolved in 500 μL 60% 

methanol for further analysis. The mixed standards of D-mannose and D-glucose was prepared 

using the same procedures. The standard stock solution was then prepared with appropriate 

consecutive dilutions for the construction of calibration curve. 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 
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elution with 0.2 M 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. 

3.2.5. Preparation of water extract of Dendrobii samples, real product 

samples and Dendrobii blank product samples 

The dried powder (0.5 g) or fresh stem (1.0 g) of Dendrobium officinale was treated twice 

with 10 mL of deionized water at 100 ℃ for 2 hr and filtered. The combined extracts were 

centrifuged at 4000 rpm, 10 min, and the supernatant was obtained. Then, it was concentrated 

on a rotary evaporator under reduced pressure at 55 ℃. The concentrated solution was 

lyophilized for further analysis.  

About 100 mg of granules sample and 5 g of the confection sample were accurately 

weighed and dissolved in 10 mL 1.0 M TFA solution. Partial acid hydrolysis was conducted 

afterwards. The hydrolyzed samples were re-dissolved in 5.0 mL deionized water after partial 

acid hydrolysis. All the samples were then undergone ABEE derivatization and subjected to 

LC-MS analysis. 

Dendrobii blank product samples were prepared by mixing the herbal ingredients of 

confection or granules together without adding Dendrobium officinale. These herbal ingredients 

were extracted with water and then subjected to acid hydrolyzed followed by ABEE 
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derivatization. The Dendrobii blank sample of Dendrobium officinale was prepared by 

extracting crude polysaccharide in hot water followed by 60% ethanol precipitation. The 

supernatant obtained was then hydrolyzed by TFA and ABEE-derivatized. 

3.2.6. Partial acid hydrolysis and ABEE derivatization 

Partial acid hydrolysis was performed by weighing about 1 mg of the sample and then 

dissolved in 2 mL 1.0 M TFA solution followed by 80 ℃ hot water bath for 2 hr (Zheng et al., 

2018). After removing TFA from the hydrolyzed samples, they were re-dissolved in 1 mL of 

deionized water.  

For the ABEE derivatization, it was referred to Gomis’s method with some modifications 

(Gomis et al., 2001). In details, 200 μL of the sample solution was transferred into to a 2 mL 

centrifuge tube together with 80 μ L acetic acid, 80 μ L 1.4 M sodium cyanoborohydride 

(NaBH3CN), and 400 μL 0.6 M ABEE solution. The reaction mixture was then incubated in 

65 ℃ hot water bath for 2 hr. After that, the reaction was quenched by adding 500 μL deionized 

water so that excess ABEE reagent would be precipitated. Afterwards, the mixture was 

extracted 5 times with 700 μL of diethyl ether each and the upper layer was discarded to remove 

excess ABEE reagent. Finally, the water layer was dried and then re-dissolved in 500 μL 60% 

methanol and subjected to UHPLC-Q-TOF-MS analysis. 



87 

 

3.2.7. UHPLC-Q-TOF-MS analysis of acid hydrolysates 

The acid hydrolysates were separated and detected on an ultra-high performance liquid 

chromatography-quadrupole time-of-flight mass spectrometry technique (UHPLC-Q-TOF-

MS). UHPLC data were produced 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 with 

Mass Hunter B.06 software. The chromatographic column Waters ACQUITY UPLC BEH C18 

column (2.1 × 100 mm, 1,7 μm) was used and eluted with a gradient elution of 0.1% formic 

acid in water (A) and 0.1% formic acid in acetonitrile (B) 0-5 min: 90% A; 5-18 min: 90-82% 

A; 18-23 min: 82-75% A; 23-26 min: 75-0% A; 26-29 min: 0% A; 29-29.1 min: 0-90% A; 29.1-

34 min: 90% A. The flow rate was at 0.3 mL/min. The temperature was at 30 ℃. The injection 

volume was 2 μ L. The MS condition was in negative mode. The optimized operating 

parameters in the negative ion mode were as follows: nebulizing gas (N2) flow rate, 8.0 L/min; 

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

℃; nebulizer, 45 psi; capillary, 3500 V; skimmer, 65 V; Oct RFV, 600 V; and fragmentor voltage, 

150 V. Dry temperature was set to 180 ℃. The mass scan range was set as mass to charge (m/z) 

100–2000.The analysis was also monitor at the wavelength of 305 nm by DAD. 
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3.2.8. Verification of the specificity of oligosaccharide markers in product 

samples 

The specificity of oligosaccharide markers was investigated by comparing the retention 

time and mass fragmentation of ABEE-labeled oligosaccharide fragments of the ingredients in 

the herb formula, with and without Dendrobium officinale as well as the supernatant of the 

Dendrobium officinale water extract (from 60% ethanol precipitation). These oligosaccharide 

fragments were produced by the same hydrolysis and ABEE derivatization methods. The 

criteria of selecting oligosaccharide markers should be: 1) specific in the target herb but not 

found in other herbs, even other species in Dendrobium genus; 2) at high specificity which 

would not be influenced by other carbohydrates and components in the herb formula; 3) stable 

in different batches and have good repeatability in the same batch of samples; 4) at relatively 

high concentration in the samples; 5) easily separated and identified with well-known structure; 

6) having satisfactory results in method validation. 

3.2.9. Isolation and structure characterization of ABEE-labeled 

oligosaccharide markers 

Hydrolysates derived from partial acid hydrolysis and ABEE-derivation were first 
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fractionated on a preparative GROM Saphir 110 C18 column (300 × 40 mm, 12 μm) (Grace, 

Columbia, Maryland, USA). A Waters 2545 Quaternary Gradient Module equipped with an 

autosampler and the 2489 TUV Detector was used. The mobile phase compromised of water 

(A) and acetonitrile (B) with gradient 0-30 min, 85% A; 30-50 min, 85% A- 80% A; 50-60 min, 

80% A-70% A; 60-80 min, 70% A-0% A; 80-100 min, 0% A.  

The obtained fractions were further separated on an Agilent 1100 series HPLC system 

(Agilent, Palo Alto, CA, USA.) equipped with a binary pump, a thermostatic column 

compartment, an auto-sampler, and a degasser and a diode-array detector (DAD). Samples at 

the concentration of 40 mg/ mL was loaded onto an Alltima C18 column (240 × 10 mm, 10 μm) 

(Grace, Columbia, Maryland, USA). The mobile phase compromised of water with 0.1% formic 

acid (A) and acetonitrile (B) with an isocratic elution at the flow rate 2.3 mL/min. The column 

temperature was set to 30 ℃, while the UV wavelength was at 305 nm. The purified Te-Man-

ABEE and Pen-Man-ABEE were lyophilized. The structure elucidation was conducted by 

monosaccharide composition, methylation analysis and NMR spectrometry. 

3.2.10. Methylation reaction and GC-MS analysis 

Glycosidic linkages of the ABEE-labeled oligosaccharide markers were analyzed using 

the same methylation method (Needs & Selvendran, 1993). Briefly, about 3-4 mg were weigh 
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and dried in vacuum container with phosphorus pentoxide (P2O5) in advance. After that, the 

dried sample was dissolved in 2 mL 4 Å molecular sieve-dried DMSO with stirring. Importantly, 

ensuring full methylation of oligosaccharides is a crucial step to guarantee reliable results, of 

which the solubility of oligosaccharides in DMSO is a major criterion. Therefore, no 

precipitates should be found before incubated the solution with 20 mg of NaOH dry fine powder 

for 3 hr. Next, 1 mL methyl iodide was added slowly into the sample which was then placed in 

an ice bath to avoid the “peeling” reaction (Galermo et al., 2018) and allowed to stand for 3 hr. 

The reaction was then quenched by the addition of 1 mL deionized water. Excess methyl iodide 

was removed by rotary evaporator under room temperature. A liquid-liquid extraction using 

chloroform and subsequent washes (3 times) with deionized water were performed to remove 

excess NaOH and DMSO. The upper aqueous layer was discarded while the bottom organic 

layer containing permethylated products was collected and dried by rotary evaporator. Since 

DMSO is hard to be removed under rotary evaporator condition, aqueous layer can be 

completely removed by the addition of sodium sulfate. Samples were then hydrolyzed by 4 mL 

2.0 M TFA at 110 ℃ for 2 hr. Next, 30 mg NaBH4 was added, and the solution was allowed to 

sit for 3 hr. Then, the reaction mixture was acetylated by adding 3 mL acetic anhydride for 1.5 

hr at 100 ℃ followed by evaporation with toluene to remove excess reaction reagents. Finally, 

the sample was partitioned with deionized water-chloroform (1:1, v/v), after which the organic 
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layer was collected and analyzed by GC-MS. The analysis was performed on a GCMS-QP2010 

system (Shimadzu Co., Kyoto, Japan) equipped with a DB-5ms column (30 m × 0.25 mm, 0.25 

μm film thickness) (Agilent Technologies, Santa Clara, USA) and a single quadrupole MS 

detector. The GC temperature program was: 140-180℃ at 2 ℃/min, then 180-200 ℃ at 1 

℃/min followed by 200-250 ℃ at 3 ℃/min. 

3.2.11. Nuclear magnetic resonance (NMR) spectroscopy 

Samples for NMR spectroscopy were prepared by dissolving about 15-20 mg of isolated 

oligosaccharide in 0.5 mL D2O; the solution was transferred to a regular 5 nm NMR tube. The 

1H and 13C NMR spectra of these purified oligosaccharides were obtained using a Bruker 

Avance 400 spectrometer (Bruker Co., Germany) at 25 ℃, at 400 and 100 MHz, respectively. 

Chemical shifts were expressed in ppm and calibrated by comparison to reference shifts as 

follows: 0 ppm for 13C NMR (TMS); 4.80 ppm for 1H NMR (HDO). All the data was evaluated 

by MestReNova. 2D 1H-1H correlation NMR spectroscopy (COSY), 2D 1H-13C heteronuclear 

multiple-bond NMR spectroscopy (HMBC) and 2D 1H-13C heteronuclear single-quantum 

coherence spectroscopy (HSQC) analyses were also conducted following the standard Bruker 

pulse sequences. 

3.2.12. Linearity between the selected oligosaccharide markers and the 
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polysaccharide marker DOP 

In order to establish the application of oligosaccharide markers in quantification of 

polysaccharides, linearity relationship between the selected markers and the target 

polysaccharide has to been investigated. First, the linearity relationship between the 

oligosaccharide markers and the instrumental responsive signals was examined to see if LC-

MS method is applicable to determine the content of oligosaccharide markers. It was achieved 

by plotting the instrumental responsive signals versus the concentrations of the markers. With 

a satisfactory calibration curve of the oligosaccharide markers, the linearity relationship 

between the amount of oligosaccharide markers and the amount of DOP was further checked 

to determine if the daughter oligosaccharide markers are applicable in quantitation of parent 

polysaccharides. This was achieved by hydrolyzing and ABEE-labeling a series of DOP (0.3, 

0.8, 1.5, 3.0, 6.0, 8.0 mg). By the calculation of the respective oligosaccharide markers’ content 

in different amounts of DOP, the linearity relationship could be developed. If a stable and 

reliable linearity relationship is found between the amount of oligosaccharide markers and the 

amount of DOP, these two linearity relationships can be further combined into that between 

peak areas of oligosaccharide markers and related DOP amount.  

The UHPLC-Q-TOF-MS method for quantitative analysis of the isolated oligosaccharide 
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markers and the relationship between the content of markers to the content of polysaccharides 

were validated in terms of linearity, precision and accuracy.  

A series of DOP standard with 0.3, 0.8, 1.5, 3.0, 6.0 and 8.0 mg were precisely weighed 

for the construction of calibration curve. Six concentrations of the marker solution were 

analyzed in triplicates. The polysaccharides were undergone partial acid hydrolysis and ABEE 

derivatization following the proposed procedures. The calibration curve was constructed by 

plotting the peak areas of oligosaccharide markers, Te-Man-ABEE and Pen-Man-ABEE, versus 

the amount of DOP. 

The precision of the analytical method was determined by evaluating intra-day and inter-

day variations. The analysis Dendrobium officinale water extract sample (herb sample 1), 

confection sample 1 and granules sample 1 were repeated three times in the same day and 

additionally on three consecutive days to define intra-day precision and inter-day precision, 

respectively. Variation was expressed by the relative standard deviations (RSD) = (standard 

deviation/mean) × 100%.  

Accuracy was determined from spiking recoveries which were carried out at the 80%, 

100% and 120% levels. Recovery test was accomplished by adding DOP standard at three 

different concentration levels (high, middle and low levels) to water extract sample 1, 
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confection sample 1 and granule sample 1 in which the content of DOP was known. Then, the 

samples were undergone partial acid hydrolysis and ABEE derivatization. Finally, by 

determining the peak areas of the oligosaccharide markers, the spiked content of DOP in the 

sample can be calculated. The spike recovery test was analyzed in triplicates at each level. 

3.2.13. DOP determination in real samples 

Dendrobium officinale water extracts, confection and granules were hydrolyzed and 

derived directly by the proposed procedures. Their corresponding peak areas of Te-Man-ABEE 

and Pen-Man-ABEE were recorded. According to the established linearity relationship in the 

developed method, the amount of DOP in the samples was calculated. Each sample was 

determined in triplicates. The results were compared between two ABEE-labeled 

oligosaccharide markers to see if different oligosaccharide-m arkers have similar applicability. 

As for Dendrobium officinale samples, the DOP contents were compared between 

oligosaccharide-marker approach and polysaccharide-marker approach so as to confirm 

whether the quantification results were reliable. 
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3.3. Results and discussion 

3.3.1. Specificity of the oligosaccharide markers in herbal product samples 

As shown in Figure 3.1, we hypothesized that oligosaccharides derived from partial 

hydrolysis of polysaccharides should bear sufficient structural features so that they are specific 

enough to be chemical markers. In order to verify the specificity of the oligosaccharides, taking 

Dendrobium officinale (DO) as an example, we need to compare the oligosaccharide profiles 

among standard polysaccharide (DOP), original small molecules in DO water extract 

(supernatant of ethanol precipitation of herb water extract), DO products (confection and 

granules) and DO-blank herb products. 
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Figure 3.1 Scheme of the utilization of fluorescence-labeled oligosaccharide markers derived from Dendrobium 

officinale polysaccharide (DOP) to determine the content of DOP in Dendrobium officinale containing herb 

formula. 

Firstly, two oligosaccharide marker candidates were selected. As shown in Figure 3.2, 

more than 10 ABEE-labeled oligomers (disaccharide to deca-saccharide) could be found in LC-

MS chromatogram of the hydrolyzed DOP. These 10 oligomer peaks were specific to partial 

acid hydrolysis of DOP because it showed consistent fingerprint chromatograms among 6 

batches of Dendrobium officinale samples in Figure 3.3. After compared to that of original 

small molecules’ profile, it was found that only tetramer or larger oligomers showed specificity 
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to the polysaccharide. At the same time, oligomers which were smaller than octamer showed 

much weaker signals. Therefore, tetramer and pentamer were finally selected as the marker 

candidates to guarantee sufficient signal intensity and specificity.  
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Figure 3.2 (A) ESI-MS spectra of Te-Man-ABEE m/z 814.2970 and Pen-Man-ABEEm/z 976.3607 in negative 

mode. (B) UHPLC-Q-TOF-MS chromatograms of ABEE labeled hydrolysates derived from DOP. (C) UHPLC-

Q-TOF-MS chromatograms of ABEE-labeled hydrolysates derived from original small molecules in Dendrobium 

officinale. 
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Figure 3.3 Highly consistent UPLC-Q-TOF-MS-DAD chromatogram fingerprint of different batches of the 

Dendrobium officinale water extracts after partial acid hydrolysis and ABEE derivatization. 

The specificity of these two markers was further verified by the comparison with DO 

products (confection and granules) and DO-blank herb products. The EIC chromatograms of 

m/z ratio at 814.2970 and 976.3607 (m/z ratio of Te-Man-ABEE and Pen-Man ABEE in 

negative mode, Figure 3.4 (A) and (B)) clearly showed that these two markers only existed in 

DOP-containing samples while other herbs did not have these oligomers.  
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Figure 3.4 Specificity of the selected oligosaccharide markers as indicated by extraction ion chromatogram (EIC) 



101 

 

of Te-Man-ABEE (A) and Pen-Man-ABEE (B) in different samples, a: typical D. officinale water extract; b: typical 

supernatant of ethanol precipitation of D. officinale crude polysaccharide; c: typical Dendrobii blank confection 

sample; d: typical Dendrobii-blank granule sample; e: typical confection sample; f: typical granule sample. 

3.3.2. Linearity between the daughter oligosaccharide markers and parent 

polysaccharide 

In order to verify if there is linear relationship between the daughter oligosaccharide 

markers and the parent polysaccharide, the ABEE-labeled oligosaccharide makers were first 

isolated to be used in quantitative analysis. Their chemical structures (Figure 3.5) were 

elucidated by extensive methods including methylation analysis, sugar composition analysis, 

1D and 2D NMR spectra, LC-MS analysis of hydrolysate profile. As demonstrated in Figure 

3.6, these two markers showed satisfactory linearity to their peak areas and to the amount of 

parent polysaccharide. It was suggested that the oligo-markers produced from hydrolysis and 

ABEE-derivation have reliable linear relationship with the parent polysaccharide. In addition, 

the EIC mode of UHPLC-Q-TOF-MS was also reliable in the quantitation of oligo-markers. 

Therefore, these two linear relationships were further combined into one equation. That was the 

relationship between the EIC peak area of oligo-markers and the amount of the parent 

polysaccharide. The results indicated that the linearity calibration curves of the amounts of Te-

Man-ABEE and Pen-Man-ABEE to the amount of DOP showed good linearity with coefficients 

of determination (R2) not less than 0.994 in the linearity range from 0.68-16.02 µg. Thus, even 
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if the oligosaccharide markers are not isolated, it is still possible to determine the amount of 

DOP in herbal formula, as long as the target polysaccharide DOP is prepared. This makes the 

quantitative analysis much simpler. It means that the active polysaccharide in herb formula can 

be quantified once a specific oligo-marker is found for the target polysaccharide. Since EIC 

mode is adopted, these oligo-markers do not need to be separated in a very high resolution. 

These indicated that the proposed method was simple, efficient and accurate.  

 
Figure 3.5 Proposed chemical structures of A: Te-Man-ABEE and B: Pen-Man-ABEE. 
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Figure 3.6 Linearity relationship between peak area and amount of ABEE-labeled oligosaccharide markers (A); 

linearity relationship between the amount of oligosaccharide markers and the amount of parent DOP (B); linearity 

relationship between the peak area of oligosaccharide markers and the amount of DOP (C). A1 -C1: Te-Man-
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ABEE; A2-C2: Pen-Man-ABEE. 

3.3.3. Method validation of quantitative analysis 

3.3.3.1. Basic characterization of standard DOP 

Since the standard polysaccharide should have sufficient sugar content above 90% and the 

protein content should be below 5% so as to guarantee its linearity to the oligosaccharide 

markers. In this study, the total sugar content of standard DOP was determined at about 92.0% 

while the protein content was undetectable.  

3.3.3.2. Optimization of acid hydrolysis condition 

Polysaccharides can be broken down in the presence of acids like sulfuric acid, 

hydrochloric acid and trifluoroacetic acid (TFA). Since neutralization can be omitted by TFA 

hydrolysis, it is widely applied in carbohydrate analysis. However, it was reported that the 

polysaccharide analysis by acidic reaction highly depends on the types of polysaccharides 

(Wang, Zhao, Pu, & Luan, 2016). Thus, the acid hydrolysis conditions should be optimized for 

individual polysaccharides. The investigation of the hydrolysis of DOP was carried out under 

different concentrations (0.5 M, 1.0 M, 2.0 M) of TFA at 80℃ for 2 hr. Supplementary Figure 

3.7 presented that despite the change in the concentration of TFA, the chemical profiles of 

oligosaccharides were nearly the same. This indicated that TFA was able to hydrolyze the major 
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chain of the polysaccharides in different concentration so that the generated oligosaccharide 

fragments were specific to the polysaccharide. The oligosaccharide fragments produced 

retained the structural characteristic of DOP, so that they can be employed in qualitative and 

quantitative analysis. Since the treatment of 1.0 M TFA can produce a wide distribution range 

of oligosaccharides with a satisfactory yield of the markers, Te-Man-ABEE and Pen-Man-

ABEE, it was chosen as the operation. 

 

Figure 3.7 Investigation the effect of acid concentration in the generation of oligosaccharides in partial acid 

hydrolysis. 

3.3.3.3. Method validation 

Regarding the method precision, as shown in Table 3.2, the relative standard deviation 

(RSD) of intra-day and inter-day precision of Te-Man-ABEE of Dendrobium offcinale water 

extract, confection and granules were all less than 4.76% and 6.67% respectively while that of 

Pen-Man-ABEE in all the samples were all less than 3.66% and 6.91% respectively.  
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Using the established linearity, the proposed method of the two oligosaccharide markers 

also had acceptable results in the spike recovery test. The developed method was reproducible 

with a good accuracy in the range of 93.30-118.30% in water extract, 91.41-117.04% in 

confection and 97.71-112.91% at different concentration level in real sample determination.  

In summary, all the results demonstrated that the established method was highly specific, 

precise and accurate for DOP quantitation in Dendrobii containing herbal formula samples. 
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Table 3.2 Repeatability and accuracy of Dendrobium officinale water extract, confection and granules. 

Oligosaccharide markers Analyte 
Repeatability %(RSD) Spike recovery % (RSD, n=3) 

Intra-day (n=6) Inter-day (n=3) Low Middle High 

Te-Man-ABEE water extract 2.31 4.49 93.30 (4.05) 117.86 (1,41) 104.79 (0.74) 

Confection 4.76 6.67 102.24 (6.88) 100.05 (8.09) 91.41 (7.38) 

Granules 2.11 5.3 112.91 (5.16) 99.50 (5.19) 100.05 (3.79) 

Pen-Man-ABEE water extract 3.04 5.5 98.19 (0.83) 118.30 (2.80) 107.75 (0.87) 

Confection 3.66 5.23 103.62 (7.94) 117.04 (4.40) 96.47 (5.39) 

Granules 2.14 6.91 109.20 (2.80) 97.71 (7.37) 98.99 (6.01) 
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3.4. Quantitative analysis of real sample 

Although the polysaccharide marker DOP can determine the polysaccharide content in 

Dendrobium officinale, when it comes to the analysis of herbal formula samples, the HPGPC-

based method is unsuitable because no clear separation was observed between DOP and other 

polysaccharides (Figure 3.8). However, when six batches of Dendrobium officinale water 

extracts, 4 batches of confection and 1 batch of granules were used as real samples to further 

verify the proposed method, the determination of the polysaccharide content in Dendrobium 

officinale becomes possible. As shown in Figure 3.9 and Table 3.3, both oligosaccharide-

markers indicated the DOP contents in dry-powder samples (Herb 1-3) were more than 19.8%, 

while only 11.1% in fresh samples (Herb 4-6). There was no significant difference between the 

results given by the two markers. In addition, when compared the results given between the 

oligosaccharide markers and DOP markers (detected by reported HPGPC method), there was 

no significant difference (RSD < 9.85%). 
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Figure 3.8 Typical HPGPC chromatograms of Dendrobium officinale water extracts and Dendrobium officinale 

polysaccharide standard (DOP std) as well as two Dendrobii related products. 

 

Figure 3.9 Quantitation of DOP by the LC-MS based on oligosaccharide-marker and by the HPGPC based on 

polysaccharide-marker in six batches of Dendrobium officinale water extracts. 
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Table 3.3 The content of DOP (mg/g) (n=3) in Dendrobium officinale water extracts, confections and granules by using oligosaccharide markers Te-Man-ABEE 

and Pen-Man-ABEE. 

 

Type 

Analyte 

Water extracts (mg/g) Confections (mg/g) Granules (mg/g) 

1 2 3 4 5 6 1 2 3 4 1 

Te-Man-ABEE 245.12(1.32) 401.38(0.13) 208.00(0.28) 148.48(0.97) 205.78(0.30) 110.77(0.20) 0.20(6.50) 0.28(1.13) 0.28(1.10) 0.28(2.87) 32.55(2.37) 

Pen-Man-ABEE 248.98(0.78) 382.02(0.89) 198.13(0.61) 150.14(1.02) 213.63(1.92) 122.32(0.99) 0.19(5.53) 0.29(3.04) 0.29(3.02) 0.28(3.48) 31.88(2.57) 

RSD between two markers 1.11 3.50 3.44 0.79 2.65 7.01 3.72 1.36 0.55 1.47 1.48 

RSD between oligosaccharide 

markers and polysaccharide 

marker 

2.11 6.36 2.76 1.02 3.33 5.33 NA NA NA NA NA 
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These two oligosaccharide-markers also showed similar results in the determination of 

DOP in herbal formula products, confection and granules (Table 3.3). The DOP content in the 

confection samples was around 0.028% (n=3) while that in granules was approximated to 

3.19% (n=3) (Figure 3.10). Concerning the calculation of the DOP content by Te-Man-ABEE 

and Pen-Man-ABEE in all samples, the RSD was not larger than 7.01%. 

 

Figure 3.10 Quantitation of DOP by the established method in 4 batches of confection and 1 batch of granules. 

3.5. Conclusion 

In the present study, by taking Dendrobium officinale as a model herb, a simple and 

efficient method based on ABEE-labeled oligosaccharide marker was developed for qualitative 

and quantitative characterization of polysaccharide in herb formula. These oligosaccharide 
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markers were specific in herb product that showed satisfactory linearity relationship with the 

content of Dendrobium officinale polysaccharide marker DOP. The results of methodology 

validation showed that this was a reliable quantitative method, and therefore, could be widely 

applicable in herb formula products. 
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CHARPTER 4 SUMMARY AND FUTURE PROSPECTS 

4.1. Summary 

In the current study, an ABEE-labeled oligosaccharides approach has been adopted in the 

identification, quantification and structural elucidation of DOP. The quality control of D. 

officinale is always facing the problem of adulteration of mixing other Dendrobium species. 

Since the appearance of the stem of Dendrobium is similar to each other, especially after 

processed into commercial product “fengdou”, people will have a higher chance to buy fake or 

low-quality products. However, the current authentication strategies based on morphological 

methods, microscopic method and phytochemical analysis cannot solve the problem because of 

the requirement on experience and similar chemical profile.  

Although DOP has been successfully employed as the chemical marker to distinguish D. 

officinale from other Dendrobium species, the HPGPC-based method is restricted in analyzing 

herbal formula. In addition, there is no conclusion on the structure of DOP even though different 

research groups used the same herb with the same polysaccharide preparation. As the chemical 

structure of the marker is important for drug efficacy and drug safety, without a clear 

understanding on the structure, the utilization of DOP as a marker is restricted. 

The ABEE-labeled oligosaccharides approach can solve the current situation of the quality 
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control of D. officinale in two ways. First, the isolated oligosaccharides generated from partial 

acid hydrolysis of DOP can reveal the backbone structure. In this study, DOP has hydrolyzed 

into oligosaccharide fragments which were then derivatized with ABEE. The ABEE labelling 

not only transforms the oligosaccharides into easy-separate glycosides, but also gives more 

reliable results from methylation analysis, NMR spectrometry and MS spectroscopy. It was 

found that the previously reported backbone of DOP containing mannose and glucose around 

5:1 was not correct, and it should be only composed of a β-D-1,4-linked Manp chain. The 

misunderstanding of β-D-1,4-linked Glcp as part of the backbone is mainly because the 

previously reported research analyzed the whole polysaccharides or oligosaccharide mixtures 

directly. Existing analytical methods are not powerful enough to distinguish which signals 

belong to the backbone or side chains. However, in this study, the oligosaccharides were 

isolated and purified. By analyzing the major oligosaccharide of the isomers, it was found that 

only the signals of β-D-1,4-linked Manp were presented in the oligosaccharides. In addition, 

the analysis was conducted from smaller oligosaccharides to larger oligosaccharides so as to 

identify the additional saccharide unit in larger oligosaccharides. Although NMR spectrometry 

is a powerful tool which can reflect the structural information of chemicals, the signals of 

carbohydrates are overlapped seriously. In this study, clear NMR spectra signals were observed 

in oligosaccharides with DP 2-5, but when the oligosaccharide became larger, overlapping 
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occurred. However, the signals of the anomeric protons and carbons from the additional 

saccharide unit only overlapped in the region of δ 4.60-4.80 ppm and δ 80.00 ppm in the HMBC 

spectra. This indicates that the additional saccharide unit has the same type of glycosidic linkage 

as the smaller oligosaccharide.  

Subsequently, the isolated and purified ABEE-labeled oligosaccharides not only help to 

reveal the backbone structure of DOP, but also solve the shortcoming of the polysaccharide 

marker DOP in the analysis of Dendrobii containing herbal products. First, the specificity of 

the oligosaccharide markers in herbal product samples were determined. it found that consistent 

fingerprint patterns were produced among different batches. This indicates that the partial acid 

hydrolysis of DOP to generate oligosaccharide markers is reliable and repeatable. Furthermore, 

it was found that the supernatant of ethanol precipitation of herb water extract (originally 

existed saccharides) only contains monosaccharides and disaccharides. Therefore, tetramer or 

larger oligomers shows high specificity to the polysaccharide. Since the intensity decreases with 

the increases in the saccharide chain, tetramer and pentamer were finally selected as the marker 

candidates to sufficient signal intensity and specificity. With regard to the specificity of these 

two marker candidates in the DO products (confection and granules) and DO-blank herb 

products, the EIC chromatograms of m/z ratio at 814.2970 and 976.3607 (m/z ratio of Te-Man-

ABEE and Pen-Man ABEE in negative mode) were employed. It was found that these two 
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markers only existed in DOP-containing samples while other herbs did not have these oligomers. 

In addition to the specificity of these oligosaccharide markers in the identification of the 

presence of DOP in herbal products, linearity between the oligosaccharide markers and the 

parent polysaccharide was also investigated. The results showed that good linearity was found 

between the markers and the polysaccharides, and markers presented a satisfied method 

validation in the quantitative analysis.  

Consequently, by applying the ABEE-labeled oligosaccharide approach in the analysis of 

DOP in D. officinale and DO products, it was found that the DOP content determined by the 

two markers were comparable to that given from HPGPC method with no significant difference 

(RSD < 9.85%). Concerning the analysis of DO products, the results showed that the DOP 

content in the confection samples was around 0.028% (n=3) while that in granules was 

approximated to 3.19% (n=3). Importantly, the calculation of the DOP content by Te-Man-

ABEE and Pen-Man-ABEE in all samples showed no significant difference as the RSD was not 

larger than 7.01%. The means that all of the oligosaccharide markers are reliable in the 

determination of DOP content in different types of products. 

In fact, the ABEE-labeled oligosaccharides approach in monitoring the polysaccharide in 

D. officinale and D. officinale containing product provides a great improvement in the analysis 

of carbohydrates. D. officinale is an excellent example to explain the difficulty of quality control 
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on saccharide-dominant herbal materials because the traditional techniques on monitoring the 

small molecules chemical profile is not always efficacious. However, monitoring the 

carbohydrates inside an herbal material is not an easy task because of the restriction on the 

choice of analytical methods. DOP can be used as the polysaccharide marker in quantifying the 

polysaccharide content in D. officinale, and it also demonstrates great bioactivities in different 

experiments. However, scientists are still paying their effort on the structural elucidation of 

DOP. Surprisingly, this method not only help to reveal the backbone structure, but also 

demonstrate the possibility of becoming chemical markers. With this proposed application, it is 

believed that ABEE-labeled oligosaccharides approach can be also applied in the analysis of 

other saccharide-dominant herbal materials which in turns helps to find out the bioactivity 

mechanism of polysaccharides. 

4.2. Future prospect 

Even though ABEE-labeled oligosaccharides approach can help to characterizing the 

backbone structure of polysaccharides and developing qualitative and quantitative quality 

control method in monitoring the polysaccharide content in herbal materials or herbal products, 

it cannot be applied if the polysaccharides have specific functional group or complicated branch 

structures. Thus, some modifications are needed in order to fully elucidate the structure of 



118 

 

polysaccharides.  

First, regarding the linkage of specific functional groups on polysaccharide. In addition to 

the disputation on whether β-D-1,4-linked Glcp, another argument is about the linkage position 

of O-acetyl groups. There are quite a lot of studies reported the presence of O-acetyl groups on 

DOP (Xing et al., 2015), in which the study conducted by Xing et al., 2015 reported that O-

acetyl groups were linked to mannose at O-2 or O-3 position.  

The reason why ABEE-labeled oligosaccharides approach cannot determine the position 

of O-acetyl groups is because dissociation of O-acetyl groups occurs during the partial acid 

hydrolysis of DOP. Investigation on the presence of O-acetyl groups in the DOP hydrolysates 

was done by using EIC chromatograms. However, no evidence was found as all the 

oligosaccharide peaks presented on the chromatogram only gave out [M-H]- and [M-

H+HCOO]- ions, but without the presence of [M-H+42]- and [M-H+HCOO+42]- where 42 is 

the molecular weight of acetyl in negative mode. There are several studies reported that the O-

acetyl groups on polysaccharides will be dissociated in the presence of acid (Maloney, Chapman, 

&Baker, 1985). Therefore, for the sake of investigating the linking position of O-acetyl groups 

on DOP, a better method may be the enzymatic hydrolysis of DOP by endo-β- mannanase (Xing 

et al., 2015). Our preliminary study of using enzymatic hydrolysis of DOP followed by ABEE 

derivatization shows that numerous oligosaccharide peaks were found. These oligosaccharide 
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peaks were different to the peaks produced by acid hydrolysis, since the presence of [M-H+42]- 

and [M-H+HCOO+42]- ions were found in the mass spectra. It is believed that these 

oligosaccharides can also be isolated by HPLC with C18 column, and the isolated and purified 

oligosaccharides can be analyzed following the proposed ABEE-labeled oligosaccharides 

approach.  

Second, concerning to the analysis of side-chain structure of DOP, it can be determined by 

analysis the minor oligosaccharide isomers. In the acid hydrolysis of DOP, besides the major 

oligosaccharide isomers, there are also a series of minor oligosaccharides isomers. Thereinto, 

one of the minor oligosaccharides, Te-2-ABEE, was isolated. ABEE-based MS sequencing, 

monosaccharide composition analysis and NMR spectroscopy were done. As shown in Figure 

4.1, in the chromatogram of the first hydrolysis, it showed that Tri-Man-ABEE was presented, 

which implies that Te-2-ABEE should have the sequence fragment of Tri-Man-ABEE in its 

structure. After the re-ABEE labeling, it presented a completely different chromatogram 

compare with the chromatogram of Te-Man-ABEE. In addition, additional peaks of glucose 

and a di-saccharide (Glc-Man) presented. These indicates that the sequence of Te-2-ABEE is 

Glc-Man-Man-Man with glucose as the terminal end.  



120 

 

 

Figure 4.1 UHPLC-Q-TOF-MS chromatograms of ABEE-based MS sequencing of Te-2-ABEE. 

Relevant evident was also demonstrated in the NMR spectrometry. As shown in Figure 

4.2, there was a difference in the anomeric carbon region between Te-2-ABEE and Te-Man-

ABEE. It was obvious that a signal on δ 105 ppm was only presented in Te-2-ABEE. In addition 

to the 13C NMR spectra, there is difference in the 1H NMR spectra. The signal of δ 4.7 ppm in 

Te-Man-ABEE was absent in Te-2-ABEE. Instead, new peaks were appeared in δ 4.5 ppm 

which indicates the presence of glucose. All these results indicate that the sequence of Te-2-

ABEE is completely different to that of Te-Man-ABEE. Therefore, by investigating the minor 

oligosaccharide isomers, it is possible to determine the side-chain structure of DOP. 
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Figure 4.2 13C NMR spectra of Te-2-ABEE and Te-Man-ABEE. 
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Figure 4.3 1H NMR spectra of Te-2-ABEE and Te-Man-ABEE. 

  



123 

 

REFERENCES 

Ai, Y., Yu, Z., Chen, Y., Zhu, X., Ai, Z., Liu, S., & Ni, D. (2016). Rapid Determination of the 

Monosaccharide Composition and Contents in Tea Polysaccharides from Yingshuang 

Green Tea by Pre-Column Derivatization HPLC. Journal of Chemistry, 2016, 1-5.  

Blanco Gomis, D., Muro Tamayo, D., & Mangas Alonso, J. (2001). Determination of 

monosaccharides in cider by reversed-phase liquid chromatography. Analytica Chimica 

Acta, 436(1), 173-180.  

Bradbury, A. G. W. (1990). Gas chromatography of carbohydrates in food. In Principles and 

Applications of Gas Chromatography in Food Analysis, 111-144.  

Braun, H., Fontes, P. C. R., Silva, T. P.da, Finger, F. L., Cecon, P. R., Ferreira, A. P. S. (2016). 

Carbohydrates Concentration in leaves of potato plants affected by nitrogen fertilization 

rates. Revista Ceres, 63(2), 241-248.  

Cai, T., Ting, H., & Jin-Lan, Z. (2016). Novel identification strategy for ground coffee 

adulteration based on UPLC-HRMS oligosaccharide profiling. Food Chemistry, 190, 

1046-1049. 

Chen, X., Yamamoto, C., & Okamoto, Y. (2007). Polysaccharide derivatives as useful chiral 

stationary phases in high-performance liquid chromatography. Pure Appl. Chem, 79(9), 

1561-1573. 

Chen, Y., Yao, F., Ming, K., Wang, D., Hu, Y., & Liu, J. (2016). Polysaccharides from traditional 

Chinese medicines: Extraction, purification, modification, and biological activity. 

Molecules, 21(12), E1705. 

Cheng, H. L., & Her, G. R. (2002). Determination of linkages of linear and branched 

oligosaccharides using closed-ring chromophore labeling and negative ion trap mass 

spectrometry. Journal of the American Society for Mass Spectrometry, 13(11), 1322-1330.  



124 

 

Cheng, H. L., Pai, P. J., & Her, G. R. (2007). Linkage and Branch Determination of N-linked 

Oligosaccharides Using Sequential Degradation/Closed-Ring Chromophore 

Labeling/Negative Ion Trap Mass Spectrometry. Journal of the American Society for Mass 

Spectrometry, 18(2), 248-259.  

Cheng, H. N., & Neiss, T. G. (2012). Reviews Solution NMR Spectroscopy of Food 

Polysaccharides. Polymer Reviews, 52, 81-114. 

Cheng, J., Dang, P. P., Zhao, Z., Yuan, L. C., Zhou, Z. H., Wolf, D., & Luo, Y. B. (2019). An 

assessment of the Chinese medicinal Dendrobium industry: Supply, demand and 

sustainability. Journal of Ethnopharmacology, 229(December), 81-88.  

Cheong, K., Wu, D., Deng, Y., Leong, F., Zhao, J., Zhang, W., & Li, S. (2016). Qualitation and 

quantification of specific polysaccharides from Panax species using GC-MS, saccharide 

mapping and HPSEC-RID-MALLS. Carbohydrate Polymers, 153, 47-54.  

Chiesa, C., Oefner, P. J., Zieske, L. R., & O’Neill, R. A. (n.d.). Micellar electrokinetic 

chromatography of monosaccharides derivatized with 1-phenyl-3-methyl-2-pyrazolin-5-

one. Journal of Capillary Electrophoresis, 2(4), 175-183. 

Dai, J., Wu, Y., Chen, S., Zhu, S., Yin, H., Wang, M., & Tang, J. (2010). Sugar compositional 

determination of polysaccharides from Dunaliella salina by modified RP-HPLC method 

of precolumn derivatization with 1-phenyl-3-methyl-5-pyrazolone. Carbohydrate 

Polymers, 82(3), 629-635.  

Dalpathado, D. S., Jiang, H., Kater, M. A., & Desaire, H. (2005). Reductive amination of 

carbohydrates using NaBH(OAc)3. Analytical and Bioanalytical Chemistry, 381(6), 1130-

1137. 

Deng, Y., Chen, L. X., Han, B. X., Wu, D. T., Cheong, K. L., Chen, N. F., Li, S. P. (2016). 

Qualitative and quantitative analysis of specific polysaccharides in Dendrobium 

huoshanense by using saccharide mapping and chromatographic methods. Journal of 

Pharmaceutical and Biomedical Analysis, 129, 163-171.  



125 

 

Deng, Y., Han, B. X., Hu, D. J., Zhao, J., & Li, S. P. (2018). Qualitation and quantification of 

water soluble non-starch polysaccharides from Pseudostellaria heterophylla in China 

using saccharide mapping and multiple chromatographic methods. Carbohydrate 

Polymers, 199(June), 619-627.  

Di, X., Chan, K. K. C., Leung, H. W., & Huie, C. W. (2003). Fingerprint profiling of acid 

hydrolyzates of polysaccharides extracted from the fruiting bodies and spores of Lingzhi 

by high-performance thin-layer chromatography. Journal of Chromatography A, 1018(1), 

85-95.  

Duus, J., Gotfredsen, C. H., & Bock, K. (2000). Carbohydrate structural determination by NMR 

spectroscopy: modern methods and limitations. Chemical Reviews, 100(12), 4589-4614.  

ElRassi, Z. (1995). Carbohydrate analysis: high performance liquid chromatography and 

capillary electrophoresis. Electrophoresis, 16(1), 1-672. 

Engelking, L. R. (2014). Chemical Composition of Living Cells. Textbook of Veterinary 

Physiological Chemistry, 2-6.  

Fan, Y., He, X. J., Zhou, S., Luo, A., He, T., & Chun, Z. (2009). Composition analysis and 

antioxidant activity of polysaccharide from Dendrobium denneanum. International Journal 

of Biological Macromolecules. 

Galermo, A. G., Nandita, E., Barboza, M., Amicucci, M. J., Vo, T. T. T., & Lebrilla, C. B. (2018). 

Liquid Chromatography-Tandem Mass Spectrometry Approach for Determining 

Glycosidic Linkages. Analytical Chemistry, 90(21), 13073-13080.  

Ghfar, A. A., Wabaidur, S. M., Ahmed, A. Y. B. H., Alothman, Z. A., Khan, M. R., & Al-Shaalan, 

N. H. (2015). Simultaneous determination of monosaccharides and oligosaccharides in 

dates using liquid chromatography-electrospray ionization mass spectrometry. Food 

Chemistry, 176, 487-492.  

González-Fernández, Á., Faro, J., & Fernández, C. (2008). Immune responses to 



126 

 

polysaccharides: Lessons from humans and mice. Vaccine, 26(3), 292-300. 

Goubet, F., Jackson, P., Deery, M. J., & Dupree, P. (2002). Polysaccharide analysis using 

carbohydrate gel electrophoresis. A method to study plant cell wall polysaccharides and 

polysaccharide hydrolases. Analytical Biochemistry, 300(1), 53-68. 

Guo, H., Liu, F., Jia, G., Zhang, W., & Wu, F. (2013). Extraction optimization and analysis of 

monosaccharide composition of fucoidan from Saccharina japonica by capillary zone 

electrophoresis. Journal of Applied Phycology, 25(6), 1903-1908.  

Gutiérrez, R. M. P. (2010). Orchids: A review of uses in traditional medicine, its phytochemistry 

and pharmacology. Journal of Medicinal Plants Research, 4(8), 592-638. 

Haaland, E. (1976). The effect of light and CO2 on the carbohydrates in stock plants and 

cuttings of Campanula isophylla Moretti. Scientia Horticulturae, 5(4), 353-361. 

Harvey, D. J. (2011). Derivatization of carbohydrates for analysis by chromatography; 

electrophoresis and mass spectrometry. Journal of Chromatography B: Analytical 

Technologies in the Biomedical and Life Sciences, 879, 1196-1225.  

He, T. B, Huang, Y. P., Yang, L., Liu, T. T., Gong, W. Y., Wang, X. J., Hu, J. M. (2016). Structural 

characterization and immunomodulating activity of polysaccharide from Dendrobium 

officinale. International Journal of Biological Macromolecules, 83, 34-41. 

Ho, W. S. (2019). Naturally Occurring Small Molecules for Disease and Cancer Treatment, 

Therapeutic Benefits in Combination Therapy, 172. 

Honda, S., Suzuki, S., & Taga, A. (2003). Analysis of carbohydrates as 1-phenyl-3-methyl-5-

pyrazolone derivatives by capillary/microchip electrophoresis and capillary 

electrochromatography. Journal of Pharmaceutical and Biomedical Analysis, 30(6), 1689-

1714. 

Hounsell, E. F., Davies, M. J., & Smith, K. D. (2002). Monosaccharide Analysis by Gas 

Chromatography (GC). The Protein Protocols Handbook, 809-810.  



127 

 

Hsieh, Y. S.Y., Chien, C., Liao, S. K.S., Liao, S.F., Hung, W.T., Yang, W.B., Wong, C.H. (2008). 

Structure and bioactivity of the polysaccharides in medicinal plant Dendrobium 

huoshanense. Bioorganic & Medicinal Chemistry, 16(11), 6054-6068.  

Hu, H. C., Zhang, S., Zeng, T., Wu, N., Ni, Y., Huang, L., Chai, X. S. (2018). Determination of 

the Acetyl Group in Biomass and Its Products by Headspace Gas Chromatography. Energy 

and Fuels, 32(1), 450-454.  

Hu, K., Liu, Q., Wang, S., & Ding, K. (2009). New oligosaccharides prepared by acid hydrolysis 

of the polysaccharides from Nerium indicum Mill and their anti-angiogenesis activities. 

Carbohydrate Research, 344(2), 198-203. 

Hua, Y., Zhang, M., Fu, C., & Chen, Z. (2004). Structural characterization of a 2-O-

acetylglucomannan from Dendrobium officinale stem. 339, 2219-2224. 

Huang, K., Li, Y., Tao, S., Wei, G., Huang, Y., Chen, D., Wu, C. (2016). Purification, 

Characterization and Biological Activity of Polysaccharides from Dendrobium officinale. 

Molecules, 21(6), 701.  

Huang, X., Nie, S., Cai, H., Zhang, G., Cui, S. W., Xie, M., & Phillips, G. O. (2015). Study on 

Dendrobium officinale O-acetyl-glucomannan (Dendronan): Part IV. Immunomodulatory 

activity in vivo. Journal of Functional Foods, 15, 525-532. 

Hui Wang. (2012). Monosaccharide compositional analysis of purified polysaccharide from 

Tricholoma matsutake by capillary gas chromatography. Journal of Medicinal Plants 

Research, 6(10), 1935-1940.  

Ikegami, T., Horie, K., Saad, N., Hosoya, K., Fiehn, O., & Tanaka, N. (2008). Highly efficient 

analysis of underivatized carbohydrates using monolithic-silica-based capillary 

hydrophilic interaction (HILIC) HPLC. Analytical and Bioanalytical Chemistry, 391(7), 

2533-2542. 

Kevin, J., (2015). HILIC Separation of Carbohydrates using BEH Amide Particle Technology. 



128 

 

Chromatography Today, 14–18. 

Jin, C., Du, Z., Lin, L., Zhou, L., Li, S., Liu, Q., & Ding, K. (2017). Structural characterization 

of mannoglucan from Dendrobium nobile Lindl and the neuritogenesis-induced effect of 

its acetylated derivative on PC-12 cells. Polymers, 9(9), 399.  

Kailemia, M. K., Ruhaak, L. R., Lebrilla, C. B., & Amster, I. J. (2014). Oligosaccharide 

Analysis By Mass Spectrometry: A Review Of Recent Developments Oligosaccharide 

Analysis. Analytical Chemistry, 86(1), 196-212. 

Kumbar, S. G., Toti, U. S., Deng, M., James, R., Laurencin, C. T., Aravamudhan, A., Ramos, 

D. M. (2011). Novel mechanically competent polysaccharide scaffolds for bone tissue 

engineering. Biomedical Materials, 6(6), 065005 

Leijdekkers, A. G. M., Sanders, M. G., Schols, H. A., & Gruppen, H. (2011). Characterizing 

plant cell wall derived oligosaccharides using hydrophilic interaction chromatography 

with mass spectrometry detection. Journal of Chromatography A, 1218(51), 9227-9235.  

Li, L. F., Liu, H. B., Zhang, Q. W., Li, Z. P., Wong, T. L., Fung, H. Y., Han, Q. B. (2018). 

Comprehensive comparison of polysaccharides from Ganoderma lucidum and G. sinense: 

Chemical, antitumor, immunomodulating and gut-microbiota modulatory properties. 

Scientific Reports, 8(1), 1-12. 

Li, Qing, Li, B., Zhou, L.S., Ding, G., Li, B., & Guo, S.X. (2017). Molecular analysis of 

polysaccharide accumulation in Dendrobium nobile infected with the mycorrhizal fungus 

Mycena sp. RSC Advances, 7(42), 25872-25884. 

Li, Qiu, Niu, Y., Xing, P., & Wang, C. (2018). Bioactive polysaccharides from natural resources 

including Chinese medicinal herbs on tissue repair. Chinese Medicine (United Kingdom), 

13, 1-11. 

Li, Saijuan, Li, M., Yue, H., Zhou, L., Huang, L., & Du, Z. (2018). Structural elucidation of a 

pectic polysaccharide from Fructus Mori and its bioactivity on intestinal bacteria strains. 



129 

 

Carbohydrate Polymers, 186, 168-175. 

Li, S. P., Wu, D. T, Lv, G. P., & Zhao, J. (2013). Carbohydrates analysis in herbal glycomics. 

TrAC - Trends in Analytical Chemistry, 52, 155-169. 

Liu, H., Luo, Y. B., Heinen, J., Bhat, M., & Liu, Z. J. (2014). Eat your orchid and have it too: 

A potentially new conservation formula for Chinese epiphytic medicinal orchids. 

Biodiversity and Conservation, 23(5), 1215-1228. 

Liu, W., Su, J., Li, S., Lang, X., & Huang, X. (2018). Non-structural carbohydrates regulated 

by season and species in the subtropical monsoon broad-leaved evergreen forest of Yunnan 

Province, China. Scientific Reports, 8(1), 1083. 

Loka, D. A., &Oosterhuis, D. M. (2016). Effect of high night temperatures during anthesis on 

cotton (Gossypium hirsutum L.) pistil and leaf physiology and biochemistry. AJCS, 10(5), 

741-748.  

Lu, J., Ai, C., Guo, L., Fu, Y., Cao, C., & Song, S. (2017). Characteristic oligosaccharides 

released from acid hydrolysis for the structural analysis of chondroitin sulfate. 

Carbohydrate Research, 449, 114-119. 

Lu, X., Zheng, Z., Miao, S., Li, H., Guo, Z., Zhang, Y., Xiao, J. (2017). Separation of 

oligosaccharides from lotus seeds via medium-pressure liquid chromatography coupled 

with ELSD and DAD. Scientific Reports, 7. 

Luo, A., Ge, Z., Fan, Y., Luo, A., Chun, Z., & He, X. (2011). In vitro and in vivo antioxidant 

activity of a water-soluble polysaccharide from Dendrobium denneanum. Molecules, 16(2), 

1579-1592. 

Luo, A. X., He, X. J., Zhou, S. D., Fan, Y. J., He, T., & Chun, Z. (2009). In vitro antioxidant 

activities of a water-soluble polysaccharide derived from Dendrobium nobile Lindl. 

extracts. International Journal of Biological Macromolecules, 45(4), 359-363. 

Lv, G. P., Hu, D. J., Cheong, K. L., Li, Z. Y., Qing, X. M., Zhao, J., & Li, S. P. (2015). Decoding 



130 

 

glycome of Astragalus membranaceus based on pressurized liquid extraction, microwave-

assisted hydrolysis and chromatographic analysis. Journal of Chromatography A, 1409, 

19-29. 

Ma, H., Zhang, K., Jiang, Q., Dai, D., Li, H., Bi, W., & Chen, D. D. Y. (2018). Characterization 

of plant polysaccharides from Dendrobium officinale by multiple chromatographic and 

mass spectrometric techniques. Journal of Chromatography A, 1547, 29-36. 

Maloney, M. T., Chapman, T. W., & Baker, A. J. (1985). Dilute Acid Hydrolysis of Paper Birch: 

Kinetics Studies of Xylan and Acetyl- Group Hydrolysis. Biotechnol Bioeng, 27(3), 355-

361. 

Matsuura, F., Ohta, M., Murakami, K., Hirano, K., & Sweeley, C. C. (1992). The combination 

of normal phase with reversed phase high performance liquid chromatography for the 

analysis of asparagine‐linked neutral oligosaccharides labelled with p‐aminobenzoic ethyl 

ester. Biomedical Chromatography, 6(2), 77-83. 

Merkle, R. K., & Poppe, I. (1994). Carbohydrate composition analysis of glycoconjugates by 

gas-liquid chromatography/mass spectrometry. Methods in Enzymology, 230, 1-15. 

Ming, X. J., Zhang, Y., Wang, Y., Wang, G., Zhao, J. F., Wang, C. H., Qu, X.-Y. (2019). 

Investigation and application of Dendrobium resources in Qinba Mountains with a 

discussion on industrial poverty alleviation model. China Journal of Chinese Materia 

Medica, 44(3), 614-618. 

Moore, J. C. (2005). Gel permeation chromatography. I. A new method for molecular weight 

distribution of high polymers. Journal of Polymer Science Part A: Polymer Chemistry, 

34(10), 1833-1841. 

Morlock, G. E., &Sabir, G. (2011). Comparison of two orthogonal liquid chromatographic 

methods for quantitation of sugars in food. Journal of Liquid Chromatography and Related 

Technologies, 34(10-11), 902-919. 



131 

 

Moura, F. A., Macagnan, F. T., & Silva, L. P. (2015). Oligosaccharide production by hydrolysis 

of polysaccharides: a review. International Journal of Food Science & Technology, 50(2), 

275-281. 

Needs, P. W., & Selvendran, R. R. (1993). An improved methylation procedure for the analysis 

of complex polysaccharides including resistant starch and a critique of the factors which 

lead to undermethylation. Phytochemical Analysis, 4(5), 210-216.  

Neville, D. C. A., Alonzi, D. S., & Butters, T. D. (2012). Hydrophilic interaction liquid 

chromatography of anthranilic acid-labelled oligosaccharides with a 4-aminobenzoic acid 

ethyl ester-labelled dextran hydrolysate internal standard. Journal of Chromatography A, 

1233, 66-70. 

Nielsen, S. S. (2003). Phenol-Sulfuric Acid Method for Total Carbohydrates. Food Analysis 

Laboratory Manual, 47-53. 

Pabst, M., & Altmann, F. (2011). Glycan analysis by modern instrumental methods. Proteomics, 

11(4), 631-643. 

Pan, L. H., Wang, J., Ye, X. Q., Zha, X. Q., & Luo, J. P. (2015). Enzyme-assisted extraction of 

polysaccharides from Dendrobium chrysotoxum and its functional properties and 

immunomodulatory activity. LWT - Food Science and Technology, 60(2), 1149-1154.  

Pei, C., Mi, C., Sun, L., Liu, W., Li, O., & Hu, X. (2017). Diversity of endophytic bacteria of 

Dendrobium officinale based on culture-dependent and culture-independent methods. 

Biotechnology & Biotechnological Equipment, 31(1), 112-119. 

Powderly, W. G., Schreiber, J. R., Pier, G. B., &Markham, R. B. (1988). T cells recognizing 

polysaccharide-specific B cells function as contrasuppressor cells in the generation of T 

cell immunity to Pseudomonas aeruginosa. Journal of Immunology, 140(8), 2746-2752. 

Pradhan, S., Paudel, Y. P., & Pant, B. (2013). Efficient regeneration of plants from shoot tip 

explants of Dendrobium densiflorum Lindl., a medicinal orchid. African Journal of 



132 

 

Biotechnology, 12(12), 1378-1383. 

Raclariu, A. C., Heinrich, M., Ichim, M. C., & deBoer, H. (2018). Benefits and Limitations of 

DNA Barcoding and Metabarcoding in Herbal Product Authentication. Phytochemical 

Analysis: PCA, 29(2), 123-128.  

Radcliffe, C. M., Royle, L., Campbell, M. P., Rudd, P. M., & Dwek, R. A. (2008). GlycoBase 

and autoGU: tools for HPLC-based glycan analysis. Bioinformatics, 24(9), 1214-1216.  

Rohmer, M., Baeumlisberger, D., Stahl, B., Bahr, U., & Karas, M. (2011). Fragmentation of 

neutral oligosaccharides using the MALDI LTQ Orbitrap. International Journal of Mass 

Spectrometry, 305(2-3), 199-208.  

Rosa, M., Prado, C., Podazza, G., Interdonato, R., González, J. A., Hilal, M., & Prado, F. E. 

(2009). Soluble sugars. Plant Signaling & Behavior, 4(5), 388-393.  

Rovio, S., Simolin, H., Koljonen, K., & Sirén, H. (2008). Determination of monosaccharide 

composition in plant fiber materials by capillary zone electrophoresis. Journal of 

Chromatography A, 1185(1), 139-144.  

Sanz, M. L., & Martínez-Castro, I. (2007). Recent developments in sample preparation for 

chromatographic analysis of carbohydrates. Journal of Chromatography A, 1153(1-2), 74-

89 

Sims, I. M., Carnachan, S. M., Bell, T. J., & Hinkley, S. F. R. (2018). Methylation analysis of 

polysaccharides: Technical advice. Carbohydrate Polymers, 188, 1-7.  

Soga, T., & Serwe, M. (2000). Determination of carbohydrates in food samples by capillary 

electrophoresis with indirect UV detection. Food Chemistry, 69(3), 339-344.  

Striegel, A. M., & Timpa, J. D. (1995). Molecular characterization of polysaccharides dissolved 

in Me2NAc-LiC1 by gel-permeation chromatography. Carbohydrate Research, 267, 271-

290 



133 

 

Tang, X. H., Yu, F., Liu, J., Gao, J., Yan, L. F., & Dong, M. M. (2014). Isolation and 

identification of anti-tumor polysaccharide LSP21 from Limonium sinense (Girard) 

Kuntze. International Journal of Biological Macromolecules, 70, 138-142.  

Tao, S., Lei, Z., Huang, K., Li, Y., Ren, Z., Zhang, X., Chen, H. (2019). Structural 

characterization and immunomodulatory activity of two novel polysaccharides derived 

from the stem of Dendrobium officinale Kimura et Migo. Journal of Functional Foods, 57, 

121-134.  

The Commission of the PPRC. (2015). Pharmacopoeia of People’s Republic of China. In 

Pharmacopoeia of People’s Republic of China, Pharmacopo, 115-116.  

Tojo, E., &Prado, J. (2003). A simple 1H NMR method for the quantification of carrageenans 

in blends. Carbohydrate Polymers, 53(3), 325-329. 

Volpi, N. (2011). Capillary electrophoresis of carbohydrates: from monosaccharides to complex 

polysaccharides. Springer Science & Business Media, 277. 

Volpi, N., Maccari, F., & Linhardt, R. J. (2008). Capillary electrophoresis of complex natural 

polysaccharides. Electrophoresis, 29(15), 3095-3106.  

Vreeker, G. C. M., & Wuhrer, M. (2017). Reversed-phase separation methods for glycan 

analysis. Analytical and Bioanalytical Chemistry, 409(2), 359-378. 

Wan, D., Jiao, L., Yang, H., & Liu, S. (2012). Structural characterization and immunological 

activities of the water-soluble oligosaccharides isolated from the Panax ginseng roots. 

Planta, 235(6), 1289-1297. 

Wang, H., Xin, H., Cai, J., Li, F., Jin, Y., & Fu, Q. (2016). Fingerprint profiling of Astragalus 

polysaccharides based on partial acid hydrolysis-hydrophilic interaction chromatography 

analysis and comprehensive quality evaluation of Astragalus membranaceus combined 

with reversed-phase liquid chromatography fingerprint analysis. Chinese Journal of 

Chromatography, 34(7), 726. 



134 

 

Wang, L., Yu, X., Yang, X., Li, Y., Yao, Y., Lui, E. M. K., & Ren, G. (2015). Structural and anti-

inflammatory characterization of a novel neutral polysaccharide from North American 

ginseng (Panax quinquefolius). International Journal of Biological Macromolecules, 74, 

12-17.  

Wang, Q. C., Zhao, X., Pu, J. H., & Luan, X. H. (2016). Influences of acidic reaction and 

hydrolytic conditions on monosaccharide composition analysis of acidic, neutral and basic 

polysaccharides. Carbohydrate Polymers, 143, 296-300. 

Wei, W., Feng, L., Bao, W. R., Ma, D. L., Leung, C. H., Nie, S. P., & Han, Q. B. (2016). 

Structure Characterization and Immunomodulating Effects of Polysaccharides Isolated 

from Dendrobium officinale. Journal of Agricultural and Food Chemistry, 64(4), 881-889.  

Wei, Y. A., & Fang, J. N. (1989). Determination of purity and molecular weight of 

polysaccharides by high performance gel permeation chromatography. Acta 

Pharmaceutica Sinica, 24(7), 532-536. 

Westphal, Y., Schols, H. A., Voragen, A. G. J., & Gruppen, H. (2010). Introducing porous 

graphitized carbon liquid chromatography with evaporative light scattering and mass 

spectrometry detection into cell wall oligosaccharide analysis. Journal of Chromatography 

A, 1217(5), 689-695. 

Wu, D. T., Cheong, K. L., Deng, Y., Lin, P. C., Wei, F., Lv, X. J., Li, S. P. (2015). 

Characterization and comparison of polysaccharides from Lycium barbarum in China 

using saccharide mapping based on PACE and HPTLC. Carbohydrate Polymers, 134, 12-

19.  

Wu, D. T., Cheong, K. L., Wang, L. Y., Lv, G. P., Ju, Y. J., Feng, K., Li, S. P. (2014). 

Characterization and discrimination of polysaccharides from different species of 

Cordyceps using saccharide mapping based on PACE and HPTLC. Carbohydrate 

Polymers, 103(1), 100-109. 

Wu, X., Jiang, W., Lu, J., Yu, Y., & Wu, B. (2014). Analysis of the monosaccharide composition 



135 

 

of water-soluble polysaccharides from Sargassum fusiforme by high performance liquid 

chromatography/electrospray ionisation mass spectrometry. Food Chemistry, 145, 976-

983. 

Xia, Y. G., Sun, H. M., Wang, T. L., Liang, J., Yang, B. Y., & Kuang, H. X. (2018). A modified 

GC-MS analytical procedure for separation and detection of multiple classes of 

carbohydrates. Molecules, 23(6), E1284.  

Xie, L., Zhang, Y., Peng, W., & Gan, B. (2011). Study on methods of deproteinization from 

Phellinus baumii polysaccharide. Journal of Chinese Medicinal Materials, 34(2), 293-295.  

Xing, X., Cui, S. W., Nie, S., Phillips, G. O., Goff, H. D., & Wang, Q. (2014). Study on 

Dendrobium officinale O-acetyl-glucomannan (Dendronan®): Part I. Extraction, 

purification, and partial structural characterization. Bioactive Carbohydrates and Dietary 

Fibre, 4(1), 74-83. 

Xing, X., Cui, S. W., Nie, S., Phillips, G. O., Goff, H. D., & Wang, Q. (2015a). Study on 

Dendrobium officinale O-acetyl-glucomannan (Dendronan®): Part V. Fractionation and 

structural heterogeneity of different fractions. Bioactive Carbohydrates and Dietary Fibre, 

5(2), 106-115. 

Xing, X., Cui, S. W., Nie, S., Phillips, G. O., Goff, H. D., & Wang, Q. (2015b). Study on 

Dendrobium officinale O-acetyl-glucomannan (Dendronan ®): Part II. Fine structures of 

O-acetylated residues. Carbohydrate Polymers, 117, 422-433. 

Xu, J., Guan, J., Chen, X. J., Zhao, J., &Li, S. P. (2011). Comparison of polysaccharides from 

different Dendrobium using saccharide mapping. Journal of Pharmaceutical and 

Biomedical Analysis, 55(5), 977-983. 

Xu, Jun, Han, Q. B., Li, S. L., Chen, X. J., Wang, X. N., Zhao, Z. Z., & Chen, H. B. (2013). 

Chemistry, bioactivity and quality control of Dendrobium, a commonly used tonic herb in 

traditional Chinese medicine. Phytochemistry Reviews, 12(2), 341-367.  



136 

 

Xu, Jun, Li, S.-L., Yue, R.-Q., Ko, C.-H., Hu, J.-M., Liu, J., Han, Q. B. (2014). A novel and 

rapid HPGPC-based strategy for quality control of saccharide-dominant herbal materials: 

Dendrobium officinale, a case study. Analytical and Bioanalytical Chemistry, 406(25), 

6409-6417. 

Yan, X. (2016). HPLC for Carbohydrate Analysis. HPLC Principle, Practices and Procedures, 

Nova Science. 

Yang, C., Guan, J., Zhang, J., & Li, S. (2010). Use of HPTLC to differentiate among the crude 

polysaccharides in six traditional Chinese medicines. Journal of Planar Chromatography 

– Modern TLC, 23(1), 46-49. 

Ye, Z., Dai, J.-R., Zhang, C.-G., Lu, Y., Wu, L.-L., Gong, A. G. W., Wang, Z.-T. (2017). 

Chemical Differentiation of Dendrobium officinale and Dendrobium devonianum by 

Using HPLC Fingerprints, HPLC-ESI-MS, and HPTLC Analyses. Evidence-Based 

Complementary and Alternative Medicine, 2017, 1-9. 

Yip, K. M., Xu, J., Tong, W. S., Zhou, S. S., Yi, T., Zhao, Z. Z., & Chen, H. B. (2016). 

Ultrasound-assisted extraction may not be a better alternative approach than conventional 

boiling for extracting polysaccharides from herbal medicines. Molecules, 21(11), E1569.  

Zauner, G., Koeleman, C. A. M., Deelder, A. M., & Wuhrer, M. (2012). Mass spectrometric O-

glycan analysis after combined O-glycan release by beta-elimination and 1-phenyl-3-

methyl-5-pyrazolone labeling. Biochimica et Biophysica Acta - General Subjects, 1820(9), 

1420-1428. 

Zemann, A., Nguyen, D. T., & Bonn, G. (1997). Fast separation of underivatized carbohydrates 

by coelectroosmotic capillary electrophoresis. Electrophoresis, 18(7), 1142-1147. 

Zha, X. Q., Luo, J. P., Luo, S. Z., & Jiang, S. T. (2007). Structure identification of a new 

immunostimulating polysaccharide from the stems of Dendrobium huoshanense. 

Carbohydrate Polymers. 



137 

 

Zha, X. Q., Pan, L. H., Luo, J. P., Wang, J. H., Wei, P., & Bansal, V. (2012). Enzymatic 

fingerprints of polysaccharides of Dendrobium officinale and their application in 

identification of Dendrobium species. Journal of Natural Medicines, 66(3), 525-534.  

Zhang, J., Zhang, Q., Wang, J., Shi, X., & Zhang, Z. (2009). Analysis of the monosaccharide 

composition of fucoidan by precolumn derivation HPLC. Chinese Journal of Oceanology 

and Limnology, 27(3), 578-582.  

Zhang, Z. P., Shen, C. C., Gao, F. L., Wei, H., Ren, D. F., & Lu, J. (2017). Isolation, purification 

and structural characterization of two novel water-soluble polysaccharides from Anredera 

cordifolia. Molecules, 22(8), E1276. 

Zhang, Z., Xiao, Z., & Linhardt, R. J. (2009). Thin layer chromatography for the separation and 

analysis of acidic carbohydrates. Journal of Liquid Chromatography and Related 

Technologies, 32(11-12), 1711-1732.  

Zheng, Y., Li, L., Feng, Z., Wang, H., Mayo, K. H., Zhou, Y., & Tai, G. (2018). Preparation of 

individual galactan oligomers, their prebiotic effects, and use in estimating galactan chain 

length in pectin-derived polysaccharides. Carbohydrate Polymers, 199, 526-533.  

Zhou, L., Liao, W., Chen, X., Yue, H., Li, S., & Ding, K. (2018). An arabinogalactan from fruits 

of Lycium barbarum L. inhibits production and aggregation of Aβ42. Carbohydrate 

Polymers, 195, 643-651.  

Zhou, L., Liao, W., Zeng, H., Yao, Y., Chen, X., & Ding, K. (2018). A pectin from fruits of 

Lycium barbarum L. decreases β-amyloid peptide production through modulating APP 

processing. Carbohydrate Polymers, 201, 65-74.  

Zhu, S., Niu, Z., Xue, Q., Wang, H., Xie, X., & Ding, X. (2018). Accurate authentication of 

Dendrobium officinale and its closely related species by comparative analysis of complete 

plastomes. Acta Pharmaceutica Sinica B, 8(6), 969-980.  

Zhu, Yan, Si, J., Guo, B., He, B., & Zhang, A. (2010). Quantitive variation of polysaccharides 



138 

 

content in cultivated Dendrobium candidum. China Journal of Chinese Materia Medica, 

35(4), 427-430. 

Zhu, Yang, Li, Q., Mao, G., Zou, Y., Feng, W., Zheng, D., Wu, X. (2014). Optimization of 

enzyme-assisted extraction and characterization of polysaccharides from Hericium 

erinaceus. Carbohydrate Polymers, 101, 606-613.  



139 

 

PUBLICATIONS 

Journal articles 

Wong, T. L., An, Y. Q., Yan, B. C., Yue, R. Q., Zhang, T. B., Ho, H. M., Sun, H. D. (2016). 

Comprehensive quantitative analysis of Chinese patent drug YinHuang drop pill by ultra-high-

performance liquid chromatography quadrupole time of flight mass spectrometry. Journal of 

Pharmaceutical and Biomedical Analysis, 125, 415-426.  

Wong, T. L., Li, L. F., Zhang, J. X., Bai, S. P., Zhou, L. S., Fung, H. Y., Ma, D. L., Leung, C. 

H., Zhao, Z. Z., Han, Q. B (2019)., Oligosaccharide-marker Approach for Qualitative and 

Quantitative Analysis of Specific Polysaccharide in Herb Formula by UHPLC-Q-TOF-MS: 

Dendrobium officinale, a case study, Journal of Chromatography A, 460388 

Wong, T. L., Li, L. F., Zhang, J. X., Bai, S. P., Zhou, L. S., Fung, H. Y., Ma, D. L., Leung, C. 

H., Zhao, Z. Z., Han, Q. B (2019)., Modified the Structural Elucidation of Polysaccharide 

Backbone by ABEE-labeled Oligosaccharides Approach, Dendrobium officinale, a case study, 

Analytical Chemistry. (in submission) 

Fung, H. Y., Lang, Y., Ho, H. M., Wong, T. L., Ma, D. L., Leung, C. H., Han, Q. B. (2017). 

Comprehensive Quantitative Analysis of 32 Chemical Ingredients of a Chinese Patented Drug 

Sanhuang Tablet. Molecules, 22(1), 111. 

Wei, W., Li, Z. P., Zhu, T., Fung, H. Y., Wong, T. L., Wen, X., Han, Q. B. (2017). Anti-Fatigue 

Effects of the Unique Polysaccharide Marker of Dendrobium officinale on BALB/c Mice. 



140 

 

Molecules, 22(1), 155.  

Li, L. F., Liu, H. B., Zhang, Q. W., Li, Z. P., Wong, T. L., Fung, H. Y., Han, Q. B. (2018). 

Comprehensive comparison of polysaccharides from Ganoderma lucidum and G. sinense: 

Chemical, antitumor, immunomodulating and gut-microbiota modulatory properties. Scientific 

Reports, 8(1). 

Li, L., Yao, H., Li, X., Zhang, Q., Wu, X., Wong, T. L., Han, Q. (2019). Destiny of Dendrobium 

officinale Polysaccharide after Oral Administration: Indigestible and Nonabsorbing, Ends in 

Modulating Gut Microbiota. Journal of Agricultural and Food Chemistry, 67(21), 5968-

5977.  

 

Patent 

US patent (application No. 62/847,912) entitled “ABEE-labeled oligosaccharides and their use 

in qualitative and quantitative analysis of Dendrobium officinale polysaccharides” by Han, 

Q.B., Wong, T. L., was filed on 07/12/2013.  



141 

 

CURRICULUM VITAE 

Academic qualification of the thesis author, Mr. WONG Tin Long: 

ƶ Received the degree of Bachelor of Pharmacy (Honours) from Hong Kong Baptist 

University, November 2015. 

August 2019 

 


