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ABSTRACT 

Structural elucidation of 2,3-O-acetyl-glucomannan from Dendrobium officinale plant 

Xiaohui Xing Advisors: 

University of Guelph, 2013 Dr. Steve W. Cui & Dr. H. Douglas Goff 

This study was focused on the detailed structural investigation of Dendrobium officinale 

2,3-O-acetyl glucomannan. A purified Dendrobium officilae polysaccharide sample (DOP) 

was obtained by sequential thermo-stable !-amylase treatments and multiple freeze-thaw 

treatments. DOP had an Mw of 312 kDa, consisted dominantly of mannose and glucose in a 

molar ratio of 6.9:1, and did not have branches. Acetyl groups were found attached to the O-2 

or O-3 position of some mannose residues of DOP based on 1 D 1H NMR, 2 D 1H-1H TOCSY, 

and 2 D 1H-1H COSY spectra. DOP was then treated with endo-"-mannanase to produce 

oligosaccharides rich in O-acetylated sugar residues (HDOP). Results of 1 D 1H, 1 D 13C, 2 D 

1H-1H COSY, 2 D 1H-1H TOCSY, 2 D 1H-1H NOESY, 2 D 1H-13C HMQC, and 2 D 1H-13C 

HMBC NMR analyses indicated that majority of O-acetylated mannoses were 

mono-substituted with acetyl groups at O-2 or O-3 position. There were small amounts of 

mannose residues with di-O-acetyl substitution at both O-2 and O-3 positions. Minor levels of 

mannoses with 6-O-acetyl, 2,6-di-O-acetyl, and 3,6-di-O-acetyl substitutions were also 

identified.  

Furthermore, gradient ethanol precipitation method was used to fractionate DOP to 

produce four major fractions that were all O-acetyl glucomannans but with different M/G ratio, 

molecular weight, and intrinsic viscosity. A method based on 1 D proton NMR spectroscopy 

was developed to calculate the degree of substitution (DS) of O-acetyl group of four 

glucomannan fractions, and the result indicated that these fractions were different in the 



 

degree of O-acetyl group substitution at O-2 and O-3 positions. MALDI-tof-MS analysis of 

the four major fractions subjected to mannanase and cellulose hydrolysis showed that these 

fractions varied in the distribution pattern of oligosaccharides.  

The proposed major structure of Dendrobium officinale glucomannan was shown as 

follows: 
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Chapter 1. INTRODUCTION AND LITERATURE REVIEW 

1.1.  Introduction 

Dendrobium, a genus identified by Olaf Swartz in 1799 AD, is the second largest genus 

in the family of Orchidaceae (Puchooa, 2004). It contains approximately 1100 species which 

are mainly distributed in the subtropical and tropical regions of Asia and Oceania (Wang & 

Zhao, 1990). Seventy-four Dendrobium species have been found in the tropical and 

subtropical provinces of China; fifteen of which grow in Taiwan (Editorial committee of Flora 

of China, 1999; Su, 2000). Since ancient times many Dendrobium plants have been used as 

ingredients for nutraceutical beverages and food products (Bao, Shun & Chen, 2001). For 

example, Dendrobium plants have been used by traditional Chinese medical practitioners to 

alleviate diabetes, obesity, rheumatoid arthritis, and many other diseases, which have been 

recorded in at least 18 ancient Chinese medical works including the Compendium of Materia 

Medica. Among all the Dendrobium herbs in China, Dendrobium officinale herb has been 

believed by traditional medical practitioners to have the best medicinal properties. 

Consequently, this herb is in high demand by Chinese. The wild herbal plant with taxonomic 

name “Dendrobium officinale Kimura et Migo”, called “Tie-Pi-Shi-Hu” in Chinese, grows 

mainly on the semi-shaded, humid rocks at an altitude of around 1600 m in the mountain areas 

of Southern Anhui, Eastern Zhejiang, Western Fujian, Northwestern Guangxi, Sichuan, and 

Southeastern Yunnan in China (Editorial committee of Flora of China, 1999). However, due to 

over-exploitation and habitat deterioration, this valuable herbal plant has been on the verge of 

extinction since the 1980’s, as listed in China Plant Red Data Book in 1987 (Fu, 1992). The 

imbalance between the high demand and the short supply of Dendrobium officinale herb 
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resulted in the price soaring to around $ 3000 per kilogram (Ding, Xu, Wang, Zhou, Xu & 

Wang, 2002; Li, Ding, Chu, Zhou, Ding & Gu, 2008). In order to meet market demands and to 

protect the wild sources of the herb, producers in China have developed plant tissue culture 

methods by inducing the explanted Dendrobium tissue segments to form protocorm-like 

bodies (PLBs). The PLBs are further developed into plantlets that can be grown into mature 

plants in farmlands or greenhouses. Recent statistics indicate that there are more than 130 

companies now producing Dendrobium herbs for commercial purposes in China. There are 

only three Dendrobium herbs, namely, Dendrobium officinale, Dendrobium nobile, and 

Dendrobium fimbriatum, listed in Chinese Pharmacopoeia (2005 edition) (Editorial 

committee of Chinese Pharmacopoeia, 2005), but many other Dendrobium herbs, such as 

Dendrobium huoshanense, are also consumed as folk medicines. 

Dendrobium plants are rich in polysaccharides, and the amounts present in mature plants 

are controlled by many genetic and environmental factors, in particular species differences (Li, 

Gao & Wang, 2004; Xu, Zhan & Liao, 2008; Zhao, Wang, Li, Tang & Gao, 2011), growth 

duration and harvest time (Jin, Zhang, Dai, Li & Xie, 2012; Jin, Yuan, Si, Zhang, Yu & Wang, 

2011; Li & Zhu, 2010; Lin, Zeng, Han & Sun, 2009; Zheng, Jiang, Silva, Mao, Hannaway & 

Lu, 2012a), blossoming (Jin, Yuan, Si, Zhang, Yu & Wang, 2011; Yuan, Bai, Si, Zhang & Jin, 

2011; Zhu, Si, Guo, He & Zhang, 2010), plant geography (Xu, Zhan & Liao, 2008), light 

intensities (Zheng, Jiang, Silva, Mao, Hannaway & Lu, 2012a), growing temperature, and 

humidity (Jiang, Liu, Shen & Liao, 2007; Zhu, Si, Guo, He & Zhang, 2010). The 

polysaccharide content of the Dendrobium plants cultured under favourable light, temperature, 

and humidity conditions in farmlands or greenhouses is equal to or even higher than of those 

growing in the wild (Jiang, Liu, Shen & Liao, 2007; Zhu, Si, Guo, He & Zhang, 2010). Thus, 
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culturing Dendrobium plantlets in “indoor plant factories” could be a good alternative to 

harvesting mature Dendrobium plant in farmlands in terms of the mass-production of 

polysaccharides (Wang, Shi & Zhang, 2012).  

Natural polysaccharides isolated from herbal plants have been shown to possess 

bioactivities. For example, the immune-stimulatory properties of Aloe vera glucomannan have 

been confirmed and used for the treatment of immune-related diseases (Grindlay & Reynolds, 

1986; Reynolds & Dweck, 1999). Since late 1980’s, researchers in China have focused on the 

polysaccharides extracted from Dendrobium plants, with the intention to develop 

polysaccharide-based drugs or food ingredients with specific health-enhancing functions (Cai 

et al., 1989; Wang, Zheng, He, Yu & Wu, 1988).  

It should be noted that Dendrobium officinale has been incorrectly named as 

“Dendrobium candidum” in many literature references (Bai & Bao, 2011). Therefore, to avoid 

ambiguity, the incorrectly termed “Dendrobium candidum” is referred to as “Dendrobium 

officinale” in this paper. 

1.2.  Literature review 

1.2.1. Extraction, purification, and fractionation of water-soluble Dendrobium 

polysaccharides 

1.2.1.1 Pretreatment 

After Dendrobium plants are harvested, the plants should be dried as soon as possible, 

because the physiological activities in the fresh plants continue as polysaccharides are 

hydrolyzed for energy supply (Chen, 2003). Traditionally, the fresh herb is dried by sunlight, 

but oven-drying substantially reduces the loss of polysaccharide by rapidly deactivating 
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degrading enzymes and terminating physiological activity (Chen, 2003). Dry herbal materials 

should be powdered in order to generate larger surface and thus increase extraction efficiency. 

Grinding, however, is the most important factor to ensure high yields of water-extractable 

polysaccharides from dry Dendrobium herbs (Qian & Lv, 2005).  

Since the Dendrobium plant is also rich in small hydrophobic molecules, such as lipids 

and alkanes (Wu, 2005), organic solvents are used to remove these small hydrophobic 

molecules from the herbal material (Chen, Lai & Lin, 2002). Solvents thus used have been 

pure ethanol (Qin, Ning & Yan, 2011), ethanol solutions (80% or 85%, v/v) (Chen, 2010; Li, 

Gao & Wang, 2004; Luo, Fan, Luo, He & Chun, 2010a), diethyl ether (Luo, Fan, Luo, He & 

Chun, 2010a), petroleum ether (Li, Xu, Pingtian & Dantian, 1990; Li, Gao & Wang, 2004; 

Zheng, Ge, Li, Jin & Tang, 2008), and acetone (Hua, Zhang, Fu, Chen & Chan, 2004). A 

traditional method to process Dendrobium herbs is to soak fresh Dendrobium stems in a hot 

ethanol solution and then dry in the sun (Qu, Liu & Shang, 2011). This method can 

significantly increase the yield of the hot water-extractable polysaccharide of the processed 

Dendrobium herb (Chen, Lai & Lin, 2002).  

1.2.1.2 Extraction of polysaccharides using hot water 

Hot water extraction is the most commonly-used method for the isolation of 

water-soluble polysaccharides from Dendrobium species. In order to obtain high yields, long 

soaking time, high water temperature, high water-to-sample ratio, and multiple extraction 

procedures are usually necessary. The extraction process can be further facilitated by physical 

methods such as ultrasonication and microwave treatment (Fan, Luo, Luo & Chun, 2009a; Liu, 

Zhao, Xu, Dong & Lei, 2011; Liu & Xiong, 2009; Luo, He, Fan, He, Liu & Chun, 2009a; Qin, 

Dong & Liu, 2012; Shang & Wang, 2010; Ye, 2009). For example, the ultrasonication 
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treatment can reduce the extraction time to 0.5-1.5 h and ensure relatively high polysaccharide 

yields (Fan, Luo, Luo & Chun, 2009a; Liu, Zhao, Xu, Dong & Lei, 2011; Luo, He, Fan, He, 

Liu & Chun, 2009a; Qin, Dong & Liu, 2012; Ye, 2009). The disadvantage of the two methods 

is that polysaccharides could be depolymerized during such treatments (Fan, Luo, Luo & 

Chun, 2009a; Liu & Xiong, 2009). Enzymatic methods have also been used to assist the water 

extraction. Cellulase and/or papain have thus been used (Shang & Wang, 2010; Zhang, Fan, 

Feng, Liu & Wei, 2011; Zhang, Liu, Wu, Xia & Mao, 2005b). Their combined use also 

facilitates hot water-extraction of Dendrobium huoshanense polysaccharides (Wei, Shao, Yao 

& Yang, 2009). It should be noted that cellulase breaks down O-acetylated 

"-D-1,4-glucomannan, a main polysaccharide component of Dendrobium huoshanense (Hsieh 

et al., 2008), Dendrobium officinale (Hua, Zhang, Fu, Chen & Chan, 2004), and Dendrobium 

moniliforme (Chen, 2003).  

Following hot water extraction, polysaccharides are usually recovered by ethanol 

precipitation, and subsequently are dialyzed and freeze-dried to obtain a crude water-soluble 

polysaccharide. 

1.2.1.3 Isolation of mucilage polysaccharides and cell wall polysaccharides from fresh 

Dendrobium leaves and stems 

Dendrobium plants contain mucilage cells, and therefore a thick, viscous substance 

(mucilage) can be squeezed out of the fresh stems and leaves (Li, Su, Wu, Yang, Zhao & Zhai, 

2011a; Zhu, Teng, Cai, Liang, Zhu & Wei, 2011). Hsieh et al. (2008) extracted the mucilage 

by homogenizing fresh Dendrobium huoshanense stems and leaves with 70% ethanol, 

followed by sonication, dialysis, and freeze-drying. In the same study, cell-wall 

polysaccharides of Dendrobium huoshanense were extracted sequentially using 50 mM 
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1,2-cyclohexylenedi nitrilo-tetraacetic acid (CDTA) solution (pH 6.5), 50 mM Na2CO3 

solution (containing 25 mM NaBH4), 1 M KOH solution (containing 25 mM NaBH4), and 4 M 

KOH solution (containing 25 mM NaBH4). The function of NaBH4 is to prevent and reduce 

the "-elimination or peeling reactions of polysaccharides caused by alkaline treatment 

(Izydorczyk, 2005). Generally, cell wall polysaccharides cannot be extracted by hot water, but 

these polysaccharides are water-soluble once they are extracted by CDTA or alkaline solutions. 

Qin et al. (2011) reported that Dendrobium findlayanum herb soaked in alkaline solution (pH 

8.0) at 95°C for 2.5 h would release polysaccharides in high yield (60.6%).  

1.2.1.4 Purification and fractionation of Dendrobium polysaccharides 

Based on the experiences of our research group, low-level protein contamination tends 

not to materially interfere with the detailed structural elucidation of the extracted 

polysaccharides using 2 D NMR spectroscopy and methylation analysis. However, 

polysaccharides with little or no proteins are better for conformational, functional, and 

bioactivity studies. The Sevag method (Sevag, 1934) is a favored method for the 

deproteinization treatment of Dendrobium polysaccharides. In this method, an aqueous 

solution of Dendrobium polysaccharides is mixed with n-butanol and chloroform, shaken 

vigorously to facilitate protein denaturation, and then the denatured proteins precipitated and 

removed (Zhao, Ma & Duan, 2010). Protein precipitation using trichloroacetic acid (TCA) or 

sulfosalicylic acid can also remove protein from polysaccharides. Alternatively, proteolytic 

enzymes, such as papain, have been used to hydrolyze the proteins in Dendrobium 

polysaccharide extracts (Shang, 2010). Colorimetric or automatic nitrogen quantitative 

methods (based on the Kjeldahl method or Dumas method) can be used to monitor the total 

protein contents of Dendrobium polysaccharide samples before and after the purification 
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(Hsieh et al., 2008; Hua, Zhang, Fu, Chen & Chan, 2004; Wang, Luo, Zha & Feng, 2010).  

Because starch can be gelatinized and solubilized in hot water, the crude polysaccharide 

extracted by hot water can be contaminated by starch. Indeed, histochemical studies have 

demonstrated the presence of starch granules in the parenchyma cells of Dendrobium plants 

(Davies & Turner, 2004; Guan, Li, Wang & Li, 2010; Kami$ska & Stpiczy$skal, 2011; Wu, 

Liu, Chen, Ng, Tzeng & Shyu, 2009; Zhu, Teng, Cai, Liang, Zhu & Wei, 2011). Also using 

electron microscopy starch granules have been shown to be present in the stem vascular 

bundles of 8 Dendrobium species, namely, Dendrobium officinale, Dendrobium tosaense, 

Dendrobium cumulatum, Dendrobium linawianum, Dendrobium moniliforme, Dendrobium 

aurantiacum, Dendrobium huoshanense, and Dendrobium nindii.(Wu, Liu, Chen, Ng, Tzeng 

& Shyu, 2009). Colorimetric methods have also shown the presence of starch in the plantlets 

(Ferreira, Suzuki, Pescador, Figueiredo-Ribeiro & Kerbauy, 2011) as well as the mature plants 

(Pan, 2005) of Dendrobium nobile cultivars. The presence of starch in Dendrobium samples 

was also noticed by two research groups (Hsieh et al., 2008; Lertwiriyawong, Phinija & 

Huehne, 2011), when purifying Dendrobium DNA and non-starch polysaccharides. Thus, 

!-amylase treatment can be an effective method to remove starch from Dendrobium 

polysaccharides, provided that the !-amylase preparation is free from other contaminating 

glucanase activities (Hsieh et al., 2008).  

Many studies have used anion exchange chromatographic (AEC) and/or size exclusion 

chromatographic (SEC) methods to fractionate and purify Dendrobium polysaccharides. The 

AEC method using diethylaminoethyl (DEAE)-cellulose columns is useful for the separation 

of neutral polysaccharides from acidic ones and proteins; whereas the SEC method using 

Sepharose columns is suitable for the separation of polysaccharides based on their sizes 
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(Wang, Luo, Zha & Feng, 2010). Chromatographic techniques can definitely assist in 

fractionation of extracted polysaccharide mixtures, but are very time-consuming. The gradient 

ethanol precipitation method can be used to fractionate Dendrobium officinale polysaccharides, 

based on the solubility difference of these fractions (Bao, Zha, Hao & Luo, 2009).  

It is worth noting that some researchers consider a polysaccharide to be pure if it gives a 

single and symmetric peak during size exclusion or ion exchange chromatography. This could 

be rather misleading since the purity of a polysaccharide sample is not only determined by 

molecular weight and/or charge; we have often found that two or more polysaccharides can 

have the same molecular weight and molecular weight distribution, thus co-eluting in a given 

chromatographic system. Therefore, it is essential to have information about the starches, 

proteins, and other polymeric components present in order to assess the purity of a particular 

polysaccharide concentrate or isolate. 

1.2.2. Structural study of Dendrobium polysaccharides 

1.2.2.1 Methods used for the structural characterization of Dendrobium polysaccharides 

Thin-layer chromatography (GLC), gas chromatography (GC), gas chromatography-mass 

spectrometry (GC-MS), and high performance anion exchange chromatography coupled with 

pulsed amperometric detection (HPAEC-PAD) are commonly used methods for identification 

and quantification of the monosaccharides in Dendrobium polysaccharides (Ferreira, Suzuki, 

Pescador, Figueiredo-Ribeiro & Kerbauy, 2011; Hua, Zhang, Fu, Chen & Chan, 2004; Luo, 

He, Zhou, Fan, Luo & Chun, 2010b; Wang, Luo, Zha & Feng, 2010). Recently, the 

monosaccharide composition of Dendrobium officinale polysaccharide has been found by 

chemically modifying acid-hydrolyzed polysaccharide samples with 
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1-phenyl-3-methyl-5-pyrazolone (PMP) and subsequently quantifying the monosaccharide 

derivatives by reverse-phase high performance liquid chromatography (RP-HPLC) (Yuan, Bai, 

Si, Zhang & Jin, 2011; Zhou & Lv, 2011). Oligosaccharides produced by enzymatic 

hydrolysis of Dendrobium polysaccharide have been also characterized using HPSEC-PAD 

and MALDI-tof-MS analysis (Hsieh et al., 2008). The combined application of classical 

chemical methods such as methylation, periodate oxidation-Smith degradation, and partial 

acid hydrolysis can provide information about the glycosidic linkages and branching in 

Dendrobium polysaccharides (Hua, Zhang, Fu, Chen & Chan, 2004; Wang, Luo, Yang & Zha, 

2010c). The weakness of chemical methods, i.e. incomplete chemical reactions and/or 

degradation events, in some instances can result in misinterpretation of the structural features 

of a polysaccharide. For example, based on our experience, the full methylation of 

Dendrobium officinale O-acetyl glucomannans is fairly difficult to achieve, and the 

under-methylated molecules can give peaks in the chromatogram of subsequent GC-MS 

analysis, leading to wrongly-interpreted “branched-like” structures. One dimensional 1H and 

13C NMR spectroscopes have been widely used for structural characterizations of Dendrobium 

polysaccharides. Two dimensional NMR techniques have been used for detailed structural 

analysis of Dendrobium polysaccharides in several studies (Hsieh et al., 2008; Li, Xie, Su, Ye 

& Jia, 2012a; Pan, Feng, Wang, Zha & Luo, 2012; Wang, Luo, Yang & Zha, 2010c). Hsieh et 

al. (2008), for example, using high-resolution 2 D NMR spectra, including COSY, TOCSY, 

HSQC, HMBC, and ROESY, elucidated the structure of a 2,3-O-acetyl glucomannan isolated 

from Dendrobium huoshanense. In contrast, the 2 D NMR spectra in the other three studies 

were not very structurally informative, because of the low resolution of the spectra (Li, Xie, 

Su, Ye & Jia, 2012a; Pan, Feng, Wang, Zha & Luo, 2012; Wang, Luo, Yang & Zha, 2010c).
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1.2.2.2 Structures of Dendrobium officinale polysaccharides 

Sequential ethanol precipitation and column chromatography (DEAE-Sephadex A-50 and 

Sephadex G-200) were used to fractionate a Dendrobium officinale polysaccharide sample 

into three fractions (designated I, II, and III) with molecular weights of 1000, 500, and 120 

kDa, respectively (Wang, Zheng, He, Yu & Wu, 1988). Detailed structural studies using 

periodate oxidation-Smith degradation analysis, methylation analysis, partial acid hydrolysis 

analysis, and 1 D 1H and 13C NMR analyses showed that the three fractions shared common 

structural features, noteably, a backbone of !4)-"-D-Glcp-(1! and !3)-"-D-Manp-(1!. 

Some branches of !4)-"-D-Glcp-(1! or pentoses were found attached to the O-2, O-3, or 

O-6 positions of some Glcp residues in the backbone. All three fractions were found to be 

O-acetylated. Another research group (Huang, Huang, Cai, Liu, Li & Chen, 1994) used hot 

water to extract a water-soluble polysaccharide from Dendrobium officinale, and the crude 

extract was purified using cetyl-trimethylammonium bromide (CTAB) treatment. The results 

of TLC and HPLC analysis indicated that the polysaccharide was composed of D-xylose 

(15.9%), L-arabinose (19.4%), and D-glucose (64.7%), which is not consistent with the 

finding of Wang et al. (1988).  

Hua et al. (2004) concluded that a Dendrobium officinale glucomannan fraction 

(designated DOP-1-A1) had a backbone consisting of 1!4 linked "-D-Manp and "-D-Glcp, 

with acetyl groups attached to the O-2 position of both "-D-Manp and "-D-Glcp residues. 

Short branches, containing 1!3 linked "-D-Manp residues, were reported to be connected to 

some "-D-Manp residues in the backbone by 1!6 linkages. The Man/Glc ratio of DOP-1-A1 

was approximately 4.8:1.  

A polysaccharide fraction (designated DCPP1a-1) isolated from the protocorms of 
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Dendrobium officinale consisted of mannose and glucose in a ratio of around 7.0:1 (He, Yang, 

Li, Wang & Huang, 2007b). The molecular weight of DCPP1a-1 was 189.0 kDa. Periodate 

analysis demonstrated that 4.0% of the residues in DCPP1a-1 were in the form of 

!6)-pyranose-(1! and terminal pyranose-(1!, with 52.1% in the form of 

!3)-pyranose-(1! and 44.9% in the form of !2)-pyranose-(1! and !4)-pyranose-(1!. 

DCPP3c-1, another purified fraction from the same plant source, contained mannose, 

rhamnose, galacturonic acids, glucose, galactose, and arabinose in a molar ratio of 

1.23:1.00:1.05:23.35:3.83:1.05 (He, Yang, Li, Wang & Huang, 2008). Periodate oxidation 

analysis of DCPP3c-1 showed that 14.0% of the residues were in the form of 

!6)-pyranose-(1!, 40.7% of the residues were in the form of !2)-pyranose-(1! and 

!4)-pyranose-(1!, and 44.9% of the residues were in the form of !3)-pyranose-(1!.  

There is thus agreed evidence that the neutral polysaccharides of Dendrobium officinale 

are composed dominantly of "-D-glucopyranoses and "-D-mannopyranoses, but disagreement 

about the ratio of mannose to glucose, the substitution position of O-acetyl groups, the 

existence of branches, and the building units of branches of Dendrobium officinale 

glucomannan. A combination of periodate oxidation-Smith degradation analysis, partial acid 

hydrolysis analysis, methylation analysis, and NMR spectroscopy has been used only by Hua 

et al. (2005). High resolution 2 D NMR spectra of Dendrobium officinale glucomannans have 

not been reported. 

1.2.2.3 Structure of Dendrobium huoshanense polysaccharides 

Hsieh et al. (2008) successfully elucidated the detailed structure of a de-starched 

glucomannan (designated Fraction B) isolated from the mucilage of Dendrobium huoshanense 

stem, based on high quality 2D NMR spectra, including TOCSY, HSQC, HMBC, and 
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ROESY. The peak assignments of the 2D NMR spectra indicated the existence of 

!4)-"-D-Manp-(1!, !4)-"-D-Glcp-(1!, !4)-2-O-acetyl-"-D-Manp-(1!, and 

!4)-3-O-acetyl-"-D-Manp-(1!. However, evidences for branching were not found. This 

glucomannan had a mannose-to-glucose ratio of around 3.8:1. MALDI-TOF-MS analysis of 

"-D-mannanase hydrolysate of the glucomannan indicated that the hydrolysate was 

glucomannan oligosaccharides (3-9 DP) with partial acetylation. In another study (Zha, Luo, 

Luo & Jiang, 2007a), a water-soluble Dendrobium huoshanense polysaccharide sample was 

obtained using hot-water extraction (50-60°C) and ethanol precipitation. The water-soluble 

polysaccharide was fractionated by DEAE-cellulose anion-exchange and gel filtration 

chromatography (Sephacryl S-200 and Sephadex G-75/G-100) to produce a polysaccharide 

fraction (designated HPS-1B23) which was composed of glucose, mannose and galactose in 

the ratio of 31:10:8. The results of oxidation-Smith degradation, partial acid hydrolysis, and 

methylation analysis as well as 1 D 1H and 13C NMR analyses indicated that the fraction 

contained a backbone of !6)-#-D-Glcp-(1!, !4)-#-D-Glcp-(1!, and !6)-#-D-Manp-(1!, 

with #-D-Gal and O-acetyl group attached to the O-3 positions of !6)-#-D-Manp-(1! and 

!6)-#-D-Glcp-(1!, respectively.  

Based on methylation analysis and 2 D NMR spectra including COSY, HSQC, and 

HMBC, it was found that a polysaccharide fraction (designated DHP-W2) isolated from 

Dendrobium huoshanense had a backbone consisting of 1!4 and 1!6 linked "-D-Glcp, with 

#-D-Galp residues attached to the O-6 position of some !4)-"-D-Glcp-(1! residues in the 

backbone and with some 1!4 linked "-D-xylan side chains attached to the O-4 position of 

some !6)-"-D-Glcp-(1! residues in the backbone (Pan, Feng, Wang, Zha & Luo, 2012). The 
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O-2 position of some !4)-#-D-Xylp-(1! residues in the "-D-xylan side chains were 

substituted with #-D-Galp or #-D-Xylp residues.  

1.2.2.4 Structure of Dendrobium nobile polysaccharides 

A neutral polysaccharide fraction (designated DNP-W2) was isolated from the stem of 

Dendrobium nobile plant (Wang, Zha, Luo & Yang, 2010d). DNP-W2 contained glucose, 

mannose, and galactose in a molar ratio of 6.1:2.9:2.0. Detailed structural study using 

periodate oxidation-Smith degradation analysis, partial acid hydrolysis analysis, methylation 

analysis, and 1 D 1H and 13C NMR spectroscopy indicated that the polysaccharide contained a 

glucomannan backbone consisting of !4)-"-D-Glcp-(1!, !6)-"-D-Glcp-(1!, and 

!4)-"-D-Manp-(1! residues, with acetyl groups substituted at the O-2 position of some 

!4)-"-D-Manp-(1! residues and with #-Glap residues attached to the O-6 position of 

!4)-"-D-Glcp-(1! and !4)-"-D-Manp-(1! residues. A polysaccharide fraction (designated 

DNP-W3) from the same plant source contained galactose, rhamnose, and arabinose in a 

molar ratio of 3.1:1.1:1.0 (Wang, Luo, Yang & Zha, 2010c). DNP-W3 had a backbone of 1!3 

linked "-D-Galp residues, with branches at the O-4 position of some Galp residues. The 

branches consisted of 1!4 linked #-Rhap residues and terminated with "-L-Arap residues. A 

polysaccharide fraction (designated DNP-W5) isolated from the same Dendrobium nobile 

herbal material was constituted of galactose (29.2%), glucose (28.8%), rhamnose (14.9%), 

galacturonic acid (13.9%), mannose (11.0%), and xylose (2.1%) (Wang, Luo & Zha, 2010e). 

About 21% of the galacturonic acids in DNP-W5 were in methyl-esterified form. The degree 

of substitution of O-acetyl groups was about 6.9%. DNP-W5 had a backbone made of 

!4)-#-GalAp-(1! and !2)-#-Rhap-(1! with branches at O-4 of the Rhap and O-3 of the 

GalAp. The side chains were made of Galp, Manp, Glcp, and Xylp residues.  
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A water soluble polysaccharide fraction was isolated from the stem of Dendrobium 

nobile by another research group (Luo, He, Zhou, Fan, T. & Chun, 2009b). The 

polysaccharide demonstrated an average molecular weight of around 87.6 kDa and the 

monosaccharide composition included glucose (63.3%), mannose (17.0%), galactose (16.5%), 

and trace amounts of xylose (1.5%), arabinose (1.2%), and rhamnose (0.5%). Using 1 D 1H 

and 13C NMR spectroscopy, it was proposed that the polysaccharide had a backbone 

containing 1!6 linked #-D-Glcp and #-D-Glap. The O-4 position of each #-D-Glcp in the 

backbone was substituted by a #-D-Glcp residue, and the O-4 position of the #-D-Glap was 

substituted by a #-D-Manp. The structural information from this study remains speculative, 

since there was no explanation how the detailed structure was deduced based on the 1 D 1H 

and 13C NMR spectra.  

1.2.2.5 Structure of Dendrobium moniliforme polysaccharides 

The detailed structure of a purified O-acetyl-glucomannan fraction (designated DMP 

1a-1) isolated from Dendrobium moniliforme has been reported (Chen, 2003). It is made up of 

a main chain made of 1!4 linked "-D-mannopyranosyl and "-D-glucopyranosyl residues. 

Terminal glucopyranosyl residues (in # or " configuration) were found attached to the 

"-D-mannopyranoses in the main chain through 1!6 glycosidic bond. Acetyl groups were 

found substituted at the O-3 position of "-D-mannopyranosyl residues. The ratio of mannose 

to glucose was approximately 2.3:1, based on the result of methylation analysis.  

The structure of a polysaccharide fraction (designated DMP2a-1) isolated from 

Dendrobium moniliforme was studied using methylation analysis, periodate oxidation analysis, 

and 1 D 1H and 13C NMR spectroscopy (Xu, Chen & Zhang, 2004). DMP2a-1 was composed 

of glucose and mannose in a molar ratio of 12.6:1. It had a backbone consisting of 
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!4)-#-D-Glcp-(1! residues, one sixth of which were found attached to "-D-Manp or "- 

D-Glcp residues through 1!6 linkage.  

A fraction (designated DMP4a-1) of Dendrobium moniliforme polysaccharides was 

reported to have an average molecular weight of 3049 Da (Chen, Chen, Wu, Hua & Zhang, 

2005). DMP4a-1 was composed mainly of glucose, mannose, rhamnose, arabinose, and 

galactose, in a molar ratio of 2.873:2.850:1.762:1.279:1. FTIR spectroscopy showed that the 

polysaccharide was made of "-D-pyranoses. Periodate analysis demonstrated a molar ratio of 

1.194:2.430:1 for 1!4, 1!3, and 1!6 glycosidic bonds, respectively.  

1.2.2.6 Structure of Dendrobium densiflorum polysaccharides 

A novel neutral heteropolysaccharide (designated DDP-1-D) was extracted from the 

stems of Dendrobium densiflorum plant (Li, Xie, Su, Ye & Jia, 2012a). DDP-1-D had an 

average molecular weight of 9.4 kDa. It was composed dominantly of glucose and mannose in 

a molar ratio of around 3:1. Detailed structural analysis, using 2 D COSY, TOCSY, HSQC, 

and HMBC spectroscopy coupled with periodate oxidation-Smith degradation analysis, 

indicated a linear polysaccharide chain consisting of !4)-#-D-Glcp-(1!, 

!6)-#-D-Glcp-(1!, !2)-#-D-Manp-(1!, and !4)-"-D-Manp-(1!. 

1.2.2.7 Structure of Dendrobium denneanum polysaccharides 

A water-soluble polysaccharide (designated DDP) isolated from Dendrobium denneanum 

plants contained #-D-Galp-(1!, #-D-Manp-(1!, !4)-#-D-Glcp-(1!, and 

!4,6)-#-D-Glcp-(1!, based on 1 D 1H and 13C NMR spectroscopy data (Luo, Ge, Fan, Luo, 

Chun & He, 2011). 
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1.2.3. Bioactivities of Dendrobium polysaccharides 

1.2.3.1 Immuno-stimulatory properties 

1.2.3.1.1 In vitro immuno-stimulatory properties 

Mouse macrophages (RAW264.7 and mouse peritoneal macrophages) and mouse 

splenocytes (T and B lymphocytes) are commonly-used cell lines for the in vitro 

immune-stimulatory activities of Dendrobium polysaccharides. These cells are incubated with 

different dosages of polysaccharides, followed by the determination of a series of parameters, 

mainly including cell growth rates, nitric oxide (NO) level, and the phagocytic ability and 

cytokine production of macrophages. Growth rates of cells are calculated based on the cell 

numbers counted using a hemocytometer (Chen, Ye, Fan, Hou, Bian & Peng, 2011; Chen, 

Chen, Wu, Hua & Zhang, 2005). The determination of NO includes reaction with Griess 

reagent and then a colorimetric measurement (at 570 nm) with NaNO2 as standard (Xia, Liu, 

Guo, Zhang, Zhu & Ren, 2012). The phagocytic ability of macrophages can be studied using 

neutral red phagocytosis assay system (Xia, Liu, Guo, Zhang, Zhu & Ren, 2012). Many 

cytokines such as tumor necrosis factor-# (TNF-#), interleukin-10 (IL-10), interleukin-6 (IL-6), 

interleukin-1# (IL-1#), interferon-$ (IFN-$), granulocyte/ macrophage colony stimulating 

factor (GM-CSF), and granulocyte-colony stimulating factor (G-CSF) can be tested using 

enzyme-linked immunosorbent assays (ELISA), and the levels of mRNA molecules for the 

expression of these cytokines can be determined using real-time PCR method (Chen, Chen, 

Wu, Hua & Zhang, 2005; Hsieh et al., 2008; Xia, Liu, Guo, Zhang, Zhu & Ren, 2012).  

The in vitro immune-enhancing properties of three Dendrobium officinale polysaccharide 

fractions (designated DOP, DOP-1, and DOP-2) were investigated (Xia, Liu, Guo, Zhang, Zhu 

& Ren, 2012). With proper polysaccharide dosages, DOP, DOP-1, and DOP-2 all 
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demonstrated the ability to increase the proliferation of splenocytes, the phagocytic activity of 

RAW264.7 macrophage cells, and the NO and cytokine production of RAW264.7 macrophage 

cells. Among the three fractions, DOP-1 presented the best pro-proliferative effect on 

splenocytes; DOP-1 stimulated the macrophages to produce highest level of IL-2 and IL-4, 

DOP-2 induced the highest TNF-# and IL-1" secretion of the macrophages; and DOP caused 

the macrophages to produce highest level of NO. 

The in vitro immune-enhancing properties of a crude Dendrobium huoshanense 

polysaccharide (designated HPS) were examined (Zha, Luo & Jiang, 2007b). Results showed 

that HPS, with the concentration of 200 mg/mL in the medium, stimulated the peritoneal 

macrophages to produce 542.9 pg/mL TNF-# in the medium after 24-h incubation. The mice 

splenocytes in a medium containing 800 mg/mL HPS and 5 mg/mL concanavalin A produced 

2.5 times higher IFN-$ than the control group treated with only 5 mg/mL concanavalin A. It 

was also found in this study that the purified fractions (designated HPS1A, HPS1B, and 

HPS2B) could cause the immune cells to secrete higher levels of IFN-$ and TNF-# than the 

crude fraction (HPS). In another study (Zha, Luo, Luo & Jiang, 2007a), mouse peritoneal 

macrophages were incubated in a medium containing a purified Dendrobium huoshanense 

polysaccharide fraction (designated HPS-1B23) for 24 h. After the 24-h incubation, there was 

no difference in the cell numbers between the cells with and without polysaccharide 

treatments. However, the TNF-# level in the cell medium containing polysaccharide was 

significantly higher than that in the cell medium without polysaccharide. The medium with an 

HPS-1B23 concentration of 200 µg/mL resulted in a TNF- # production of 1130.4 pg/mL in 

the medium. It was also found in the study that HPS-1B23 stimulated mouse splenocytes to 

produce IFN-$ and that the splenocytes in the medium containing 200 µg/mL HPS-1B23 and 5 
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µg/mL concanavalin A induced 3.6 times more IFN-$ production than the splenocytes with 

only 5 µg/mL concanavalin A treatment. Hsieh et al. (2008) reported that the Dendrobium 

huoshanense 2,3-O-acetyl glucomannan had specific immune-enhancing properties in vitro. 

The polysaccharides induced macrophages to produce several cytokines, including IFN-$, 

IL-10, IL-6, IL-1#, GM-CSF, and G-CSF. The deacetylated polysaccharide obtained from an 

alkaline treatment did not induce cytokine production, indicating the significance of O-acetyl 

groups for the immune-biological properties of the glucomannan.  

A crude water soluble Dendrobium nobile polysaccharide (designated DNCP) and the 

deproteinized sample of the crude polysaccharide (designated DNPP) were reported to have 

positive effects on the proliferation of mouse splenocytes in vitro (Chen, Ye, Fan, Hou, Bian 

& Peng, 2011). DNCP and DNPP (with dosages of 25 mg/L and 50 mg/L) could significantly 

increase (P<0.01) the concanavalin A-induced proliferation of mice lymphocyte T cells and 

the LPS-induced proliferation of mice lymphocyte B cells. With the same dosage (25 mg/L or 

50 mg/L), DNPP treatment tended to induce more lymphocyte B or T cell proliferation than 

DNCP treatment, though significant differences between the two treatments were not observed 

(P>0.05). The DNP-W2, DNP-W3, and DNP-W5 fractions isolated from Dendrobium nobile 

plant showed in vitro immune-enhancing activities on T and B lymphocytes (Wang, Luo, 

Yang & Zha, 2010c; Wang, Luo & Zha, 2010e; Wang, Zha, Luo & Yang, 2010d).  

The DMP4a-1 fraction isolated from Dendrobium moniliforme plant demonstrated the 

ability to induce RAW 264.7 macrophage cells to produce TNF-#, and higher dosages of 

polysaccharide could result in higher TNF-# production (Chen, Chen, Wu, Hua & Zhang, 

2005). The DMP4a-1 fraction showed interesting dosage-dependent effects on the propagation 

of BALB/C mouse spleen lymphocyte cells in vitro. The moderate dosages of DMP4a-1 
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(3.2%10-5 mol/L or 4.9%10-5 mol/L) significantly increased the growth rate of lymphocyte cells, 

while neither the high dosage (6.4%10-5 mol/L) nor the low dosage of the fraction (1.6%10-5 

mol/L) showed an effect (Chen, Chen, Wu, Hua & Zhang, 2005).    

A polysaccharide sample obtained from Dendrobium chryseum was reported to affect the 

growth rates of lymphocyte cells and macrophage cells isolated from the spleen and the 

abdominal cavity of mice, respectively (Yang, Zhao, Wang & Yu, 2011). The polysaccharide 

with a dosage of 100 mg/L or 500 mg/L significantly increased the growth rates of 

macrophage cells and B lymphocyte cells (P<0.01). Compared with the T lymphocyte cells 

treated with only concanavalin A (5 mg/L), the T lymphocyte cells treated with both 

concanavalin A (5 mg/L) and the polysaccharide (100 mg/L or 500 mg/L) exhibited 

significantly higher growth rate (P<0.01). The structural features of the polysaccharide 

fraction, however, were not reported.  

1.2.3.1.2 In vivo immunostimulatory properties 

The in vivo bioactivity studies of Dendrobium polysaccharides include the determination 

of white blood cell counts (Huang, Cai & Liu, 1996), the growth rates of spleen lymphocytes 

(Song, Lu & Qiu, 2006), and the phagocytic ability of macrophages using gallinaceous serum 

globulin injection method (Cai et al., 1989) or Indian ink injection method (Song, Lu & Qiu, 

2006).  

The first report concluding that Dendrobium officinale polysaccharides could increase the 

immune function of mice peritoneal macrophages in vivo dates back to late 1980s (Cai et al., 

1989). In this study, the immune function of the mice in the control group was reduced by 

injecting intraperitoneally each animal with 0.2 mL of 0.5% (w/w) hydrocortisone saline 

solution each day for five days. The mice in the treatment group were injected 
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intraperitoneally with the same dosage of hydrocortisone saline solution for the same period of 

time, with the exception that 0.2 mL of 0.5% (w/w) Dendrobium officinale polysaccharide 

saline solution was injected intraperitoneally following each hydrocortisone injection. On the 

fourth and fifth day of the experiment, each mouse was subjected to the intraperitoneal 

administration of 1 mL of 10 % (w/w) starch saline solution and 1 mL of 2% (w/w) 

gallinaceous serum globulin saline solution, respectively. Thirty minutes after the injection of 

gallinaceous serum globulin, peritoneal macrophages were collected and stained, and the 

ability of the macrophages to engulf gallinaceous serum globulin was examined. The 

macrophage samples collected from the mice treated with the Dendrobium officinale 

polysaccharide demonstrated significantly higher phagocytosis rate than those collected form 

the control animals (52.69% vs. 30.54%, P<0.01). 

In another study (Huang, Cai & Liu, 1996), cyclophosphamide (CPA)-induced 

immuno-compromised mice were fed with 0.5 mg of Dendrobium officinale polysaccharide 

each day for 9 days. After that, the white blood cell count of each mouse was tested. It was 

found that the white blood cell counts (37.33/mL) of the mice treated with polysaccharide 

were significantly higher (P<0.01) than either those of the immune-compromised mice without 

polysaccharide treatments (13.10/mL) or those of the normal mice without polysaccharide 

treatment (29.03/mL), indicating that the oral administration of Dendrobium officinale 

polysaccharide could increase the white blood cell counts of immunosuppressed mice.  

The in vivo immune-enhancing properties of a Dendrobium thyrsiflorum polysaccharide 

fraction were investigated by injecting mice with Indian ink and subsequently testing the 

effects of Dendrobium thyrsiflorum polysaccharide treatments on the ability of mice 

macrophages to engulf and clean the carbon particles (carbon clearance index) (Song, Lu & 
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Qiu, 2006). It was found that, compared with the mice without polysaccharide treatment, the 

mice orally given a daily dosage of 600 mg/kg Dendrobium thyrsiflorum polysaccharide for 

10 days demonstrated significantly higher carbon clearance index (0.0126 vs. 0.0052, P<0.01). 

This study also showed that the spleen B lymphocyte cells of the mice in the high-dosage 

group (600 mg/kg) could grow significantly more quickly than those of the control animals 

(P<0.05).  

1.2.3.2 Antioxidant properties 

1.2.3.2.1 In vitro antioxidant properties 

In order to test the in vitro antioxidant properties of Dendrobium polysaccharides, many 

systems have been used to generate free radicals and malondialdehyde (MDA). For example, 

hydroxyl radicals can be produced using a Fe2+-H2O2 system (He, Yang, Li, Wang & Hu, 

2007c) or using a Fe2+-EDTA system incubated with deoxyribose and ascorbic acid (Zhao, 

Son, Kim, Jang & Lee, 2007). Superoxide radicals can be generated by a hypoxanthine 

(HX)-xanthine oxidase (XOD) system (Zhao, Son, Kim, Jang & Lee, 2007) or by an 

ammonium persulfate-tetramethylethylenediamine system (He, Yang, Li, Wang & Hu, 2007c). 

ABTS radicals can be formed in an ABTS-potassium persulfate system (Fan, He, Zhou, Luo, 

He & Chun, 2009b). The MDA production can be induced in liver homogenate incubated with 

H2O2 or FeSO4 or in mouse mitochondria incubated with FeSO4 and Vc (He, Yang, Li, Wang 

& Hu, 2007c). Using MTT assay, the cell viability of Jurkat cells with glucose 

oxidase-mediated oxidative stress is also an in vitro antioxidant parameter (Zhao, Son, Kim, 

Jang & Lee, 2007). The DNA nicking assay using supercoiled pBR322 plasmid DNA can be 

performed to examine the in vitro antioxidant properties of Dendrobium polysaccharides 

(Zhao, Son, Kim, Jang & Lee, 2007).  
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DCPP1a-1, a polysaccharide fraction isolated from the suspension-cultured protocorms of 

Dendrobium officinale plant, could significantly inhibit (P<0.01) hydroxyl radicals and 

superoxide anion radicals in vitro in a dosage-dependent manner with half inhibitory 

concentration (IC50) of polysaccharide of 1.181 mg/mL and 0.727 mg/mL, respectively (He, 

Yang, Li, Wang & Hu, 2007c). DCPP1a-1 could significantly inhibit (P<0.01) the MDA 

formation in mice liver homogenate caused by auto-oxidation, FeSO4-induced oxidation, or 

H2O2-induced oxidation, with polysaccharide concentrations of 0.60, 1.05, or 1.50 mg/mL, 

respectively. DCPP1a-1 also demonstrated significant (P<0.01) inhibitory effects on the MDA 

production in mice liver mitochondria in vitro. In another study (He, Yang, Li & Wan, 2007d), 

the in vitro antioxidant properties of a crude polysaccharide sample (designated DCPP) and a 

purified polysaccharide sample (designated DCPP3c-1) isolated from Dendrobium officinale 

plant were compared. Both DCPP and DCPP3c-1 can scavenge free radicals and inhibit 

lipoperoxidation. Both fractions showed very similar IC50 in scavenging hydroxyl radicals and 

superoxide radicals. Compared with DCPP, DCPP3c-1 demonstrated better inhibitory effects 

on the liver lipoperoxidation induced by Fe2+ and H2O2 in vitro. The in vitro free 

radical-scavenging effects of three purified Dendrobium officinale polysaccharides fractions 

designated DSP1, DSP2, and DSP3, with different molecular weight ranges of 15.7-157, 

35.3-74.4, and 115.1-157 kDa, respectively, were studied (Bao, Zha, Hao & Luo, 2009). It was 

found that, among the three fractions, DSP1 demonstrated the highest DPPH 

radical-scavenging capacity, the highest inhibitory ability against Vc-Fe2+-induced liver 

lipoperoxidation, and the highest inhibitory ability against H2O2-induced erythrocyte 

hemolysis. The hydroxyl radical-scavenging ability of the three fractions was in the order of 

DSP3>DSP1>DSP2. All the three fractions were found to be able to protect the pBR322 DNA 
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from hydroxyl radical-induced oxidation. Dendrobium officinale polysaccharide also 

possessed the ability to scavenge superoxide anion radicals and hydroxyl radicals in vitro 

(Wang, Gong, Zhang, Xu & Yang, 2009a). The in vitro antioxidant activities of 

polysaccharides from Dendrobium huoshanense and Dendrobium officinale were evaluated 

and compared by some researchers (Zha, Wang, Pan, Luo & Lu, 2007c). Both polysaccharide 

samples exhibited excellent abilities to scavenge superoxide anion radicals and hydroxyl 

radicals and to inhibit the oxidation of linoleic acid induced by alkyl radicals. The 

Dendrobium huoshanense polysaccharide extract tended to show higher in vitro antioxidant 

properties than the Dendrobium officinale polysaccharide, but the investigators did not 

mention whether the difference was significant or not. 

The polysaccharide fraction (designated DCLP) extracted from Dendrobium chrysotoxum 

demonstrated a strong concentration-dependent scavenging effect on the hydroxyl radicals 

generated by Fe3+ using a cell-free hydroxyl radical generating system (Zhao, Son, Kim, Jang 

& Lee, 2007). In this study, it was also observed that the dissolution of pBR322 plasmid DNA 

to the hydroxyl radical generating system resulted in a time-dependent increment in the 

formation of single-stranded nicked DNA, while the existence of DCLP in the system 

inhibited the Fe3+-dependent DNA nicking. DCLP also had strong scavenging effects on 

superoxide anions and DPPH free radicals in a dose-dependent manner. DCLP with a dosage 

of 4 mg/mL caused the reduction of superoxide production by 50.5%. DCLP showed 

antioxidant effects on glucose/glucose oxidase-mediated cytotoxicity of Jurkat cells. The 

addition of DCLP with dosages of 60 and 120 µg/mL to the cell media enhanced the viability 

of Jurkat cells by 30.9% (P<0.05) and 78.9% (P<0.001), respectively. The antioxidant effect 

of DCLP on Jurdat cells was quite close to that of the control antioxidant, acteoside.  
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The abilities of Dendrobium moniliforme polysaccharide and Dendrobium huoshanense 

polysaccharide to scavenge hydroxyl radical and superoxide anion radical in vitro were similar 

to each other in a concentration-dependent manner (Wang, Wei, Cai & Lin, 2009b). Both 

polysaccharide samples were found to inhibit significantly (P<0.01) the MDA formation in 

mouse liver homogenates in vitro induced by auto-oxidation or by Vc-Fe2+ system, but the 

inhibition effects were not concentration-dependent. Each polysaccharide had highest 

inhibition ability for the auto-oxidation-induced MDA formation at a concentration of 1 

mg/mL, while the optimal concentration of each sample for the Vc-Fe2+-induced MDA 

formation was 3 mg/mL.  

The in vitro antioxidant properties of three purified polysaccharide fractions (designated 

DDP1-1, DDP2-1, and DDP3-1) isolated from Dendrobium denneanum plant were compared, 

with Vc as antioxidant control (Fan, He, Zhou, Luo, He & Chun, 2009b). Results showed that 

all the three fractions had very weak 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 

(ABTS) radical-scavenging power, DDP1-1 and DDP3-1 had low 

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging ability and moderate hydroxyl 

radical-scavenging ability, and DDP2-1 demonstrated very strong ability to scavenge DPPH 

radical and hydroxyl radicals. At concentrations ranging from 0.5 mg/mL to 2 mg/mL, the 

hydroxyl radical-scavenging power of DDP2-1 was close to that of Vc. Using the same 

methodology, the research team found that a water soluble polysaccharide (designated DFHP) 

isolated from Dendrobium fimhriatum had strong hydroxyl radical and ABTS 

radical-scavenging power at polysaccharide concentrations ranging from 1 mg/mL to 3 

mg/mL and demonstrated a moderate DPPH radical-inhibitory rate of 46.67% at a 

concentration of 3 mg/mL (Luo & Fan, 2011). The same research team further tested the in 
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vitro antioxidant properties of a crude water soluble Dendrobium denneanum polysaccharide 

(designated DDP) (Luo, Ge, Fan, Luo, Chun & He, 2011). Interestingly, they observed that 

DDP demonstrated strong in vitro DPPH radical-scavenging power, strong in vitro hydroxyl 

radical-scavenging power, and weak in vitro ABTS radical-scavenging power, quiet different 

with the previously reported radical-scavenging performance of purified Dendrobium 

denneanum polysaccharides (Fan, He, Zhou, Luo, He & Chun, 2009b). 

1.2.3.2.2 In vivo antioxidant properties 

The levels of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and MDA 

in serum and organs are frequently used as molecular parameters for the assessment of the in 

vivo antioxidant activity of polysaccharides (Luo, Ge, Fan, Luo, Chun & He, 2011; Wang, 

Gong, Zhang, Xu & Yang, 2009a).  

An observation has been made that the mice orally taking Dendrobium officinale 

polysaccharide for 15 d demonstrated significantly higher (P<0.05) levels of liver SOD, liver 

GSH-Px, serum SOD, and serum GSH-Px in vivo than the control mice without 

polysaccharide feeding (Wang, Gong, Zhang, Xu & Yang, 2009a).  

It was observed in another study that the mice injected intraperitoneally with Dendrobium 

denneanum polysaccharide for 20 days exhibited lower serum MDA and higher serum SOD 

than the control mice without polysaccharide administration (Luo, Ge, Fan, Luo, Chun & He, 

2011). However, the researchers did not report whether the differences were significant or not. 

It was obvious that the reported in vivo antioxidant effects followed a dosage-dependent 

behaviour. 
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1.2.3.3 Anti-tumor properties 

1.2.3.3.1 In vitro anti-tumor properties 

Lymphokine activated killer (LAK) cells are widely applied to kill tumor cells of cancer 

patients (Rosenberg et al., 1989). The ability of Dendrobium polysaccharides to induce LAK 

cells in vitro can be an indicator of the anti-tumor properties of the polysaccharides (Luo, Cai, 

Chen, Mei, Li & Huang, 2000). The E-rosette tests on lymphocytes isolated from blood 

samples of cancer patients are also useful for the evaluation of in vitro anti-tumor properties of 

Dendrobium polysaccharides (Cai et al., 1989). 

Cai et al. (1989) took peripheral blood samples from 31 cancer patients (19 

nasopharyngeal carcinoma patients and 12 malignant lymphoma patients), isolated 

lymphocytes from the blood samples, and investigated the effects of Dendrobium officinale 

polysaccharides on the production of E-rosette forming lymphocytes. The results showed that 

the level of E-rosette forming lymphocytes in the polysaccharide treatment group was 

significantly higher than that in the control group (69.87% vs. 52.35%, P<0.01) and was close 

to that in the thymosin treatment group (69.60%). The results indicated that Dendrobium 

officinale polysaccharides had the same function as thymosin to stimulate the E-rosette 

formation of peripheral blood lymphocytes of cancer patients.  

In another study (Luo, Cai, Chen, Mei, Li & Huang, 2000), cord blood (CB) samples 

were collected from newborn baby’s umbilical cord, and peripheral blood (PB) samples from 

10 cancer patients. IL-2 (coupled with or without Dendrobium officinale polysaccharide) was 

used to induce the growth of LAK cells in those blood samples, followed by the examination 

of the effects of polysaccharide treatment on the activities of LAK cells (the ability to kill Raji 

cells). It was found that the combined use of IL-2 and Dendrobium officinale polysaccharide 
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significantly increased (P<0.01) the activities of LAK cells compared with the treatment of 

only IL-2. 

1.2.3.3.2 In vivo anti-tumor properties 

Hepatoma 22 (H22) tumor-bearing mice and sarcoma 180 (S180) tumor-bearing mice are 

useful animal models for the in vivo anti-tumor bioactivity tests of Dendrobium 

polysaccharides. The in vivo parameters include tumor inhibitory rate, thymus index, T 

lymphocyte transformation rate, spleen index, activity of natural killer (NK) cells, phagocytic 

rate of peritoneal macrophages, half value of hemolysin (HC50) (Fan & Luo, 2011; Luo & Fan, 

2011; Zhang, Dai, Ma & Yang, 2009). Besides, serum IL-2, TNF-#, IFN-$, and MDA in 

tumor-bearing mice can be tested (Fan & Luo, 2011).  

The effects of the dosages of a polysaccharide fraction (designated DCPP1a-1) isolated 

from the suspension-cultured protocorms on the tumor weight, tumor inhibitory rate, spleen 

index, and thymus index of H22 tumor-bearing mice were investigated (He, Yang, Li, Wang 

& Huang, 2007b). Results showed that, as the polysaccharide dosage increased from 50 mg/kg 

to 250 mg/kg, tumor weight increased from 0.741 g to 0.876 g, tumor inhibitory rate decreased 

from 28.6% to 15.7%, spleen index decreased from 7.50 to 6.50, and thymus index decreased 

from 4.50 to 3.68. Compared with the tumor-bearing mice without polysaccharide treatments, 

the mice treated with DCPP1a-1 at a dosage of 50 mg/kg demonstrated significantly lower 

tumor weight (P<0.01), significantly higher spleen index (P<0.01), and significantly higher 

thymus index (P<0.01). Results of this study indicated that low-dosage DCPP1a-1 

polysaccharide treatment (50 mg/kg) had better anti-tumor effects than high-dosage 

polysaccharide treatment (150 mg/kg and 250 mg/kg).  

It was reported that the S180 tumor-bearing mice, gavage-fed with a daily dosage of 
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Dendrobium officinale polysaccharides of 1600 mg/kg body weight for 10 d, demonstrated 

72.2% the tumor weight of the control tumor-bearing animals without polysaccharide 

treatments (Zhang, Dai, Ma & Yang, 2009). Compared with the control S180-bearing mice, 

the polysaccharide-treated ones showed significantly higher T lymphocyte transformation 

rates (7147 cpm vs. 5072 cpm, P<0.01), significantly higher natural killer (NK) cell activities 

(33.4CI% vs. 26.5CI%, P<0.05), significantly higher phagocytic rates of peritoneal 

macrophages (34.3% vs. 27.9%, P<0.01), and significantly higher half value of hemolysin 

(HC50) (130.1 vs. 72.4, P<0.01).  

There was another report that the S180 tumor-bearing mice orally taking Dendrobium 

officinale polysaccharides for 8 d demonstrated significantly lower (P<0.01) tumor weight and 

significantly higher (P>0.01) levels of serum cytokines, including IL-2 and TNF-#, than the 

tumor-bearing animals without polysaccharide treatments (Jin, Liu, Tang & Shen, 2010). It 

was also shown that a 70-hour Dendrobium officinale polysaccharide treatment could inhibit 

the growth of human hepatoma SMMC27721 cells in vitro by more than 30%.  

In another study, the mice inoculated with S180 were injected intraperitoneally with 

different dosages of each of the four polysaccharide fractions, designated DNP1-1, DNP2-1, 

DNP3-1, and DNP4-2, isolated from Dendrobium nobile once a day for 10 d (Luo & Fan, 

2011). Results showed that, among all the fractions, DNP4-2 demonstrated the strongest 

anti-tumor effects. The anti-tumor effects of DNP4-2 were not in a concentration-dependent 

manner. DNP4-2 inhibited the tumor growth by 67.01% at a dosage of 2.5 mg/mL. It was also 

found that the tumor cell-bearing mice taking DNP4-2 at a dosage of 2.5 mg/mL showed 

significantly higher (P<0.01) levels of serum cytokines such as IL-2, TNF-#, and IFN-$, and 

significantly lower (P<0.01) level of serum MDA than the control animals. The researchers 
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proposed that the anti-tumor properties resulted from the excellent immune-enhancing and 

antioxidant properties of DNP4-2. Using the same animal model, the in vivo anti-tumor 

properties of three polysaccharide fractions (designated DDP1-1, DDP2-1, and DDP3-1) 

extracted from Dendrobium denneanum were examined in another study carried out by the 

same research group (Fan & Luo, 2011). The anti-tumor effect of DDP1-1 was found to be 

dose-dependent. DDP1-1 with a dosage of 12.5 mg/kg had the highest tumor inhibition effect 

of 72.04%. However, significant differences in the levels of serum IL-2, TNF-#, IFN-$, and 

MDA between each polysaccharide treatment group and the control group were not found 

(P>0.05). 

1.2.3.4 Other bioactivities of Dendrobium polysaccharides 

A polysaccharide fraction (designated DMP1a-1) isolated from Dendrobium moniliforme 

was found capable of significantly lowering the blood glucose level of experimental diabetic 

mice, while the polysaccharide had no significant influence on the serum glucose level of 

normal mice (Chen, 2003). Some reported that Dendrobium denneanum polysaccharide could 

significantly reduce (P<0.01) the serum glucose level of alloxan-induced diabetic mice and 

significantly increase (P>0.01) the glucose tolerance of the diabetic rats (Luo et al., 2006). 

However, the serum glucose level of normal mice and the glucose tolerance of normal rats 

were not significantly affected by Dendrobium denneanum polysaccharide treatments. A 

polysaccharide fraction (designated DCLP) isolated from Dendrobium chrysotoxum was also 

reported to have anti-diabetic effects on alloxan-induced hyperglycemic mice (Zhao, Son, Kim, 

Jang & Lee, 2007). The mice with a 7-day treatment of DCLP at dosages of 200 and 500 

mg/kg body weight showed blood glucose levels of 303.6 and 231.7 mg/dL, respectively, 

which were both significantly lower (P<0.05) than that of the diabetic mice without 
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polysaccharide treatment (360 mg/dL). In another research (Chen & Liu, 2011), DMEM high 

glucose medium was used to induce human vascular endothelial-like ECV304 cells to express 

nuclear factor kappa-light-chain-enhancer of activated B cells (designated NF-&B), a protein 

complex controlling the DNA transcription related to the progress of diabetic vascular diseases. 

It was found that the ECV304 cells growing in the DMEM high glucose medium containing 

Dendrobium officinale polysaccharides showed much less NF-&B expression than the control 

cells growing in the media without the polysaccharides, indicating that the polysaccharide was 

capable of restraining the overexpression of NF-&B and could thus be helpful in preventing 

diabetic vascular diseases. Some researchers (Li, Deng, Pan, Huang & Luo, 2012b) treated 

streptozotocin (STZ)-induced diabetic rats with different dosages of Dendrobium huoshanense 

polysaccharide for 45 d. After that, the researchers found that the rats taking high dosages of 

Dendrobium huoshanense polysaccharide demonstrated significantly higher (P<0.01) 

glutathione (GSH) level, glutathione peroxidase (GSH-Px) activity, glutathione reductase (GR) 

activity, glutathione S-transferase (GST) activity, superoxide dismutase (SOD) activity, and 

catalase (CAT) activity in eye lens than the control rodents. And, there were significantly 

lower (P<0.01) levels of MDA and carbonyl group in the eye lens of polysaccharide-treated 

rats than those of control rats. The results indicated that Dendrobium huoshanense 

polysaccharide could help to prevent diabetic cataract. The advanced glycation end products 

(AGE) produced by the glycation reactions of proteins are one of the important causes of the 

complications of diabetes (Ulrich & Cerami, 2001). It was reported that the water soluble 

polysaccharide (designated DHP-W2) isolated from Dendrobium huoshanense plan could 

inhibit the formation of AGE between bovine serum albumin and glucose (Pan, Feng, Wang, 

Zha & Luo, 2012). In the latter study, DHP-W2 was added to a phosphate buffer solution (pH 
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7.4) containing 2% bovine serum albumin (w/v) and 0.1 M glucose, and the solution was 

incubated at 37°C in the dark for 3 weeks. The solution containing 2% DHP-W2 (w/w) was 

found to inhibit protein glycation by 28%.  

The antihypertensive and anti-stroke effects of Dendrobium officinale polysaccharide 

were studied using spontaneously hypertensive rats (stroke prone) (SHR-SP) as animal model 

(Wu et al., 2011). It was found that the SHR-SP rats fed with Dendrobium officinale 

polysaccharides for 12 weeks demonstrated lower death rates, longer survive time, lower 

stroke rates, lower blood pressure, lower heart index, lower brain index, and lower kidney 

index than the control SHR-SP rats without polysaccharide treatments, implying that the 

Dendrobium officinale polysaccharide might be helpful in alleviating hypertension and stroke.  

The effects of polysaccharides from Dendrobium officinale and Dendrobium 

hookerianum on the growth of Staphylococcus aureus, Escherichia coli, and Bacillus subtilis 

in vitro were investigated using a filter paper disk method (Li, Ding & Li, 2011b). It was 

found that Dendrobium hookerianum had inhibitory effects on all three bacteria studied, while 

Dendrobium officinale polysaccharide could only inhibit the growth of Escherichia coli and 

Bacillus subtilis strains. The Dendrobium officinale polysaccharide had the most remarkable 

antibacterial effect on Escherichia coli by demonstrating a minimal inhibitory concentration 

(MIC) of 0.5% and an inhibiting zone diameter of 15.8 mm. The polysaccharide from 

Dendrobium hookerianum demonstrated the best antibacterial effect on Bacillus subtilis, with 

a MIC of 0.5% and an inhibiting zone diameter of 12.8 mm.  

The protective effects of Dendrobium officinale polysaccharides on the cyclosporine A 

(CsA)-induced liver injury in Wistar rats were evaluated (Jin & Liu, 2009). The results of 

hematoxylin and eosin (H&E) staining study showed that the liver-injured rats taking 
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Dendrobium officinale polysaccharides for 21 d had less liver histological lesions compared 

with the control rats with liver injury but without polysaccharide treatments. It was also found 

that the 21-day Dendrobium officinale polysaccharide treatment could reduce the levels of 

serum total bilirubin (TBIL), serum alanine transaminase (ALT), serum aspartate transaminose 

(AST), liver malondialdehyde (MDA), and liver triglyceride (TRIG), and could increase the 

levels of serum albumin (ALB), liver superoxide dismutase (SOD), liver glutathione (GSH), 

Na+-K+ ATPase, and Ca2+-Mg2+ ATPase of CsA-challenged Wistar rats. The results indicated 

that Dendrobium officinale polysaccharide could prevent and alleviate the CsA-induced liver 

injury. These effects were related to the in vivo antioxidant bioactivities of Dendrobium 

officinale polysaccharide.  

The effects of Dendrobium officinale polysaccharide treatment on Sjögren’s syndrome 

(SS), a chronic disease with the characteristics of xerostomia (dry mouth) and xerophthalmia 

(dry eyes) were studied (Lin et al., 2010). In this study, an in vivo autoallergic mouse model 

and an in vitro human salivary gland cell line A-253 were used for the bioactivity test. Results 

showed that the immunization using SG antoantigen could decrease the body weight of mice, 

increase water intake, and decrease AQP5 expression in organs related to body fluid. Sera 

from model mice could induce the apoptosis of A-253 cells by the activation of caspase-3. The 

treatment with Dendrobium officinale polysaccharide could alleviate all the pathological 

changes in both the in vivo and in vitro experimental models. The researchers concluded that 

the Dendrobium officinale polysaccharide was a promising candidate for the alleviation of 

Sjögren’s syndrome by up-regulating AQP-5 expression and preventing cell apoptosis. In 

another study (Lin, Shaw, Sze, Tong & Zhang, 2011), the possible mechanisms of 

preventative effects of Dendrobium officinale polysaccharide on Sjögren’s syndrome was 
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investigated. The experimental mice with Sjögren’s syndrome were treated with or without the 

Dendrobium officinale polysaccharide with daily dosage of 4 mg for 11 d. It was found that 

the polysaccharide had the ability to reduce the progressive lymphocytes infiltration and 

apoptosis and to alleviate the disorders of pro-inflammatory cytokines in the mice with 

Sjögren’s syndrome. The polysaccharide could help the mice to normalize the level of AQP-5 

and maintain proper saliva secretion. The protective effects of the polysaccharide on AQD-5 

was confirmed by an in vitro experiment using A-253 cell line in the study.  

It was reported that Dendrobium officinale polysaccharides had the ability to reduce the 

SRBC-induced production of serum complement and hemolysin of mice (Hua, 2005). Results 

of the study pointed to the fact that the croton oil-induced auricle tumefaction and the 

zymosan-induced feet oedema of mice could be greatly alleviated by the treatment of 

Dendrobium officinale polysaccharides. 

All the in vivo and in vitro methods used by Dendrobium researchers are summarised in 

Table 1.2 and Table 1.3.  

Table 1.2 In vivo methods having been used for bioactivity tests of Dendrobium 

polysaccharides 

Bioactivities Models Parameters References 
Immunoenhancing 

properties 
Hydrocortisone-induced 

Immunocompromised mice 
Ability of peritoneal macrophages 

to engulf gallinaceous serum 
globulin 

(Cai et al., 1989) 

    
 Cyclophosphamide-induced 

immunocompromised mice 
Counts of white blood cells (Huang, Cai & Liu, 

1996) 
    
 Mice  

 
Mice are injected with “Indian ink” 

followed by testing the ability to 
clean tiny carbon particles. 
(carbon clearance index) 

(Song, Lu & Qiu, 
2006) 

    
Anti-daibetic 

properties 
Streptozotocin or 

alloxan-induced diabetic 
mice (or rats) 

 

Serum glucose; Glucose tolerance;  
GSH, GSH-PX, GR,GST, SOD, 

CAT, & MDA in eye lens 

(Chen, 2003; Li, 
Deng, Pan, Huang & 
Luo, 2012b; Luo et 

al., 2006)  
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Anti-tumor properties Hepatoma 22 (H22) 
tumor-bearing mice 

Tumor weight; Tumor inhibitory 
rate;  

Spleen index; Thymus index 

(He, Yang, Li, Wang 
& Hu, 2007c) 

    
 Sarcoma 180 (S180) 

Tumor-bearing mice 
T lymphocyte transformation rate;  

Activity of natural killer (NK) cells; 
Phagocytic rate of peritoneal 
macrophages; Half value of 

hemolysin (HC50);  
Serum IL-2,TNF-#, IFN-$, & MDA 

(Luo & Fan, 2011) 
(Zhang, Dai, Ma & 

Yang, 2009) 

    
Antihypertensive and  
anti-stroke properties 

Spontaneously 
hypertensive  

rates (stroke prone) 
(SHR-SP) 

Death rate; Blood pressure; Heart 
index; 

Brain index; Kidney index 

(Wu et al., 2011) 

    
Hepatoprotective 

properties 
Cyclosporine A-induced 

liver injury in rats 
Hematoxylin-eosin (HE) staining;  
Serum TBIL, ALT, AST, & ALB;  
Liver MDA, TRIG, SOD, GSH,  
Na+/K+ ATPase, & Ca2+/Mg2+ 

ATPase 

(Jin & Liu, 2009) 

    
Protective effect of  
Sjögren’s syndrome 

(SS) 

Submandibular gland 
(SG) autoantigen-induced 

 C57BL/6 mice 

HE & immunofluorescent staining; 
Determination of RNA expression 

of  
AQP-5, TNF-#, IL-", & IL-6  

in SG and serum using RT-PCR; 
Determination of apoptotic 

indicators including Bax, Bcl-2, 
caspase-3, & AQP-5 in SG  

using western blotting.  

(Lin, Shaw, Sze, Tong 
& Zhang, 2011; Lin et 

al., 2010) 
 

    
Anti-inflammatory 

properties 
SRBC-induced serum 

complement production in 
mice 

Determination of serum 
complement 

using colorimetry 

(Hua, 2005) 

    
 SRBC-induced serum 

hemolysin 
production in mice 

Determination of serum hemolysin 
using colorimetry 

(Hua, 2005) 

    
 Croton oil-induced auricle  

tumefaction of mice 
Calculation of inhibitory rates 

based on auricle weights 
(Hua, 2005) 

    
 Zymosan-induced feet  

oedema of mice 
Calculation of inhibitory rates 

base on the toe weights 
(Hua, 2005) 
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Table 1.3 In vitro methods having been used for bioactivity test of Dendrobium 

polysaccharides 

Bioactivities Models Parameters References 
Immunoenhancing 

properties 
Raw 264.7 cells or 

Mouse peritoneal macrophages 
Growth rates of macrophages; 
Phagocytic activity; NO level; 
Cytokines including TNF-#, 

IL-2, IL-4, & IL-1"; 

(Chen, Chen, 
Wu, Hua & 

Zhang, 2005; 
Hsieh et al., 

2008; Xia, Liu, 
Guo, Zhang, 
Zhu & Ren, 
2012; Yang, 

Zhao, Wang & 
Yu, 2011; Zha, 
Luo & Jiang, 
2007b; Zha, 
Luo, Luo & 

Jiang, 2007a) 
    
 Mouse splenocytes Growth rate of B/T lymphoctye; 

Cytokines including IFN-$, 
TNF-#, IL-10, IL-6, IL-1#, 

GM-CSF, & G-CSF. 

(Chen, Ye, Fan, 
Hou, Bian & 
Peng, 2011; 
Wang, Luo, 

Yang & Zha, 
2010c; Wang, 
Luo, Zha & 
Feng, 2010; 

Wang, Zha, Luo 
& Yang, 2010d; 

Yang, Zhao, 
Wang & Yu, 

2011; Zha, Luo 
& Jiang, 2007b; 
Zha, Luo, Luo 

& Jiang, 2007a) 
    

Antioxidant 
properties 

Fe2+-EDTA chelate incubated with 
deoxyribose  

and ascorbic acid to produce 
hydroxyl radicals 

Hydroxyl radical-scavenging 
capacity;  

pBR322 plasmid DNA nicking 
assay 

 

(Zhao, Son, 
Kim, Jang & 
Lee, 2007) 

    
 Fe2+-H2O2 system used to produce  

hydroxyl radicals 
Hydroxyl radical-scavenging 

capacity 
(He, Yang, Li, 
Wang & Hu, 

2007c) 
    
 Hpyoxanthine (HX)-xanthine 

oxidase (XOD) 
 system used to generate superoxide 

radicals 

Superoxide radical-scavenging 
capacity 

(Gotoh & Niki, 
1992; Zhao, 

Son, Kim, Jang 
& Lee, 2007) 

    
 Jurkat cells with 

glucose oxidase-mediated oxidative 
stress 

Determination of cell viability  
using MTT assay 

(Zhao, Son, 
Kim, Jang & 
Lee, 2007) 

    
 Ammonium persulfate- 

tetramethylethylenediamine 
system used to produce superoxide 

radicals 

Superoxide radical-scavenging 
capacity 

(He, Yang, Li, 
Wang & Hu, 

2007c) 
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 Liver homogenate incubated at 37°C 
for 1h; 

Liver homogenate incubated with 
H2O2 or FeSO4 

Inhibitory rate of MDA production (He, Yang, Li, 
Wang & Hu, 

2007c) 

    
 Lipoperoxidation of mouse 

mitochondria 
 induced by FeSO4/Vc 

Inhibitory rate of MDA production (He, Yang, Li, 
Wang & Hu, 

2007c) 
    
 ABTS-potassium persulfate system  

used to produce ABTS radicals 
ABTS radical-scavenging capacity (Fan, He, Zhou, 

Luo, He & 
Chun, 2009b) 

    
Anti-diabetic 

properties 
Human vascular endothelial-like  

ECV304 cells growing in  
DMEM high-glucose medium 

The expression of nuclear factor 
kappa-light-chain-enhancer of  

activated B cells (NF-&B) 

(Chen & Liu, 
2011) 

    
 Incubating glucose with  

bovine serum albumin at 37°C  
in the dark for three weeks 

Level of glycation end products  
(AGE)  

(Pan, Feng, 
Wang, Zha & 

Luo, 2012) 
    

Anti-tumor 
 properties 

Lymphocytes isolated from 
peripheral  

blood samples of 31 cancer patients 

Level of E-rosette-forming 
lymphocytes 

(Cai et al., 
1989) 

    
 Cord blood sample form  

new born baby’s umbilical cord; 
 

IL-2 in the absence/presence  
of polysaccharide is added to the 

blood sample to induce the 
production of LAK cells, and then 
the ability of LAK cells to kill Raji 

cells is tested  

(Luo, Cai, 
Chen, Mei, Li & 

Huang, 2000) 

    
 Human hepatoma SMMC27721 

cells 
Cell growth rate (Jin, Liu, Tang 

& Shen, 2010) 
    

Antibacterial 
properties 

Filter paper disc method Counts of Staphylococcus aureus, 
Escherichia coli, and Bacillus 

subtilits; 
Minimal inhibitory concentration  

(MIC) 

(Li, Ding & Li, 
2011b) 

    
Alleviation of 

Sjögren’s syndrome 
(SS) 

A-253 cells cultured in McCoy’s 5A 
medium 

Cell viability using MTT assay; 
H2O2-induced apoptosis 

(Lin et al., 
2010) 

 

1.2.4. Structure-bioactivity relationship of Dendrobium O-acetyl-glucomannans 

Immune-enhancing bioactivities of Dendrobium O-acetyl-glucomannan have been found 

related to the O-acetyl groups attached to the O-2 or O-3 position of mannose residues (Hsieh 

et al., 2008). Natural O-acetyl-glucomannans can stimulate mice splenocytes to increase the 

expression and secretion of several cytokines, but deacetylated glucomannans do not have 
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such immune bioactivity (Hsieh et al., 2008). 

1.2.5. Future perspectives Dendrobium polysaccharide study 

A variety of Dendrobium cultivars are grown on a large scale in some countries as 

ornamental plants (Ferreira, Suzuki, Pescador, Figueiredo-Ribeiro & Kerbauy, 2011; 

Leonhardt & Sewake, 1999; Puchooa, 2004). These ornamental Dendrobium plants could be 

potential sources for the production of Dendrobium polysaccharides in future. The medical 

importance of Dendrobium polysaccharides makes it reasonable to optimize the culturing 

condition, breed new cultivars, and evaluate the medicinal quality of Dendrobium plants using 

the bioactive polysaccharide level as a standard, rather than the total polysaccharide level. 

Such importance also necessitates the development of industrialization-oriented methods for 

the extraction of Dendrobium bioactive polysaccharides.  

Although most of the structural studies on Dendrobium polysaccharides have been 

properly designed, there is need for some of the designated “starch-like” polysaccharides to be 

further investigated since there is danger of contamination by starch in some of the studies. 

2,3-O-acetyl-(1!4)-"-D-glucomannan is one of the main neutral fractions of Dendrobium 

polysaccharides. Because of the excellent immunoenhancing properties of this specific 

glucomannan, detailed structural studies need to be undertaken, including the investigation of 

the distribution patterns of acetyl groups along the backbone. The existence of 

2,3-di-O-acetyl-mannopyranosyl residues, need also to be elucidated.  

In order to better understand the mechanism of action of the bioactivities of Dendrobium 

polysaccharides, it is necessary to study the conformational features of Dendrobium 

polysaccharides using techniques such as x-ray diffraction, small-angle x-ray scattering 
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(SAXS), dynamic laser light scattering, static laser light scattering, atom force microscopy 

(AFM), small-angle neutron scattering (SANS), nuclear Overhauser effect (NOE) NMR 

spectroscopy, and computer-modelling (Zhang, Cui, Cheung & Wang, 2007b). The subject 

offers great potential for the future. 

1.3. Hypothesis and objectives 

This Ph.D. project is part of an international collaboration project with the State Key 

Laboratory of Food Science and Technology, Nanchang University, China. The overall 

objective of the project was to isolate high purity polysaccharides from Dendrobium officinale 

plant, study the detailed structure and confirmation of the polysaccharides, investigate the in 

vitro and in vivo bioactivities of the polysaccharides, and establish the 

structure-conformation-bioactivity relationship of the bioactive polysaccharides from 

Dendrobium officinale. The study on bioactivity was carried out in Nanchang University. The 

objectives of this thesis were focused on the isolation, purification, and detailed structural 

elucidation of the polysaccharides from Dendrobuim officinale. The specific objectives were: 

(1) To develop a new method to isolate polysaccharide with high yield and high purity from 

Dendorbium officinale plant. 

(2) To elucidate the detailed structure of the polysaccharide. 

The hypothesis of the thesis is as follows: water-soluble polysaccharides with high yield 

and high purity could be extracted from Dendrobium officinale plant. The polysaccharides 

could be structurally characterized using HPAEC, HPSEC, FTIR, and chemical analysis. The 

detailed structure of the polysaccharide could be elucidated using NMR and MALDI-tof-MS 

spectroscopy. 
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Chapter 2. EXTRACTION, PURIFICATION, AND PARTIAL STRUCTURAL 

CHARACTERIZATION OF WATER-SOLUBLE POLYSACCHARIDE 

FROM DENDROBIUM OFFICIANLE 

2.1. Introduction 

Dendrobium, a large genus of orchids, contains about 1600 species which are mainly 

distributed in South, East, and Southeast Asia (Zhou, 1993). Seventy-four Dendrobium species 

have been found in the tropical and subtropical provinces of China, fifteen of which grow in 

Taiwan (Su, 2000). Many Dendrobium species have been used as traditional Chinese herbal 

medicines as well as the ingredients of various nutraceutical beverages and foods since ancient 

times (Bao, Shun, & Chen, 2001). At least 18 ancient Chinese materia medica works recorded 

that Dendrobium plants were helpful in increasing the functions of heart, liver, spleen, lung, 

kidney, gastrointestinal tract, and the immune system, relieving joint pain and physical 

immobility caused by rheumatoid arthritis, stimulating salivary secretion, muscle growth, and 

intelligent development, keeping healthy mental states, and alleviating diabetes and skin 

diseases. Among all the Dendrobium plants in China, Dendrobium officinale (Chinese Name 

“Tie-Pi-Shi-Hu”) is believed by traditional Chinese medical practitioners to have the best 

medical qualities. In order to meet the large demand for Dendrobium officinale herb, 

producers in China have successfully developed a tissue culture technology to produce the 

herb in large scale. Nowadays, there are more than 130 companies producing the herb for 

commercial purposes in the country. Considering the medical and commercial interest in the 

Dendrobium officinale herb in China, it is meaningful to explore the chemical components 

responsible for the claimed medical effects of the herb.  
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Recently, several research groups have reported that polysaccharides were responsible for 

immune-stimulatory, anti-tumor, antioxidant, and anti-diabetic activities of Dendrobium herbs, 

and most of the reports were focused on two Dendrobium spices, namely, Dendrobium nobile 

and Dendrobium huoshanenese (Hsieh, Chien, Liao, Liao, Hung, Yang, et al., 2008; A. Luo, 

He, Zhou, Fan, Luo, & Chun, 2010; J. P. Luo, Deng, & Zha, 2008; Wang, Luo, Yang, & Zha, 

2010; Wang, Luo, & Zha, 2010; Wang, Luo, Zha, & Feng, 2010; Wang, Zha, Luo, & Yang, 

2010; Zha, Luo, Luo, & Jiang, 2007). In one study (Hua, Zhang, Fu, Chen, & Chan, 2004), the 

structural features of a 2-O-acetyl-glucomannan isolated from the stem of Dendrobium 

officinale plant were investigated, and the anti-inflammatory effects of the specific 

glucomannan were reported (Hua, 2005). 

The purpose of the current study is to develop a method to isolate polysaccharides from 

Dendrobium officinale herb, to purify the polysaccharides, to partially characterize the 

structural features of the purified polysaccharides, and to provide materials and basic 

information for further studies on the detailed structure, conformation, bioactivities, as well as 

the structure-conformation-bioactivity relationship of the purified polysaccharides. 

2.2. Materials and methods 

2.2.1. Extraction of crude polysaccharides from Dendrobium officinale herbal samples 

Dry Dendrobium officinale herbal stem sample was provided by Jin Jiu Di 

Bio-technology Ltd. (Lijiang, Yunnan, China). The dry herbal sample was ground using an 

experimental mill to a degree that the powder can pass through a 60-mesh sieve. Dry powder 

of the Dendrobium officinale herbal sample (50 g) was suspended in 100% hexane (250 mL) 

in a beaker with constant stirring for 24 h. The suspension was then centrifuged at 10000%g 
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and 25ºC for 20 min. After that, the supernatant was discarded and the residue was transferred 

to a beaker and topped with 250 mL 100% hexane. The aforementioned soaking and 

centrifugation process was done twice. After the second centrifugation, the residue was 

recovered, transferred to a beaker, and topped with 250 mL of 95% ethanol (v/v) solution. The 

suspension was subjected to two more cycles of 24-hour soaking and subsequent 

centrifugation with the same parameters as used before. Then, the residue was mixed with 1 L 

of deionized water, and the mixture was stirred at 70ºC for 4 h, which was followed by 

centrifugation at 10000%g and 25ºC for 20 min. The supernatant was collected and the residue 

was subjected to new cycle of hot water extraction and centrifugation. The water extraction 

process was repeated three times. The supernatants obtained were combined and concentrated 

to a volume of around 1 L using a rotary evaporator at 60ºC. 3 L of 100% ethanol was slowly 

added to the concentrate with stirring at 25ºC to form a suspension. The suspension was stored 

at room temperature for 8 h, followed by centrifugation at 10000%g and 25ºC for 20 min. The 

residue after the final centrifugation was collected and re-dissolved in deionized water. The 

newly formed solution was frozen and then freeze-dried to obtain the dry sample of crude 

Dendrobium officinale polysaccharide (designated DOC).   

2.2.2. Purification of DOC 

DOC (10 g) was first mixed with 1 L of deionized water. The mixture was stirred and 

heated at 70ºC for 3 h to form 1% water solution (w/v). Subsequently, 2 mL of thermostable 

#-amylase (3000 units/mL) were added to the solution, which was then stirred at 70ºC for 2 h. 

After that, the heating was turned off, allowing the solution to cool to room temperature. The 

solution was then frozen at -80ºC, and thawed at room temperature. The thawed solution was 
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centrifuged at 12000%g and 25ºC for 40 min. The supernatant was recovered and subjected to 

a new freeze-thaw-centrifugation cycle. Such cycle was carried out four times in the current 

study. After the fourth cycle, the supernatant was transferred to permeable dialysis tubes (with 

a molecular weight cutoff of 3500 Da) and dialyzed with deionized water at room temperature 

for 72 h, with the water being changed every 8 h. After the dialysis, the polysaccharide in the 

solution was recovered by precipitation with 100% ethanol (3 volumes) and centrifugation at 

10000%g and 25ºC for 20 min. The residue was re-dissolved in 1 L of deionized water, kept at 

-80ºC overnight, and freeze-dried to obtain a dry sample of purified Dendrobium officinale 

polysaccharide (designated DOP).  

2.2.3. Determinations of neutral sugar, uronic acid, starch, protein, and moisture  

Neutral sugar was determined using the phenol-H2SO4 method (Dubois, Gilles, Hamilton, 

Rebers, & Smith, 1956), with glucose solutions (50, 100, 150, and 200 µg/mL) as standards. 

The total uronic acid was determined according to literature report (Blumenkrantz & 

Asboe-Hansen, 1973), with galacturonic acid solution as standards. Both colorimetric 

measurements were carried out using a CARY 3C UV-Visual spectrometer (Varian, Inc., Palo 

Alto, CA, USA). An NA2100 Nitrogen and Protein Analyzer (Strada Rivoltana, Milan, Italy) 

was used to test the nitrogen content in DOP and DOC, from which the protein content was 

calculated with a conversion factor of 6.25. The ash and moisture contents of both samples 

were tested according to AACC methods (American Association of Cereal Chemistry, 1995). 

2.2.4. Analysis of monosaccharide composition 

Monosaccharide composition was analyzed according to published method (Mopper, 
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Schultz, Chevolot, Germain, Revuelta, & Dawson, 1992), with minor modification. Briefly, 

DOP or DOC (around 10 mg) were hydrolyzed in 1 mL of 1 M H2SO4 solution at 100ºC for 2 

h. The hydrate was then diluted 30 times using deionized water. The diluted sample was 

passed through a nylon syringe filter (pore size 0.45 µm) and was analyzed on a high 

performance anion exchange chromatographer (HPAEC) equipped with a pulse amperometric 

detector (PAD) (Dionex-5500, Dionex Corporation, Sunnyvale, California, USA). NaOH 

solution (100 mM) was used as isocratic eluent, which was allowed to flow through a 

CarboPac PA1 column (250 %4 mm I.D., Dionex Corporation, Canada) and a guard column 

(3%25 mm, Dionex Corporation, Canada) at a flow rate of 1.0 mL/min. Before each sample 

injection, the columns were washed with NaOH eluent (300 mM) for 30 min at a flow rate of 

1.0 mL/min. A concentrated NaOH solution (600 mM) at a flow rate of 0.5 mL/min was used 

as the post-column delivery solvent on the system. 

2.2.5. Measurement of molecular weight  

Molecular weight and molecular weight distribution were examined using a high 

performance size-exclusion chromatographic (HPSEC) system coupled with an integrated 

tetra detector array: a refractive index detector, a UV detector, a differential pressure 

viscometer, and two laser light scattering detectors, one at 90º and the other at 7º (Viscotek, 

Houston, TX) (Guo et al., 2012). Pullulan standards (P-82, JM Science Inc., New York, USA) 

were used to calibrate the detectors. The chromatographic system consisted of an SCL-10Avp 

pump (Shimadzu Scientific Instruments Inc., Columbia, Maryland, USA), an automatic 

injector (Shimadzu Scientific Instruments Inc., Columbia, Maryland, USA), a Shodex OHpak 

KB-806M (Showa Denko K.K., Tokyo, Japan), and an Ultrahydrogel linear column (Waters, 
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Milfor, Connecticut, USA). NaNO3 solution (0.1 M), containing 0.03% NaN3 (w/v), was used 

as the eluent of the HPSEC system. The temperature of the columns, the viscometer, and the 

refractive index detector was kept at 40°C. DOP or DOC sample (2 mg) was dissolved in 2 

mL of MilliQ water to form a 0.1 % solution (w/v). Before HPSEC analysis, each sample was 

filtered through a nylon syringe filter (pore size 0.45 µm).  

2.2.6. Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra of DOP and DOC were obtained on an FTS 7000 FT-IR spectrometer 

equipped with a DTGS detector and a Golden-gate diamond single reflectance attenuated total 

reflectance (ATR) cell (DIGILAB, Randolph, MA). Spectra were recorded at absorbance 

mode, with wavenumbers from 600 cm-1 to 1800 cm-1 and with a resolution of 4 cm-1. Data of 

each sample were collected from 128 co-added scans.  

2.2.7. Methylation analysis  

The methylation analysis was performed according to literature report (Ciucanu & Kerek, 

1984). Briefly, 3 mg of dry sample of DOP were dissolved in anhydrous dimethyl sulfoxide 

(DMSO) and the mixture was stirred at 60ºC for 6 h to achieve the complete dissolution of the 

sample. 20 mg of dry NaOH powder were added to the solution to form a suspension, which 

was stirred at room temperature for 3 h. Then, methylation reaction was started by adding 0.3 

mL of methyl iodide to the mixture. The methylation reaction was allowed to last for 3 h at 

room temperature, during which period the reaction system was stirred vigorously. After that, 

1 mL of methylene chloride was added to the reaction system. The mixture was then 

partitioned against 1 mL of distilled water for three times. After each partition, the top water 
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phase was removed. The organic phase after the third partition was filtered through a column 

packed with anhydrous Na2SO4 to remove water. The methylated polysaccharide was 

recovered by evaporating the filtrate to dryness using a continuous N2 flow. The dry 

methylated sample was further extensively hydrolyzed in 0.5 mL of 4.0 M trifluoroacetic acid 

(TFA) at 100ºC for 6 h, after which the TFA left in the system was evaporated under a 

continuous N2 flow. The hydrolyte was then dissolved in 0.3 mL of distilled water, reduced 

using sodium borodeuteride (5 mg), and then acetylated with acetic anhydride (0.5 mL). After 

that, the resultant partially methylated alditol acetates (PMAA) were harvested by drying the 

mixture under nitrogen flow. The PMAA was dissolved in 0.5 mL of methylene chloride, 

transferred to a GC vial, and subjected to GC-MS analysis. The GC-MS system (Thermo 

Quest Finnigan, San Diego, CA) was equipped with an SP-2330 column (30 m%0.25 mm, 0.2 

mm film thickness) and an ion trap MS detector. The GC temperature program was: 

160-210ºC at 2ºC/min followed by 210-240ºC at 5ºC/min. 

2.2.8. Nuclear magnetic resonance (NMR) spectroscopy 

The sample for NMR spectroscopy was prepared by dissolving around 90 mg of DOP in 

5 mL of D2O and then freeze-drying the solution against three changes of D2O. The 

polysaccharide recovered from the third freeze-drying treatment was re-dissolved in 4 mL of 

D2O, passed through a nylon syringe filter (pore size 1.5 µm), and transferred to a regular 5 

mm NMR tube. The 1H and 13C NMR spectra of the purified polysaccharide were acquired, 

respectively, at 500.13 and 125.78 MHz on a Bruker AMX 500FT NMR spectrometer (Bruker 

Co., Germany). All spectra were collected at 70°C. A 1H/13C/15N probe with 5-mm inverse 

geometry was used. Trimethylsilyl propionate (TSP) in D2O and 1,4-dioxane in D2O were 
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used as chemical shift standards for 1H and 13C NMR spectroscopy, respectively. 2 D 1H-1H 

correlation NMR spectroscopy (COSY), 2 D 1H-1H total correlation NMR spectroscopy 

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

1H-13C heteronuclear multiple-quantum coherence NMR spectroscopy (HMQC) were 

performed following the standard Bruker pulse sequences.  

2.2.9. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-tof-MS) 

50 µL of A. niger "-mannanase suspension (Megazyme, Ireland, 41 U/mg, 297 U/ mL) 

was added to 1 L of DOP water solution (1%, w/v) at 37ºC, and then the solution was kept 

stirring at 37ºC for 96 h. After that, the extensively hydrolyzed DOP was recovered by 

freeze-drying. The MALDI-tof-MS analysis of the freeze-dried sample was analyzed 

according to our previous report (Guo, Cui, Wang, Hu, Kang, & Yada, 2012). 

2.3. Results and discussion 

2.3.1. Extraction 

Dendrobium plants are rich in small hydrophobic molecules, and researchers have 

frequently used organic solvents to extract small hydrophobic molecules, such as alkanes and 

fatty acids, from different Dendrobium herbs (Wu, 2005). For the extraction of polysaccharide 

from Dendrobium plants, those small hydrophobic molecules need to be removed by solvent 

treatments, since otherwise such molecules can affect the purity and yield of Dendrobium 

polysaccharide obtained. In order to remove such small molecules from Dendrobium samples, 

some researchers (Hua, Zhang, Fu, Chen, & Chan, 2004; Wang, Luo, Zha, & Feng, 2010) used 
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acetone treatment followed by methanol treatment, while others (A. Luo, He, Zhou, Fan, Luo, 

& Chun, 2010) employed petroleum ether treatment followed by ethanol treatment. In the 

current study, we used 48-hour 100% hexane treatments followed by 48-hour 95% ethanol 

treatments. After hot water extraction, ethanol precipitation, and freeze-drying treatment, DOC, 

containing 85.81% neutral sugar and 2.64% uronic acid (w/w), was obtained (Table 2.1). The 

yield of DOC based on the weight of dry herbal sample was 36.28% (Table 2.1). Hua et al. 

(2004) reported the extraction of a crude water-soluble polysaccharide from a dry Dendrobium 

officinale herbs collected in the wild, with a yield of 15%. There are two possible reasons for 

the significant difference in the yield of crude polysaccharides between the two reports. Firstly, 

the soaking time and the water amount used in hot water extractions in the current study (4 h, 

20 volumes, repeat 3 times) are two fold that used in the previous report (2 h, 10 volumes, 

repeat 3 times). Secondly, the growing environments of the herbs used in the two studies are 

different. In Hua et al.’s study (2004), the Dendrobium officinale herbal plants were collected 

from the wild. The herbal plants used in the current study were grown in and harvested from a 

farm.  

2.3.2. Purification of DOC 

Chemical analysis of DOC showed that it had a starch content of 17.09% (Table 2.1). We 

tried to use gradient ethanol precipitation and gradient ammonium sulfate precipitation to 

separate the starch from DOC, but both methods were unsuccessful. Instead, we used 

thermostable #-amylase to hydrolyze the starch. The glucose and oligosaccharides produced 

by the hydrolysis were removed by dialysis and ethanol precipitation (3 volumes). Four cycles 

of freeze-thaw treatments were enough to remove insoluble impurities. After freeze-drying, 
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we obtained a purified sample (designated DOP) with a yield of 58.3% (based on the weight 

of DOC) (Table 2.1). There was no starch in DOP (Table 2.1). Compared with DOP, DOC 

showed higher level of neutral sugar and lower levels of uronic acid, protein, and ash (Table 

2.1). The nonstarch polysaccharide contents of DOC and DOP were calculated to be 71.36% 

and 90.41%, respectively.  

Table 2.1 Yield and chemical composition of DOC and DOP 

Sample
s 

Yiel
d 

(%) 

Neutral 
sugar 

(%) 

Uronic 
acid 

(%) 

Starch 

(%) 

Protein 

(%) 

Ash 

(%) 

Moistu
re 

(%) 

DOC 36.2
8 

85.81±1.7
8 

2.64±0.4
4 

17.09±0.5
5 

3.94±0.1
5 

3.91±0.0
3 

2.81±0.
54 

DOP 58.3
0 

88.39±1.5
1 

2.02±0.2
6 ND 3.05±0.1

2 
0.48±0.2

9 
1.33±0.

55 

Note: The yield of the DOC is based on the weight of dry herbal material, while the 

yield of DOP is based on the weight of DOC. Data are expressed as average means ± standard 

division (SD). ND means "not detected”. 

2.3.3. Molecular weight and monosaccharide composition 

DOP exhibited a single, symmetric peak in the HPSEC chromatogram produced by the 

refractive index (RI) detector (Figure 2.1). Combining the data collected by the RI and light 

scattering detectors, the number average molecular weight (Mn) and weight average molecular 

weight (Mw) of DOP were determined to be 168 kDa and 312 kDa, respectively (Figure 2.1). 

DOP demonstrated a relatively high polydispersity of 1.86.  
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Figure 2.1 HPSEC chromatograms by RI detector, showing the molecular weight distribution 

of (A) DOC and (B) DOP 

HPAEC-PAD analyses showed that both DOC and DOP were mainly composed of 

glucose and mannose (Figure 2.2). The purification treatment increased the ratio of mannose 

to glucose, greatly, from around 2.2:1 in DOC (Figure 2.2A) to around 6.9:1 in DOP (Figure 

2.2B), which was apparently because of the complete removal of starch (#-glucan). These 

above results indicated that DOP was a glucomannan. 
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Figure 2.2 HPAEC-PAD chromatograms showing the monosaccharide composition of (A) 

DOC and (B) DOP 

2.3.4. FTIR spectroscopy 

The strong and broad absorbance bands at around 3370 cm-1 were caused by the vibration 

of hydroxyl groups, supporting that both samples were rich in carbohydrates (Figure 2.3). The 
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spectra of both DOC and DOP showed peaks with strong intensity at around 2886, 1730, 1374, 

and 1242 cm-1 (Figure 2.3), which were assigned, respectively, to the C-H stretching vibration 

of the methyl group, the valence vibration of C=O, the symmetric C-H bending vibration of 

the methyl group, and the C-O vibration of O-acetyl groups (Femenia, Garcı!a-Pascual, Simal, 

& Rosselló, 2003; Maeda, Shimahara, & Sugiyama, 1980; Shibata, 1973; Widjanarko, 

Nugroho, & Estiasih, 2011; Xiao, Gao, Li, & Zhang, 1999). 

The FTIR spectrum of the purified Dendrobium officinale glucomannan reported by Hua 

et al. (2004) demonstrated two absorbance bands at 814 cm-1 and 873 cm-1. Widjanarko et al. 

(2011) reported two peaks at 808.12 cm-1 and 875.62 cm-1 in the FTIR spectrum of konjac 

glucomannan. In the current study, the FTIR spectrum of DOP showed two peaks at 807 cm-1 

and 873 cm-1 (Figure 2.3), similar to Widjanarko et al. (2011). It has been proved that the 

absorbance bands at around 810 cm-1 and 870 cm-1 were caused by the in-phase ring stretching 

and by the deformation of the equatorial C2-H bond in the manno-pyranose ring, respectively 

(Kato, Nitta, & Mizuno, 1973; Marchessault, 1962; Mathlouthi & Koenig, 1987). Both bands 

were frequently found closely correlated to the concentrations of glucomannans in wood 

samples (Åkerholm & Salmén, 2001, 2002). There was also report that bands at 810 cm-1 and 

874 cm-1 were specific to mannans and were thus named as “mannan bands” by researchers 

(Moha'ek-Gro(ev, Bo)ac, & Puppels, 2001). Based upon the aforementioned literature reports, 

the FTIR data in the current study confirmed the existence of mannan in DOP. 
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Figure 2.3 FTIR-ATR spectra of DOC and DOP 
 

2.3.5. Methylation analysis 

There were two main peaks at elution time of 10.9 min and 12.1 min in the GC 

chromatogram of PMAAs of DOP, which were assigned to the PMAAs originating from 

!4)-Manp-(1! and !4)-Glcp-(1!, respectively, based on the MS spectra of the GC-MS 

analysis. By comparing the integrals of the two peaks, the molar ratio of !4)-Manp-(1! to 

!4)-Glcp-(1! was found to be 5.9:1 in DOP. Terminal groups were almost invisible in the 

chromatogram, indicating that the glucomannan did not have branches. It was worth noting 
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that we also found some small peaks from 1,2,4-Me3 Manp, 1,3,4-Me3 Manp, and 1,4,6-Me3 

Manp in the chromatogram. However, such PMAAs apparently resulted from 

under-methylated residues rather than residues with branches, because otherwise peaks with 

equal intensity should be observed for terminal groups. To verify this, we collected a 

FTIR-ATR spectrum of 100 mg of DOP subjected to methylation twice, and considerably 

intense bands from O-acetyl groups were found in the spectrum, implying that the specific 

O-acetyl glucomannan was prone to under-methylation. The under-methylation phenomena 

also explained why the molar ratio of !4)-Manp-(1! to !4)-Glcp-(1! obtained by 

methylation analysis was lower than the Man/Glc ratio deduced from the HPAEC analysis in 

the current study.  

2.3.6. NMR spectroscopy 

It is commonly believed that, in order to get a high-quality 13C NMR spectrum of a 

polysaccharide sample, the sample should be able to be dissolved in D2O or DMSO to form a 

homogeneous, transparent solution with polysaccharide concentrations of around 3% to 4% 

(w/v) and with low viscosity. In the current study, due to the relatively high viscosity of D2O 

solution of DOP, the signals in the 1 D 13C NMR spectrum were weak (Figure 2.4) and could 

only give information about the main sugar residues of the sample, the 2 D 1H-13C HMQC 

NMR spectrum (not shown) was too noisy to give any structural information, and the low 

resolution of 2 D 1H-13C HMBC NMR spectrum (not shown) only allowed us to identify the 

signals from acetyl groups. However, the signals in the 1 D 1H NMR spectrum (Figure 2.5), 2 

D 1H-1H COSY spectrum (Figure 2.6), and 2 D 1H-1H TOCSY spectrum (Figure 2.7) were 

relatively strong and provided much structural information of DOP. 
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By referring to literature data (Hannuksela & Hervé du Penhoat, 2004; Hazendonk, 

Reinerik, Waard, & Dam, 1996; Lundqvist, Teleman, Junel, Zacchi, Dahlman, Tjerneld, et al., 

2002), it was reasonable to assign 1H signals at 2.08-2.23 ppm (Figure 2.5A), 13C signals at 

21.09 ppm (Figure 2.4), and 13C signals at 173.9 ppm to the protons, methyl carbons, and 

carbonyl carbons in O-acetyl groups, respectively. The existence of O-acetyl groups in DOP 

was further confirmed by the cross-peak (173.9 ppm/2.21 ppm) between the protons and 

carbonyl groups in the HMBC spectrum. Because of the low resolution of the HMBC 

spectrum in the current study, using the spectrum to correlate the carbonyl carbons in O-acetyl 

groups to some protons in sugar rings proved impractical in the current study.  

 

 

 

 

 

 

 

Figure 2.4 1 D 13C NMR spectrum of DOP 
 

It has been indicated by literature data (Hannuksela & Hervé du Penhoat, 2004; 

Hazendonk, Reinerik, Waard, & Dam, 1996) that attaching an O-acetyl group to a carbon in a 

mannose or glucose can significantly increase the chemical shift of the proton directly linked 

to the carbon, and also increase, in a less significant way, the chemical shifts of protons that 

are two or three bonds away from the carbon, while such attachment has small, but detectable 

effects on the 13C chemical shifts of the carbon and its neighboring carbons. In the 1 D 13C 
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NMR spectrum of DOP (Figure 2.4), there were two peaks at around 103.3 ppm and 101.0 

ppm in the anomeric region, which were apparently caused by the "-D-glucoses and 

"-D-mannoses based upon literature data (Hannuksela & Hervé du Penhoat, 2004; Hazendonk, 

Reinerik, Waard, & Dam, 1996). Furthermore, in the anomeric region for "-D-glucoses and 

"-D-mannoses in the 1 D 1H NMR spectrum (Figure 2.5B), four groups of peaks which 

slightly overlapped in the region of 4.40-4.97 ppm were assigned to the protons of 

!4)-2-O-acetyl-"-D-Manp-(1! (designated M2), !4)-3-O-acetyl-"-D-Manp-(1! 

(designated M3), !4)-"-D-Manp-(1! (designated M), and !4)-"-D-Glcp-(1! (designated 

G), as shown in Figure 2.5B, according to literature data (Hannuksela & Hervé du Penhoat, 

2004; Hazendonk, Reinerik, Waard, & Dam, 1996; Lundqvist, et al., 2002). The presence of 

M2 and M3 was further supported by two groups of peaks at around 5.32-5.50 ppm, and 

4.96-5.10 ppm in the 1 D 1H NMR spectrum (Figure 2.5), which were assigned to the H-2 of 

M2 and H-3 of M3, respectively. Results of both the current study and previous reports 

(Hannuksela & Hervé du Penhoat, 2004; Hazendonk, Reinerik, Waard, & Dam, 1996; 

Lundqvist, et al., 2002) indicated that the substitution of a highly electronegative acetyl group 

at O-2 (O-3) position of a residue M, resulting in H-2 (H-3) having the largest chemical shift 

and H-1 (H-1) having the second largest chemical shift among all the protons in the resultant 

M2 (M3) residue. 

The existence of M, M2, M3, and G in DOP was then confirmed by cross-peaks in its 2 D 

1H-1H TOCSY spectrum (Figure 2.6). In a 2 D 1H-1H TOCSY spectrum, the proton with 

largest chemical shift in a given sugar ring can correlate with each of the other protons in the 

ring, such cross-peaks follow a straight line in the spectrum, and the intersection point of the 

straight line and the diagonal line of the 2 D spectrum indicate the chemical shift of the 
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lowest-field proton in the ring. The TOCSY spectrum demonstrated four signal lines crossing 

the diagonal line at 5.46 ppm, 5.07 ppm, 4.68-4.88 ppm, and 4.51 ppm (Figure 2.6), which fell 

well in the range of 1H chemical shifts for H-2(M2), H-3(M3), H-1(M), and H-1(G), 

respectively, as marked in the 1 D 1H NMR spectrum (Figure 2.5). Therefore, the off-diagonal 

cross-peaks in each line came from each of M2, M3, M, and G, respectively. By referring to 

literature data (Hannuksela & Hervé du Penhoat, 2004; Hazendonk, Reinerik, Waard, & Dam, 

1996), it was very easy to find the following correlations in the TOCSY spectrum (Figure 2.6): 

H-2/H-1 (5.46 ppm/4.91 ppm), H-2/H-3 (5.46 ppm/3.99 ppm), and H-2/H-4 (5.46 ppm/3.87 

ppm) in M2; H-3/H-2 (5.07 ppm/4.20 ppm), H-3/H-4 (5.07 ppm/4.07 ppm), H-3/H-5 (5.07 

ppm/3.63 ppm), and H-3/H-6 (5.07 ppm/3.94 ppm) in M3; H-1/H-2 (4.68-4.88 ppm/4.00-4.23 

ppm) in M; and H-1/H-2 (4.51 ppm/3.36 ppm) and overlapped H-1/H-3, H-1/H-4, and 

H-1/H-5 (4.51 ppm/3.60-3.76 ppm) of G. Although invisible in Figure 2.6, the correlations of 

H-1/H-2 in M and H/H in M were observed in the TOCSY spectrum with a lower minimum 

contour level than the presented one. Besides, compared with the other three residues, the 

residue M exhibited only H-1/H-2 correlation in the TOCSY spectrum (Figure 2.6), despite 

the 1 D 1H NMR spectrum (Figure 2.5) indicated that M was the most abundant residue in 

DOP. This finding was in good agreement with previous reports that !4)-"-D-Manp-(1! 

produced very few cross-peaks in TOCSY spectra (Guo, Cui, Wang, Hu, Kang, & Yada, 

2012). Furthermore, based on the cross-peaks of H-1/H-2 in M, it was apparent that M 

contained multiple signal sets (Figure 2.6). Such phenomena were also observed for the other 

three residues, when a relatively low contour level was used to present the TOCSY figure 

(data not shown). This observation was consistent with the literature data (Hannuksela & 

Hervé du Penhoat, 2004; Hazendonk, Reinerik, Waard, & Dam, 1996) showing that the 1H 
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chemical shifts of a residue in 2,3-O-acetyl-glucomannans were dependent on the presence 

and localization of O-acetyl groups in its neighboring residues. Such neighboring effect can 

also explain why H-2 (M2) and H-3 (M3) both demonstrated multiple peaks rather than a 

single peak in the 1 D 1H NMR spectrum (Figure 2.5), and will be further investigated and 

discussed in Chapter 3, using a full set of 2 D homonuclear and heteronuclear NMR spectra.  

The 2 D COSY spectrum (Figure 2.7) of DOP demonstrated a good match with the 1 D 

1H (Figure 5) and 2 D TOCSY (Figure 2.6) spectra in terms of residue assignments. 

Apparently, cross-peaks at 4.51 ppm/3.36 ppm, 3.36 ppm/3.68 ppm, 4.73 ppm/4.10 ppm, 4.10 

ppm/3.80 ppm, 5.46 ppm/4.91 ppm, 5.46 ppm/3.99 ppm, 5.07 ppm/4.07 ppm, and 4.07 

ppm/3.63 ppm were resulted from the correlations of H-1/H-2(G), H-2/H-3(G), H-1/H-2(M), 

H-2/H-3(M), H-2/H-1(M2), H-2/H-3(M2), H-3/H-4(M3), and H-4/H-5(M3), respectively 

(Figure 2.7). The correlation of H-1/H-2 and H-2/H-3 were weak and not showed in the COSY 

spectrum.  
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Figure 2.5 1 D 1H NMR spectrum of DOP. The squared part in Figure (A) is enlarged and 

showed in Figure (B).  
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Figure 2.6 2 D 1H-1H TOCSY NMR spectrum of DOC. For example, numbers “1”, “3”, “4”, 

and “5” in a line marked as “M2” denote cross-peaks between H-2 and each of H-1, H-3, H-4, 

and H-5 in the residue M2, respectively. 
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Figure 2.7 2 D 1H-1H COSY NMR spectrum of DOP. For example, “1,2(M)” means the 

cross-peak between H-1 and H-2 of the residue M. 

2.3.7. MALDI-tof-MS study of DOP extensively hydrolyzed by mannanase 

By interpreting the MALDI-tof-MS spectrum obtained in the current study, we found that 

the oligosaccharides produced by the extensive hydrolysis attached to either sodium or 

potassium ions, giving rise to adduct ions in the forms of [mHex+nAce+Na]+ and [mHex+ 

nAce+K]+, with “Hex”, “Ace”, “m”, and “n” denoting “hexoses”, “acetyl groups”, “the 
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numbers of hexoses”, and “the numbers of acetyl groups”, respectively. Part of the spectrum 

with peak assignment was demonstrated as Figure 2.8. The result of MALDI analysis was in 

good agreement with the fact that DOP was made of partially O-acetylated hexoses. 

Furthermore, the result indicated that O-acetyl group-rich regions in DOP were highly 

resistant to the mannanase hydrolysis. In view of this, we thus hypothesized that structural 

characterization of such oligosaccharides rich in O-acetyl groups could be helpful in unveiling 

more detailed structural features of the parent polysaccharide DOP. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Partial MALDI-tof-MS spectrum of DOP extensively hydrolyzed by mannanase. 

2.4. Conclusions  

Organic solvent soaking treatments followed by hot water extractions can ensure a 

successful extraction of a crude water-soluble polysaccharide (DOC) with high yield and high 
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carbohydrate content from dry Dendrobium officinale herbal powders. #-Amylase treatment, 

freeze-thaw treatment, dialysis, and ethanol precipitation are effective in purifying the crude 

sample, resulting in a purified water-soluble non-starch polysaccharide with a Mw of 312 kDa 

and a M/G ratio of 6.9:1. The purified polysaccharide (DOP) is a linear glucomannan 

consisting of 1,4-"-D-mannopyranosyl and 1,4-"-D-glucopyranosyl residues, with O-acetyl 

group attached to the O-2 or O-3 position of some mannose residues. Some highly 

O-acetylated regions in DOP are resistant to the hydrolysis of mannanase. 
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Chapter 3. TWO-DIMENTIONAL NMR STUDY OF DENDROBIUM 

OFFICINALE GLUCOMANNAN HYDROLYED BY MANNANASE 

3.1. Introduction 

Dendrobium officinale plant is an important traditional Chinese herbal medicine and 

nutraceutical food with many health-enhancing functions (Hua, Zhang, Fu, Chen & Chan, 

2004). The demand for this particular food is so high that more than 130 companies are 

producing it for commercial purposes in China. Because of the importance of the plant, it is 

meaningful to understand its chemical components. Previously, we successfully isolated DOP, 

an 2,3-O-acetyl-glucomannan, from dry Dendrobium officinale herbal samples (Chapter 2). 

DOP demonstrated a mannose-to-glucose ratio of 6.9:1 and a weight average molecular 

weight (Mw) of 312 kDa. Methylation analysis indicated that DOP was composed of 

!4)-Manp-(1! and !4)-Glcp-(1! and did not contain branches. 2 D 1H-1H COSY and 2 D 

1H-1H TOCSY study indicated the substitution of acetyl groups at O-2 or O-3 position of some 

mannoses in DOP (Chapter 2). However, the relatively high viscosity of the D2O solution of 

DOP made it difficult to obtain high-resolution heteronuclear 2 D 1H-13C NMR spectra such as 

2 D 1H-13C HMBC, 2 D 1H-13C HMQC. Due to the lack of such heteronuclear 2 D NMR 

spectra, only part of signals from major residues of DOP were assigned and more detailed 

structural information of the sample could not be obtained. 

An interesting finding from the Chapter 2 was that extensive mannanase hydrolysis of 

DOP resulted in the production of O-acetyl group-rich oligosaccharides that were highly 

resistant to the enzymatic hydrolysis (Chapter 2). This finding inspired us to hypothesize in 

the current study that the mannanase-resistant oligosaccharides, due to their 
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low-molecular-weight and O-acetyl group-rich nature, could be dissolved in D2O to form a 

solution with relatively low viscosity and high sample concentration, and such solution could 

provide full sets of high-resolution 2 D NMR spectra with strong signals related to 

O-acetylated residues.  

Recovering oligosaccharides from aqueous solutions using ethanol precipitation has been 

reported by some research groups (Ku, Jansen, Oles, Lazar & Rader, 2003; Liu, Peng & Liu, 

2012; Price, Hartman, Faber, Vermillion & Fahey, 2011; Roxas, Fukuba & Mendoza, 1985; 

Sen et al., 2011; Swennen, Courtin, Van der Bruggen, Vandecasteele & Delcour, 2005; Thurl, 

Offermanns, Müller-Werner & Sawatzki, 1991; Xu, Lin & Shi, 2011; Zhang, Zhang & Wang, 

2009). For example, using 50% (v/v) ethanol precipitation, Price et al. (2011) successfully 

recovered galactoglucomannan oligosaccharides from an acid-hydrolyzed molasses byproduct 

of pine fiberboard production. Although this method has drawback of incomplete precipitation 

of oligosaccharides, it is simple and quick in obtaining relatively large amounts of sample (Ku, 

Jansen, Oles, Lazar & Rader, 2003). Therefore, in the current study, we attempted to use 

ethanol precipitation to collect oligosaccharides resulting from the hydrolysis of DOP by 

mannanase, which was followed by obtaining a set of high-resolution 2 D NMR spectra of the 

collected sample and extracting detailed structural information regarding the O-acetylated 

sugar residues and glycosidic linkages from the spectra obtained.  

3.2. Materials and methods 

3.2.1. Sample preparation 

DOP was extracted and purified as described in Chapter 2. The complete dissolution of 

DOP (2 g) in 100 mL of de-ionized water in a 500 mL beaker was achieved by stirring and 
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heating at 70ºC for 6 h, and then temperature of the solution was allowed to drop to 37ºC. 

Subsequently, 50 µL of Aspergillus niger endo-"-1,4-mannanase suspension (Megazyme, 

Ireland, 297 U/mL) was added to the solution, followed by stirring at 37ºC for 40 min. 

Immediately following the 40-min enzymatic treatment, the beaker was put in a 95ºC water 

bath with stirring for 20 min to deactivate the enzyme and then was allowed to cool at room 

temperature. 31 mL of 100% ethanol pre-cooled at 4ºC was added dropwise to the solution 

with vigorous stirring to form a mixture with an ethanol concentration of around 20% (w/w). 

After staying at 4ºC for 6 h, the mixture was centrifuged at 10000%g and 4ºC for 15 min. The 

minor amount of precipitate was discarded and the supernatant was transferred to a 500 mL 

beaker. Subsequently, 260 mL of 100% ethanol pre-cooled at -20ºC was added dropwise to the 

supernatant with vigorous stirring to form a suspension with an ethanol concentration of 

approximately 70% (w/w). The system was then kept at -20ºC for 12 h to facilitate the 

formation of precipitate, after which the precipitate was collected by centrifuge at 10000%g 

and 4ºC for 15 min. The collected precipitate was re-dissolved in de-ionized water (50 mL), 

and the resultant solution was frozen and freeze-dried to produce a dry sample (designated 

HDOP). HDOP was subjected to HPAEC-PAD and MALDI-tof-MS analyses to obtain 

information about its monosaccharide composition and molecular weight, respectively, 

according to Chapter 2. 

3.2.2. 1 D and 2 D NMR spectroscopy  

All 1 D and 2 D NMR spectra of HDOP were collected at 53°C on a Bruker AMX 500FT 

NMR spectrometer (Bruker Co., Germany). A 1H/13C/15N probe with 5-mm inverse geometry 

was used. Trimethylsilyl propionate (TSP) in D2O and 1,4-dioxane in D2O were used as 1H 
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and 13C NMR chemical shift standards, respectively. The 1 D 1H and 13C NMR spectra were 

acquired at 500.13 and 125.78 MHz, respectively. 

3.3. Results and discussion 

MALDI-tof-MS analysis showed that HDOP was mainly composed of oligosaccharides 

with degrees of polymerization (DP) of 3-15 and was rich in O-acetyl groups. The yield of 

HDOP based on the dry weight of DOP was only 24.7%, however, HDOP had much lower 

molecular weight and much more acetyl group substitution than DOP, enabling the complete 

dissolution of HDOP in D2O to form a clear solution (6%, w/w). And, as we expected, the 

sample solution generated strong signals in 1 D 13C spectrum (Figure 3.1), 1 D 1H spectrum 

(Figure 3.1), and a series of 2 D NMR spectra including COSY (Figure 3.2), TOCSY (Figure 

3.3 and Figure 3.7), HMQC (Figure 3.4), HMBC (Figure 3.5), and NOESY (Figure 3.8), 

shown in the following pages. Figure 3.7 demonstrated more cross-peaks than Figure 3.3, 

because lower minimum contour level was chosen for the former than the latter.
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Figure 3.1 1 D 13C spectrum (A and B) and 1H NMR spectrum (C) of HDOP. 1(g) denotes the 

signal from H-1 of galactose of "-(1!4)-D-galactan contaminant. The squared region in (A) is 

enlarged and shown as (B). 
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Figure 3.2 COSY spectrum of HDOP. Correlation between neighboring proton atoms are 

marked. For example, “1,2(G)” means the cross-signal between H-1 and H-2 of the residue G. 
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Figure 3.3 TOCSY spectrum of HDOP. Both signal lines and cross-signals are marked. For 

example, “2(M2)” means the signal line is caused by H-2 of the residue M2. “2/3(M2)” means 

the cross-signal between H-2 and H-3 of the residue M2. 
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Figure 3.4 HMQC spectrum of HDOP. The squared regions I and II are enlarged and shown as 

(B) and (C), respectively. For example, “1(M2)” means the C-1/H-1 cross-point of the residue 

M2. The bracketed signals demonstrate C-H coupling. 
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Figure 3.5 HMBC spectrum of HDOP. For example, “3,2(M2)” means the correlation between 

the C-3 and H-2 of the residue M2. “4(G), 1(M)” means the correlation between C-4 of the 

residue G and H-1 of the residue M. “Mx” means either “M2” or “M”. 
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Figure 3.6 NOESY spectrum of HDOP. For example, “1(G), 3(M)” means correlation between 

C-1 of the residue G and H-3 of the residue M. 
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Figure 3.7 TOCSY spectrum of HDOP, with low contour level. For example, “2(M2)” means 

the signal line is caused by H-2 of the residue M2. “2/3(M2)” means the cross-signal between 

H-2 and H-3 of the residue M2. 

3.3.1. Evidence for the existence of O-acetyl groups 

Two 13C resonances at 174.2 ppm and 21.3 ppm in the 1 D 13C NMR spectrum were 
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assigned to carbonyl carbons and methyl carbons in O-acetyl groups, respectively, by referring 

to literature (Hannuksela & Hervé du Penhoat, 2004; van Hazendonk, Reinerik, de Waard & 

van Dam, 1996). The assignment was supported by the 1 D 1H NMR signals at 2.11 ppm, 2.15 

ppm, and 2.20 ppm from protons in O-acetyl groups and confirmed by the corresponding C/H 

correlations between methyl carbons and protons in O-acetyl groups in the HMQC spectrum 

and by the corresponding C/H cross-peak between carbonyl carbons and protons in O-acetyl 

groups in the HMBC spectrum.  

 

 

 

 

 

 

 

Figure 3.8 A combined spectrum of TOCSY and COSY showing the multiple signal sets of 

the residue G and the residue Gt. “U” means residues G, M, or M2.  

3.3.2. Identification of residues without the substitution of O-acetyl groups  

3.3.2.1. Residue G  

The existence of !4)-"-D-Glcp-(1! (designated residue G) was revealed by its 

characteristic H-1 and H-2 signals in the 1 D 1H NMR spectrum and its C-1 peak in the 1 D 

13C NMR spectrum (Figure 3.1), according to literature (Crescenzi et al., 2002; Hannuksela & 

Hervé du Penhoat, 2004; Katsuraya, Okuyama, Hatanaka, Oshima, Sato & Matsuzaki, 2003), 
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and was further confirmed by cross-signals at 4.53 ppm/3.37 ppm (H-1/H-2) in the COSY 

spectrum (Figure 3.2) and at 103.5 ppm/4.53 ppm (C-1/H-1) in the HMQC spectrum (Figure 

3.4). Once the chemical shift of H-2 was obtained, it was easy to find the cross-peak of 

H-2/H-3 (3.37 ppm/3.70 ppm) in the COSY spectrum (Figure 3.2). Because the chemical 

shifts of H-3 and H-4 of residue G were very close to each other, the H-3/H-4 cross-peak of 

the residue was in the diagonal of the COSY spectrum (Figure 3.2). A cross peak at 3.70 

ppm/3.60 was assigned to H-4/H-5 correlation, with the H-5 chemical shift in good agreement 

with literature data (Crescenzi et al., 2002). The chemical shifts extracted from the COSY 

spectrum were verified by the cross-peaks of H-1/H-2 (4.53 ppm/ 3.37 ppm) as well as the 

overlapped cross-signals of H-1/H-3, H-1/H-4, and H-1/H-5 in the TOCSY spectrum (Figure 

3.3). The residue also generated cross-peaks at 3.37 ppm/ 74.1 ppm (H-2/C-2), 3.70 ppm/ 75.2 

ppm (H-3/C-3), and 3.70 ppm/79.7 ppm (H-4/C-4) in the HMQC spectrum (Figure 3.4). The 

C-5/H-5 cross-peaks, despite overlapping with signals from other residues, demonstrated a 

C-5 chemical shift of 76.0 ppm. Both 1H and 13C chemical shifts of the residue were further 

confirmed by strong cross-peaks at 103.7 ppm/4.53 ppm (C-1/H-2), 75.2 ppm/3.69 ppm 

(C-3/H-2), 75.2 ppm/3.70 ppm (C-3/H-4), and 79.7 ppm/3.70 ppm (C-4/H-3) in the HMBC 

spectrum (Figure 3.5). The chemical shift of C-6 was extracted from two cross-peaks at 61.5 

ppm/3.60 ppm (C-6/H-5) and 61.5 ppm/3.70 ppm (C-6/H-4).  

3.3.2.2 Residue Gt 

It was found in literature that !4)-"-D-Glcp-(1! residue and non-reducing end 

"-D-Glcp-(1! residue differed greatly in H-3 and H-4 chemical shifts and were close to each 

other in the chemical shifts of other protons (Goldberg, Gillou & Prat, 1991; Schröder, Nicolas, 

Vincent, Fischer, Reymond & Redgwell, 2001; Tenkanen, Makkonen, Perttula, Viikari & 
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Teleman, 1997). In the current study, the existence of non-reducing end "-D-Glcp-(1! 

(designated Gt) were indicated by the cross-peaks at 3.32 ppm/3.52 ppm (H-2/H-3) and 3.52 

ppm/3.42 ppm (H-3/H-4) in the COSY spectrum (Figure 3.2) and the cross-peaks at 4.51 

ppm/3.52 ppm (H-1/H-3) and 4.51 ppm/ 3.42 ppm (H-1/H-4) in the TOCSY spectrum (Figure 

3.3). Once the chemical shifts of H-3 and H-4 of residue Gt were determined, the chemical 

shift of H-1 was easily obtained from the cross-peaks of H-1/H-2 (4.51/3.32) in the COSY 

spectrum (Figure 3.2). Two cross-signals caused by C-3/H-3 and C-4/H-4 correlations of the 

residue were observed at 76.7 ppm/3.52 ppm and 70.7 ppm/3.42 ppm in the HMQC spectrum 

(Figure 3.4), respectively. The C-1/H-1 (103.7 ppm/4.51 ppm) and C-2/H-2 (74.3 ppm/3.32 

ppm) signals of residue Gt were overlapped with those of residue G in the HMQC spectrum 

(Figure 3.4), because of the closeness of the two residues in the chemical shifts of C-1, H-1, 

C-2, and H-2. Signals at 70.7 ppm/3.52 ppm (C-4/H-3), 76.7 ppm/3.42 ppm (C-3/H-4), and 

70.7 ppm/3.32 ppm (C-4/H-2) in the HMBC spectrum (Figure 3.5) further verified the 

chemical shifts of C-4, H-4, C-3, H-3, and H-2.  

3.3.2.3 Residue M 

The presence of !4)-"-D-Manp-(1! (designated residue M) was indicated by a sharp 

peak at 101.3 ppm in the 1 D 1H NMR spectrum (Figure 3.1), according to literature 

(Crescenzi et al., 2002; van Hazendonk, Reinerik, de Waard & van Dam, 1996). Knowing the 

chemical shift of H-1 enabled us to sequentially assign the cross-peaks of H-1/H-2 (4.75 

ppm/4.12 ppm), H-2/H-3 (4.12 ppm/3.82 ppm), H-4/H-5 (3.78 ppm/3.56 ppm), and H-5/H-6 

(3.51 ppm/3.94 ppm) in the COSY spectrum (Figure 3.2). Cross-peak of H-3/H-4 of the 

residue was too close to the diagonal to be observable in the COSY spectrum (Figure 3.2), 

similar to the case in residue G. Compared with other major residues in HDOP, residue M 
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demonstrated much less signals in the TOCSY spectrum (Figure 3.3). There were only 

H-1/H-2 (4.75 ppm/4.12 ppm), H-1/H-3 (4.75 ppm/3.82 ppm), and H-1/H-4 (4.75 ppm/ 3.78 

ppm) cross-peaks observed in the Figure 3.3, despite the relatively high concentration of the 

NMR sample in the current study. Based upon the 1H chemical shifts obtained, the C-1/H-1 

(101.2 ppm/4.75 ppm), C-2/H-2 (71.1 ppm/4.12 ppm), and C-3/H-3 (72.6 ppm/3.82 ppm) 

cross-peaks of residue M were easily found in the HMQC spectrum (Figure 3.4). C-5/H-5 and 

C-4/H-4 cross-peaks of the residue were found overlapped with signals from other residues in 

the HMQC spectrum (Figure 3.4), but such overlapping did not affect the extraction of 13C 

chemical shifts of C-4 and C-5. In the HMBC spectrum (Figure 3.5), the C-1/H-2 (101.2 

ppm/4.12 ppm), C-3/H-1 (72.6 ppm/4.75 ppm), C-4/H-2 (77.5 ppm/4.12 ppm), C-4/H-3 (77.5 

ppm/ 3.82 ppm), and C-5/H-3 (76.0 ppm/3.82 ppm) cross-peaks were identified, verifying the 

1H and 13C chemical shifts obtained. Besides, the C-3/H-4 (72.6 ppm/3.78 ppm) and C-5/H-4 

(76.0 ppm/3.78 ppm) correlation signals of residue M were overlapped with those produced by 

other residues.  

3.3.2.4 Residue Mt 

Compared with Dendronan®, HDOP gave rise to four new peaks at 4.72 ppm/4.07 ppm, 

3.62 ppm/3.44 ppm, 3.44 ppm/3.78 ppm, and 3.44 ppm/3.94 ppm in the COSY spectrum 

(Figure 3.2), which were respectively assigned to the H-1/H-2, H-4/H-5, H-5/H-6’, and 

H-5/H-6 correlations of reducing end "-D-Manp-(1! (designated residue Mt), according to 

literature (Goldberg, Gillou & Prat, 1991; Hannuksela & Hervé du Penhoat, 2004; Tenkanen, 

Makkonen, Perttula, Viikari & Teleman, 1997). The H-3/H-4 cross-peak (3.66 ppm/3.62 ppm) 

was too close to the diagonal to be observed in the COSY spectrum (Figure 3.2). In the 

TOCSY spectrum (Figure 3.3), the H-1/H-2 cross-signal of residue Mt was overlapped with 
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that of residue M, however, the H-1/H-3 (4.72 ppm/3.66 ppm) and H-1/H-4 (4.72 ppm/3.62 

ppm) cross-peaks of the former residue were quiet differentiable with those of the latter one. 

In the HMQC spectrum (Figure 3.4), the C-1/H-1 signal (101.4 ppm/4.72 ppm) of residue Mt 

was overlapped with that of residue M. The cross-peaks at 71.5 ppm/4.07 ppm, 73.9 ppm/3.66 

ppm, 67.8 ppm/3.62 ppm, and 77.4 ppm/3.44 ppm were assigned to the C-2/H-2, C-3/H-3, 

C-4/H-4, and C-5/H-5 correlations of residue Mt, respectively. These 1H and 13C chemical 

shifts was further confirmed by the signals at 101.4 ppm/4.07 ppm (C-1/H-2), 73.9 ppm /4.72 

ppm (C-3/H-1), 67.8 ppm/4.07 ppm (C-4/H-2), 67.8 ppm/3.66 ppm (C-4/H-3), 73.9 ppm/3.62 

ppm (C-3/H-4), 73.9 ppm/4.07 ppm (C-3/H-2), and 77.4 ppm/3.66 ppm (C-5/H-3) in the 

HMBC spectrum (Figure 3.5).  

3.3.2.5 Residue M!  

The cross-peak at 5.18 ppm/3.99 ppm in the COSY spectrum (Figure 3.2) was assigned 

to the H-1/H-2 correlation of reducing end !4)-#-D-Manp residue (designated residue M#), 

according to literature (Goldberg, Gillou & Prat, 1991; Hannuksela & Hervé du Penhoat, 2004; 

Lundqvist et al., 2002; Tenkanen, Makkonen, Perttula, Viikari & Teleman, 1997). This 

assignment was supported by the H-1/H-2 correlation at 5.18 ppm/ 3.99 ppm in the TOCSY 

spectrum (Figure 3.3). In the HMQC spectrum (Figure 3.4), the C-1/H-1 (94.9 ppm/5.18 ppm), 

C-2/H-2 (70.1 ppm/3.99 ppm), and C-3/H-3 (72.0 ppm/3.91 ppm) correlations were found. 

The chemicals shifts of H-1, H-2, H-3, C-1, C-2, and C-3 of M# were further confirmed by the 

C-2/H-1 (70.1 ppm/5.18 ppm), C-3/H-1 (72.0 ppm/5.18 ppm), and C-3/H-2 (72.0 ppm/3.99 

ppm) cross-peaks in the HMBC spectrum (Figure 3.5). 

3.3.2.6 Residue M" 

The signal at 4.91 ppm/4.00 ppm in either the COSY (Figure 3.2) and the TOCSY 
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spectrum (Figure 3.3) was caused by the H-1/H-2 correlation of reducing end !4)-"-D-Manp 

residue (designated M"), with reference to literature (Goldberg, Gillou & Prat, 1991; 

Hannuksela & Hervé du Penhoat, 2004; Lundqvist et al., 2002; Tenkanen, Makkonen, Perttula, 

Viikari & Teleman, 1997). 13C chemical shift of the C-1 of residue M" was obtained from the 

C-1/H-1 cross-peak at 4.91 ppm/94.8 ppm in the HMQC spectrum (Figure 3.4). According to 

the reported 13C chemical shift of the C-2 of residue M" (Goldberg, Gillou & Prat, 1991; 

Hannuksela & Hervé du Penhoat, 2004), the cross-peak at 71.9 ppm/4.91 ppm in the HMBC 

spectrum was assigned to the C-2/H-1 correlation of the residue. 

3.3.3. Identification of residues with the substitution of O-acetyl groups 

3.3.3.1. Residue M2 

The strong 1H resonance at 5.47 ppm (Figure 3.1) was assigned to H-2 of 

!4)-2-O-acetyl-"-D-Manp-(1! (designated residue M2), according to literature data 

(Hannuksela & Hervé du Penhoat, 2004; Lundqvist et al., 2002; Teleman, Nordström, 

Tenkanen, Jacobs & Dahlman, 2003; van Hazendonk, Reinerik, de Waard & van Dam, 1996). 

The cross-peaks between the H-2 (5.47 ppm) of M2 and each of H-1 (4.92 ppm), H-3 (4.00 

ppm), H-4 (3.85 ppm), H-5(3.61 ppm), H-6’ (3.78 ppm), and H-6 (3.93 ppm) in the residue 

were found in the TOCSY spectrum (Figure 3.3). The assignment was proved to be correct by 

the corresponding cross-signals of H-1/H-2 (4.92 ppm/5.47 ppm), H-2/H-3 (5.47 ppm/4.00 

ppm), H-3/H-4 (4.00 ppm/3.85 ppm), H-4/H-5 (3.85 ppm/3.61 ppm), and H-5/H-6’ (3.61 

ppm/3.78 ppm) in the COSY spectrum (Figure 3.2). Some 13C chemical shifts of residue M2 

were extracted from the cross-peaks of C-1/H-1 (100.0 ppm/4.92 ppm), C-2/H-2 (72.6 

ppm/5.47 ppm), C-3/H-3 (71.4 ppm/4.00 ppm), C-4/H-4 (77.6 ppm/3.85 ppm), and C-5/H-5 
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(76.0 ppm/3.61 ppm) in the HMQC spectrum (Figure 3.4) and were further confirmed by the 

C-2/H-1 (72.6 ppm/4.92 ppm), C-4/H-2 (77.6 ppm/5.47 ppm), C-3/H-2 (71.4 ppm/5.47 ppm), 

and C-4/H-3 (77.6 ppm/4.00 ppm) in the HMBC spectrum (Figure 3.5). The correlation 

between carbonyl carbon of O-acetyl groups and H-2 of M2 was found at 174.2 ppm/5.47 ppm 

in HMBC. 

3.3.3.2. Residue M3 

The existence of !4)-3-O-acetyl-"-D-Manp-(1! (designated residue M3) was indicated 

by its characteristic H-3 signal at 5.07 ppm (Figure 3.1), according to literature (Hannuksela & 

Hervé du Penhoat, 2004; Lundqvist et al., 2002; Teleman, Nordström, Tenkanen, Jacobs & 

Dahlman, 2003; van Hazendonk, Reinerik, de Waard & van Dam, 1996). The presence of M3 

was verified by strong cross-signals of H-3/H-1 (5.07 ppm/4.83 ppm), H-3/H-2 (5.07 

ppm/4.18 ppm), H-3/H-4 (5.07 ppm/4.04 ppm), H-3/H-5 (5.07 ppm/3.63 ppm), H-3/H-6’ (5.07 

ppm/3.78 ppm), and H-3/H-6 (5.07 ppm/3.93 ppm) in the TOCSY spectrum (Figure 3.3) and 

by cross-peaks of H-1/H-2 (4.83 ppm/4.18 ppm), H-2/H-3 (4.18 ppm/5.07 ppm), H-3/H-4 

(5.07 ppm/4.04 ppm), and H-4/H-5 (4.04 ppm/3.63 ppm) in the COSY spectrum (Figure 3.2). 

The correlation between H-1 and H-2 (4.83 ppm/4.18 ppm) was also observable in the 

TOCSY spectrum (Figure 3.3). In the HMQC spectrum (Figure 3.4), the 1H signals at 4.83 

ppm (H-1), 4.18 ppm (H-2), 5.07 ppm (H-3), 4.04 ppm (H-4), and 3.63 ppm (H-5) of M3 were 

correlated with the 13C signals at 100.6 ppm (C-1), 69.8 ppm (C-2), 74.6 ppm (C-3), 74.1 ppm 

(C-4), and 75.8 ppm (C-5), respectively. These correlations were supported by cross-signals at 

69.8 ppm/4.83 ppm (C-2/H-1), 74.6 ppm/4.18 ppm (C-3/H-2), 74.1 ppm/4.18 ppm (C-4/H-2), 

and 74.6 ppm/4.04 ppm (C-3/H-4) in the HMBC spectrum (Figure 3.5). Carbonyl carbon of 

O-acetyl groups was found correlated with the H-3 of M3 at 174.1 ppm/5.08 ppm in HMBC. 
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3.3.3.3. Residue M23 

Because 1H chemical shifts were more sensitive to the attachment of electronegative 

O-acetyl groups than 13C chemical shifts, the cross-peak between acetylated C-2 (C-3) and 

corresponding H-2 (H-3) was always found in the less crowded upper left area in HMQC 

spectra like Figure 4A in the current study or HSQC spectra in previous studies (Rakhimov, 

Shashkov, Zhauynbaeva, Malikova & Abdullaev, 2004; van Hazendonk, Reinerik, de Waard 

& van Dam, 1996). Besides, the cross-peaks of acetylated C-2/H-2 and acetylated C-3/H-3 of 

!4)-2,3,6-tri-O-acetyl-"-D-Manp-(1! residues (designated M236) were both found in the 

upper left region of HMBC spectra (Jakes, Yelle & Frihart, 2011). The very downfield 

chemical shifts of H-2 and H-3 in M236 apparently resulted from the substitution of O-acetyl 

groups at both O-2 and O-3 position. Furthermore, it was reasonable to deduce that 

!4)-2,3-di-O-"-D-Manp-(1! residues (designated M23) could give rise to C-2/H-2 and 

C-3/H-3 cross-peaks at the same region of HMQC spectra as M236 did, because of the finding 

that the absence or presence of an acetyl group at the O-6 position had little effects on the 

chemical shifts of H-2, H-3, C-2, and C-3 of a 1!4 linked "-D-Manp residue (Rakhimov, 

Shashkov, Zhauynbaeva, Malikova & Abdullaev, 2004). In the current study, aside from 

C-2/H-2 signal of M2 and C-3/H-3 signal of the M3, there were two more cross-peaks in the 

upper left region of Figure 3.4A. The two unsigned peaks at 70.9 ppm/5.49 ppm and 72.8 

ppm/5.21 ppm were assigned as the C-2/H-2 and C-3/H-3 correlations of M23, respectively. 

The assignment was then supported by the cross-signal at 5.49 ppm/5.21 ppm (H-2/H-3) in 

both the COSY spectrum (Figure 3.2) and the TOCSY spectrum with a small minimum 

contour level (Figure 3.7). The cross-signal at 5.21 ppm/4.07 ppm in the COSY spectrum 

(Figure 3.2) was assigned to the H-3/H-4 correlation of M23, and this assignment was 
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confirmed by the cross-peak at 5.21 ppm/4.07 ppm (H-3/H-4) in the TOCSY spectrum (Figure 

3.7). The signal at 5.49 ppm/5.02 ppm in the TOCSY was assigned to the H-2/H-1 correlation 

of M23. The correctness of the H-1 chemical shift was confirmed by the signal at 71.2 

ppm/5.02 ppm (C-2/H-1) in HMBC (Figure 3.5). The observation of a weak signal at 99.5 

ppm/5.02 ppm in the anomeric region of the spectrum was apparently caused by the C-1/H-1 

correlation of M23. Though the correlation between the carbonyl carbon of O-acetyl group 

and the H-2 or H-3 of the residue was not detectable in the HMBC spectrum (Figure 3.5), this 

did not disprove the existence of M23, given the fact that the amount of M23 was very low in 

the sample. 

We found that the H-1 chemical shift of mannose residues decreased following the order 

of M23, M2, M3, and M. This is reasonable. Since O-acetyl groups are more electronegative 

than hydroxyl groups, two O-acetyl groups at both C-2 and C-3 have larger de-shielding effect 

on H-1 compared with single O-acetyl group at either C-2 or C-3. O-acetyl group is closer to 

H-1 in M2 than in M3, resulting in the H-1 in the former residue being more de-shielded than 

that in the latter one.  

There were considerable differences in C-4 chemical shift between M and M3, in C-3 

chemical shift between M and M2 and between M3 and M23, in C-2 chemical shift between 

M and M3 and between M2 and M23, and in C-1 chemical shift between M and M2, observed 

in the current study. This finding indicated that the attachment of an O-acetyl group to a 

carbon of 1→4 linked "-D-Manp ring could shield the nuclei of adjacent carbons in the same 

ring.  

3.3.3.4. Residue M6, residue M26, and residue M36 

In the TOCSY spectrum with a relatively small minimum contour level (Figure 3.7), we 
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found evidences for the existence of !4)-6-O-acetyl-"-D-Manp-(1! (designated residue M6), 

!4)-2,6-di-O-acetyl-"-D-Manp-(1! (designated residue M26), and 

!4)-3,6-di-O-acetyl-"-D-Manp-(1! (designated M36). Assignments were according to 

literature data (Rakhimov, Shashkov, Zhauynbaeva, Malikova & Abdullaev, 2004). The 

existence of M6 was supported by its strong H-6’/H-6 (4.28 ppm/4.51 ppm) correlation in both 

COSY (Figure 3.2) and TOCSY (Figure 3.3 and 3.7) spectra, and was further confirmed by 

C-6/H-6 (64.6 ppm/4.51 ppm) and C-6/H-6’ (64.6 ppm/4.28) cross-peaks in the HMQC 

spectrum (Figure 3.4). Two cross signals at 3.65 ppm/4.28 ppm and 3.65 ppm/4.51 ppm 

observed in both COSY and TOCSY spectra were assigned to H-5/H-6’ and H-5/H-6 of M6, 

respectively. Besides, the correlations of H-6/H-2 (4.51 ppm/4.13 ppm) and H-6’/H-2 (4.28 

ppm/4.13) were found in the TOCSY spectrum (Figure 3.3 and Figure 3.7). Weak H-1/H-6 

(4.74 ppm/4.51 ppm) and H-1/H-6’ (4.74 ppm/4.28 ppm) cross-signals were found in the 

TOCSY spectrum with small minimum contour level (Figure 3.7). The chemical shifts of H-1, 

H-2, H-6, and H-6’ obtained in the current study were consistent with literature data 

(Rakhimov, Shashkov, Zhauynbaeva, Malikova & Abdullaev, 2004). The H-5 chemical shift 

was a little smaller than the reported value, probably due to the effects of neighbouring 

residues with acetyl groups. The existence of M26 was supported by H-2/H-6 (5.48 ppm/4.52 

ppm) and H-2/H-6’ (5.48 ppm/4.33 ppm) cross-peaks. The presence of M36 was indicated by 

H-3/H-6 (5.09 ppm/4.53 ppm) and H-3/H-6’ (5.09 ppm/4.31 ppm) cross-signals. The H-6/H-6’ 

cross-signals of M26 and M36 residues were overlapped with those of M6 residues, indicating 

that the effects of acetyl group substation at O-2 or O-3 position had very small effects on the 

chemical shifts of H-6 of 1→4 linked mannoses.  
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3.3.4. Glycosidic linkages between sugar residues 

In the HMBC spectrum (Figure 3.4), it was easy to find inter-residual cross-peaks of C-4 

of G/H-1 of M2, C-4 of G/H-1 of M3, C-4 of G/H-1 of M, and C-4 of G/H-1 of G. Because 

the C-4 chemical shifts of M and M2 were close to each other, the cross-signals of C-4 of 

M2/H-1 of M2, C-4 of M2/H-1 of M3, C-4 of M2/H-1 of M, and C-4 of M2/H-1 of G 

overlapped with those between C-4 of M and H-1 of each M2, M3, M, and G. Although not 

observable in Figure 3.4, cross-peaks of C-4 of M3/H-1 of M2, C-4 of M3/H-1 of M3, C-4 of 

M3/H-1 of M, and C-4 of M3/H-1 of G were observed when a lower minimum contour level 

was applied. The results indicated that, in a 1!4 linked "-D-glucomannan, the attachment of 

M3 to the O-1 position of a residue had larger shielding effect on the H-1 of the residue than 

the substitution of G, M, or M2 to the same position. It was also apparent that the attachment 

of M2 to the O-4 position of a residue resulted in a more de-shielded C-4 of the residue 

compared with the attachment of G, M, or M3 to the same position. Compared with these 

inter-residual C-4/H-1 correlations, inter-residual C-1/H-4 cross-signals of HDOP were much 

weaker in the HMBC spectrum (Figure 3.5). We found correlations between C-1 of M2 and 

H-4 of M2, between C-1 of G and H-4 of M2, and between C-1 of G and H-4 of M. The 

cross-peaks of C-1 of M/H-4 of M2 and C-1 of Mt/H-4 of M2 were overlapped, resulting in a 

very strong signal in the HMBC spectrum (Figure 3.5).  

Because NOESY experiment shares part of its pulse sequences with COSY experiment, 

NOESY spectrum contains not only NOE signals but also COSY-like signals (Bubb, 2003; 

Reynolds & Enríquez, 2002). In the current study, COSY-like signals in the NOESY spectrum 

(Figure 3.6) matched with those in the COSY spectrum. Furthermore, NOE signals in the 

NOESY spectrum (Figure 3.6) provided much information about glycosidic linkages of HDOP. 
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Consistent with previous NMR studys of 2,3-O-"-D-glucomannan (Hannuksela & Hervé du 

Penhoat, 2004; Hsieh et al., 2008), we found that NOE signals were generated between H-1 of 

a residue and H-3 of its neighboring residue on the reducing end side (Figure 3.6). We noticed 

that H-3 of M3 correlated with H-1 of M-2 at 5.02 ppm/4.86 ppm, confirming the existence of 

diad M2M3. Apparently, the H-3 of M3 in the diad M2M3 was more upfield than the major 

H-3 signal (5.08 ppm) shown in the TOCSY spectrum with a high minimum contour level 

(Figure 3.2). We then applied a relatively low minimum contour level to demonstrate the 

TOCSY data and found two sets of H-3 signals of M3 residues in the resultant spectrum 

(Figure 3.6), with the upfield H-3 signal exactly the same as the aforementioned H-3 signal 

(5.02 ppm) in the NOESY spectrum (Figure 3.6). Two research groups reported a considerably 

smaller H-3 chemical shift of M3 in M2M3 than in MM3, GM3, or M3M3, and the H-3 

signals of M3 in MM3, GM3, and M3M3 were close to each other in either report 

(Hannuksela & Hervé du Penhoat, 2004; van Hazendonk, Reinerik, de Waard & van Dam, 

1996). In view of this, we assigned the two signals at 5.02 ppm and 5.08 ppm to the H-3 of M3 

in M2M3 and VM3, respectively, with V representing G, M, or M3. Furthermore, we found 

the M3 in M2M3 demonstrated considerably lower H-5, H-6, and H-6’ chemical shifts than 

the M3 in VM3, while there were no variations in the H-4 signals of M3 between them. These 

results indicated that M2 was capable of significantly shielding the H-3, H-5, H-6, and H-6’ of 

its neighboring residue on reducing end side. We named this phenomenon “M2 effect”. 

Besides, The effect was also supported by the observation that H-3 of G had correlation with 

H-1 of M2, H-1 of M, and H-1 of M3 at 3.66 ppm/4.93 ppm, 3.70 ppm/4.75 ppm, and 3.70 

ppm/4.83 ppm, respectively, in the NOESY spectrum (Figure 3.6), indicating that a residue G 

with O-4 attachment to M2 had lower H-3 chemical shift than that with O-4 substitution of M 
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or M3.  

Besides, we found in the NOESY spectrum (Figure 3.6) that H-1 of M23 formed 

cross-peaks with H-3 of M3, H-3 of M2, H-3 of M, and H-3 of G at 4.96 ppm/5.03 ppm, 5.04 

ppm/3.97 ppm, 5.02 ppm/3.83 ppm, and 5.03 ppm/3.70 ppm, respectively. These results 

confirmed the aforementioned principle deduced from HMBC that a M3 residue had higher 

shielding effect on H-1 of its neighboring residue on non-reducing end side compared with M, 

G, or M2. We named this effect as “M3 effect”. This effect was also supported by the reported 

chemical shift data of 2,3-O-acetyl glucomannan (Hannuksela & Hervé du Penhoat, 2004; van 

Hazendonk, Reinerik, de Waard & van Dam, 1996). In the current study, M23 demonstrated 

an H-1/H-2 signal of 4.96 ppm/5.41 ppm in the TOCSY spectrum (Figure 3.7), which was 

related to the H-1 of M23/H-3 of M2 (4.96/5.03) cross-peak in the NOESY spectrum (H-6). 

Thus, we assigned the signal line at 5.41 ppm to H-2 of M23 in M23M3 and the signal lines at 

5.48 ppm and 5.49 ppm to H-2 of M23 in M23U, with U being M2, M, or G. H-3 signals at 

5.15 ppm and 5.21 ppm were correlated with the H-2 signals at 5.49 ppm and 5.48 ppm, 

respectively. The H-1 signal line (4.96 ppm) and the H-3 signal line (5.18 ppm) of M23 in 

M23U were close to the H-1 signal line of M" and the H-1 signal line of M#, respectively. 

Considering the aforementioned “M2 effect”, the two signals at 5.49 ppm and 5.48 ppm were 

further assigned to H-2 of M23 in the triads of VM23U and M2M23U, respectively. The 

H-2/H-5 and H-3/H-5 cross-peaks of M23 in VM23U were found respectively in the H-2 and 

H-3 signal lines of the residue in the TOCSY spectrum (Figure 3.7). The H-3/H-5 cross-peak 

of M23 in M2M23U appeared at 5.15 ppm /3.63 ppm in the H-3 signal line of the residue, and 

its H-2/H-5 cross-signal was overlapped with that of M2. The “M2 effect” was also supported 

by the observation that H-1 of M2 correlated with H-3 of M3, H-3 of M, and H-3 of G at 4.86 
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ppm/5.02 ppm, 4.92 ppm/3.82 ppm, and 4.93 ppm/3.66 ppm in the NOESY spectrum (Figure 

3.6). H-2/H-1 cross-peaks at 5.47 ppm/4.93 ppm and 5.38 ppm/4.86 ppm were observed in the 

TOCSY spectrum with relatively low minimum contour level (Figure 3.7), confirming the 

existence of M2M3 and M2U, respectively. Furthermore, M2 in M2M3 had a H-2/H-3 

cross-peak at 5.47 ppm/4.00 ppm (Figure 3.6), with the H-3 (4.00 ppm) forming NOE signals 

with H-1 of M (4.75 ppm) and H-1 of G (4.53 ppm) (Figure 3.6). This indicated the H-2 signal 

line (5.47 ppm) was resulted from the M2 in triad VM2U, and this assignment was supported 

by the relatively upfield H-5 chemical shift (3.61 ppm) of the M2 (Figure 3.7). According to 

the “M2 effect”, the signal line at 5.38 ppm was further assigned to the H-2 of M2 in triad 

M2M2M3, noticing the relatively upfield H-3 at 3.96 ppm and H-5 signals at 3.53 ppm. Based 

on the chemical shifts of H-1, H-2, H-3, and H-5, two weak signal lines at 5.44 ppm and 5.42 

were assigned to the H-2 in M2M2U and VM2M3, respectively, with the former assignment in 

agreement with the previous report that the signal at around 5.45 ppm was attributed to the 

H-2 of M2 in M2M2 (van Hazendonk, Reinerik, de Waard & van Dam, 1996). Multiple H-1 

signal lines of M2 were found around the single H-1 signal line of M# in the TOCSY 

spectrum (Figure 3.6).  

We further applied the “M2 effect” and “M3 effect” to assign signal sets of other residues. 

Gt demonstrated two signals sets in the TOCSY spectrum (Figure 3.6). The chemical shift 

differences of H-2, H-1, and H-3 between the two signal sets made it reasonable to assign 

them to GtU and GtM3, according to “M3” effect. Similarly, two signal sets of G with 

chemical shifts different in H-2, H-3, and H-1 were assigned to GU and GM3. The signal 

features of G and Gt were also reflected in a combined figure of COSY and TOCSY (Figure 

3.8). We found single Mt signals and double M and M6 signal sets in the TOCSY spectrum 
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(Figure 3.6). Also, the “M3 effect” allowed us to assign the multiple signal sets of M and M6, 

based on the multiple H-1 and H-2 signals of these residues. For example, two sets of H-6/H-2, 

H-6’/H-2, and H-1/H-2 signals of M6 were found in the TOCSY spectrum (Figure 3.7). Based 

on the considerable difference in the chemical shifts of H-2 and H-1, the two signals sets were 

tentatively assigned to M6U and M6M3. 1H and 13C chemical shifts of residues in diads and 

triads, found in the current study, were summarized in Table 3.1. 

3.3.5. Some discussions about the enzymatic function of mannanases. 

Acetylated mannoses were not found in reducing end or non-reducing end of HDOP, 

implying that the mannanase could not cut the glycosidic bond linked to an acetylated 

mannose. This explained why HDOP was rich in O-acetyl groups. The reducing ends of 

HDOP were dominantly mannoses and its non-reducing ends contained both mannoses and 

glucoses, indicating mannanases were capable of breaking some MM and MG diads rather 

than GM and GG diads. This finding was in good agreement with literature data (Schröder, 

Nicolas, Vincent, Fischer, Reymond & Redgwell, 2001; Tenkanen, Makkonen, Perttula, 

Viikari & Teleman, 1997).  
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Table 3.1 1H and 13C of sugar residues in HDOP 

Residues Intensity  1 2 3 4 5 6’ 6 Linkages 
M Strong *H 4.75 4.12 3.82 3.78 3.56 - - MU 
  *C 101.2 71.1 72.6 77.5 76.0 61.7   
 Weak *H 4.68 4.04 3.78 3.78 3.52 - - MM3 
Mt Strong *H 4.72 4.07 3.66 3.62 3.44 3.78 3.94 MtU 
  *C 101.4 71.5 73.9 67.8 77.4 61.7   
 Weak *H 4.68 3.99 3.62 - - - - MtM3 
M# Strong *H 5.18 3.99 3.91 - - - - - 
  *C 94.9 70.1 72.0 - - - -  
M" Strong *H 4.91 4.00 - - - - - - 
  *C 94.8 71.9 - - - - -  
M2 Strong *H 4.93 5.47 4.00 3.85 3.61 3.78 3.93 VM2U 
  *C 100.0 72.6 71.4 77.6 76.0 61.7   
 Weak *H 4.90 5.44 - 3.85 3.53 3.75 - M2M2U 
  *C - 72.8 - - - 61.7   
 Weak *H 4.88 5.42 - - 3.61 - - VM2M3 
  *C - 72.7 - - - 61.7   
 Weak *H 4.86 5.38 3.96 3.85 3.53 3.75 - M2M2M3 
  *C - 72.7 - - - 61.7   
M3 Strong *H 4.83 4.18 5.08 4.04 3.63 3.78 3.93 VM3 
  *C 100.6 69.8 74.6 74.1 75.8 61.7   
 Weak *H 4.80, 

4.83 
4.16 5.02 4.04 3.56 3.74 3.88 M2M3 

M23 Weak *H 5.02 5.49 5.21  4.07 3.72 3.80 3.95 VM23U 
  *C 99.5 70.9 72.8 - - -   
 Weak *H 5.00 5.48 5.15 4.07 3.63 3.75 - M2M23U 
 Weak *H 4.96 5.41 5.18 4.07 - - - M23M3 
  *C - 70.9 - - - -   
M6 Weak *H 4.69 4.07 - - 3.65 4.31 4.53 M6M3 
  *C - - - - - 64.6   
 Weak *H 4.74 4.13 - - 3.65 4.28 4.51 M6U 
  *C - - - - - 64.6   
M26 Weak *H 4.93 5.48 - - - 4.33 4.52 - 
M36 Weak *H 4.83 4.20 5.09 - - 4.31 4.53 - 
G Strong *H 4.53 3.37 3.70 3.70 3.60 - - GU 
  *C 103.5 74.1 75.2 79.7, 80.3 76.0 61.5   
 Weak *H 4.48 3.26 3.66 - - - - GM3 
  *C 103.5 74.3 - - - -   
Gt Strong *H 4.51 3.32 3.52 3.42 - - - GtU 
  *C 103.7 74.3 76.7 70.7 - - -  
 Weak *H 4.45 3.21 3.48 - - - - GtM3 
  *C - 74.5 76.7 - - -   

Note: “U” means “M, G, or M2”. “V” means “M, G, or M3”. “-” means “not assigned
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3.3.6. 1JC-H coupling constants of major residues 

1JC-H coupling constants are important parameters relating to conformation of molecules 

(Maiti, Zhu, Carmichael, Serianni & Anderson, 2006; Vuister, Delaglio & Bax, 1993). 1JC1-H1 

can be used for the judgment of anomeric configuration of sugar residues (Bundle & Lemieux, 

1976), based on the fact that # and " anomers of pyranoses generally give 1JC,H values of 

around 160 Hz and 170 Hz, respectively (Bock & Pedersen, 1974). 1JC,H coupling can be 

observable as doublets in HSQC or HMQC experiment without 13C decoupling as well as in 

HMBC experiment with carefully chosen low-pass J-filters (Bubb, 2003; Duus, Gotfredsen & 

Bock, 2000). 1JC-H doubles were frequently observed in previous NMR studies of 

glucomannans (Guo, Cui, Wang, Hu, Kang & Yada, 2012; Pereira et al., 2010; van 

Hazendonk, Reinerik, de Waard & van Dam, 1996). In the current study, 1JC-H coupling 

constants of major residues in HDOP were obtained from HMBC spectrum (Figure 3.4) and 

were listed in Table 3.2. 1JC1-H1 values of these residues were verified by weak doublet signals 

in the anomeric region of the HMQC spectrum (Figure 3.3B). The pulse sequence of HMBC 

also enable us to obtain 1JC-H coupling constants of methyl groups in O-acetyl groups (Table 

3.2), and the values were slightly lower than those in methanol reported by Maiti et al. (2006).  

Table 3.2 1JC-H coupling constants (Hz) of sugar residues and O-acetyl groups 

1JC,H coupling 
constants 

Sugar residues O-acetyl 
groups M Mt M# M" G M2 M3 

1JC1-H1 161 161 170 162 158 165 162 - 
1JC2-H2 153 153 - - 146 150 - - 
1JC3-H3 146 - - - - - - - 

1JMethyl C-H - - - - - - - 131;134;135 
Note: “-” means “not detected” or “not applicable for this residue or group”. 
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3.3.7. "-(1#4)-D-galactan as contaminant 

"-(1!4)-D-galactan is a common component of higher plants (Mast et al., 2008), and is 

frequently found in some glucomannan-containing species, such as Aole barbadensis (Mandal 

& Das, 1980), Linum usitatissimum (van Hazendonk, Reinerik, de Waard & van Dam, 1996), 

and Norway spruce (Hannuksela & Hervé du Penhoat, 2004). HPAEC analysis in the current 

study indicated the existence of minor amounts of galactoses in HDOP. A signal at 4.63 ppt in 

the 1 D 1H NMR spectrum (Figure 3.1) was assigned to !4)-"-D-Galp-(1! (designated 

residue g). The cross-peak at 4.63 ppm/3.67 ppm in the spectra of COSY (Figure 3.2), TOCSY 

(Figure 3.7), and NOESY (Figure 3.6) was assigned to the H-1/H-2 correlation of the residue, 

by referring to literature data (Hannuksela & Hervé du Penhoat, 2004; van Hazendonk, 

Reinerik, de Waard & van Dam, 1996). The existence of the residue was also proved by the 

cross-peaks of H-1/H-3 (4.63 ppm/3.76 ppm) and H-1/H-4 (4.63 ppm/4.15 ppm) in the 

TOCSY spectrum. The C-1 chemical shift of the residue was extracted from the cross-peak at 

105.3/4.63 ppm (C-1/H-1) in the HMQC spectrum with a low minimum contour level, and 

was consistent with literature data (Hannuksela & Hervé du Penhoat, 2004; van Hazendonk, 

Reinerik, de Waard & van Dam, 1996).  

3.4. Conclusions  

Majority of the O-acetylated mannoses in HDOP have single substitution of O-acetyl 

group at O-2 or O-3 position. Considerable amounts of mannoses were found to be 

O-acetylated at both O-2 and O-3 positions according to NMR data. This finding is the first 

NMR evidence for the existence of 2,3-di-O-acetyl-"-D-mannopyranoses in glucomannans 

from higher plants. Evidences for branches were not found in NMR spectra. Therefore, the 
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major structure of Dendrobium officinale glucomannan can be shown as follows: 

 

 

 

Besides, the current study is the first report of the existence of minor amounts 

of!4)-2,6-di-O-"-D-Manp-(1!, !4)-3,6-di-O-"-D-Manp-(1!, and !4)- 6 

-O-"-D-Manp-(1! residues in glucomannans isolated from Dendrobium plants. Although the 

levels of these O-6 acetylated mannose residues are extremely low, their existence indicates 

the versatility of the O-acetylated mannose residues of higher plant glucomannans.  

The effects of O-acetyl group substitution on the NMR chemical shifts of 13C and 1H of 

1,4-"-D-glucomannan were found. Attaching an O-acetyl group to a 13C atom in a mannose 

ring can increase the chemical shift of the 13C atom while decrease the chemical shift of its 

neighbouring 13C atoms in the same ring. Adding an O-acetyl group to a 1H of a mannose 

residue can increase the chemical shift of the 1H atom and its neighbouring 1H atoms in the 

same mannose ring, and the closer a 1H is to the newly added O-acetyl group, the greater the 

increase of its chemical shift.  

Furthermore, 2-O-acetyl substitution of a mannose residue can increase the 1H chemical 

shifts of the H-3 and H-5 of its neighbouring residue at the reducing end side. 3-O-acetyl 

substitution of a mannose residue can increase the 1H chemical shift of H-2 of its neighbouring 

residue at the non-reducing end side. We designated the two effects “M2 effect” and “M3 

effect”, respectively. Understanding the two effects can be very helpful for researchers to 

interpret NMR spectra of 1,4-"-D-glucomannan from higher plants and other resources in 

future.
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Chapter 4. FRACTIONATION AND STRUCTURAL CHARACTERIZATION 

OF MAJOR FRACTIONS 

4.1. Introduction 

Considering the medical and commercial interest in the Dendrobium officinale herb in 

China, it is meaningful to obtain highly purified polysaccharide samples from Dendrobium 

officinale herbal materials and reveal the structure-conformation relationship of the 

Dendrobium polysaccharide samples, which are the prerequisites to understanding the 

mechanism of action of bioactive Dendrobium officinale polysaccharides. In many cases, 

fractionation of polysaccharide sample is necessary, because fractionation not only enhances 

the purity of polysaccharide sample but also generates a series of polysaccharide samples that 

share similar major structural characteristics but are slightly different in detailed structural 

features. These samples can be valuable materials for structure-conformation-bioactivity 

relationship study.  

In previous reports, anion exchange chromatographic (AEC) method and/or size 

exclusion chromatographic (SEC) method was used to fractionate Dendrobium 

polysaccharides (Hua et al., 2004; Zha et al., 2007; Wang et al., 2010). These chromatographic 

methods can result in polysaccharide fractions with very high purity. However, this method is 

time-consuming, gives low yields, and is not feasible for sample preparations for in vivo 

bioactive experiments, using animal or human clinical trials that require large amounts of 

polysaccharide samples. Purification and fractionation by gradient ethanol or ammonium 

sulfate precipitation method has gained increased importance (Guo et al., 2011), because the 

precipitation method allows researchers to efficiently fractionate plant polysaccharide samples 
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into many purified polysaccharide fractions based on the molecular weight and structural 

differences of these fractions. In the current study, we used ethanol precipitation method to 

fractionate the 2,3-O-acetyl-glucomannan to several fractions. We expected the fractionation 

could allow us to get a series of O-acetyl glucomannan samples with high purity and low 

polydispersity. The objectives were to investigate the Glc/Man ratio, the substitution degree of 

O-acetyl group, and the distribution pattern of O-acetylated residues along the backbone chain.  

4.2. Materials and methods 

4.2.1. Fractionation of DOP 

Purified Dendrobium officinale sample (DOP) (20 g) was dissolved in deionized water 

(2000 mL) to form a solution with polysaccharide concentration of 1% (w/w). Pure ethanol 

was then added slowly to the solution at room temperature with vigorous stirring to achieve a 

20% (w/w) ethanol concentration in the mixture. The mixture was kept at 4ºC for 6 h and then 

centrifuged at 10000%g and 4ºC for 20 min. The residue produced by the centrifuge was 

freeze-dried to give a fraction designated F0-20. To the supernatant, pure ethanol was added 

continuously until the ethanol concentration in the mixture reached 30% (w/w). The 

precipitate was collected using the same centrifugation and freeze-drying methods described 

as above and designated F20-30. The newly produced supernatant underwent a new cycle of 

ethanol precipitation. Using the same manner, by increasing the ethanol concentration to 40% 

and then to 50%, two more fractions were obtained and were designated F30-40 and F40-50, 

respectively. After F40-50 was recovered, the ethanol in the supernatant was evaporated using 

a rotary evaporator at 60ºC, resulting in an aqueous polysaccharide solution. The 

polysaccharide in this solution was recovered by freeze-drying and was named as F50S.  
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4.2.2. Measurements of molecular weight  

Molecular weight and molecular weight distribution were examined using a high 

performance size-exclusion chromatographic (HPSEC) system coupled with an integrated 

tetra detector array: a refractive index detector, a UV detector, a differential pressure 

viscometer, and two laser light scattering detectors, one at 90º and the other at 7º (Viscotek, 

Houston, TX) (Guo et al., 2012). Pullulan standards (P-82, JM Science Inc., New York, USA) 

were used to calibrate the detectors. The chromatographic system consisted of an SCL-10Avp 

pump (Shimadzu Scientific Instruments Inc., Columbia, Maryland, USA), an automatic 

injector (Shimadzu Scientific Instruments Inc., Columbia, Maryland, USA), a Shodex OHpak 

KB-806M (Showa Denko K.K., Tokyo, Japan), and an Ultrahydrogel linear (Waters, Milfor, 

Connecticut, USA). Sodium nitrate solution (0.1 M), containing 0.03% NaN3 (w/v), was used 

as the eluent of the HPSEC system. The temperature of the columns, the viscometer, and the 

refractive index detector were kept at 40°C. Polysaccharide sample (2 mg) was dissolved in 2 

mL of MilliQ water to form a 0.1 % solution (w/v). Before HPSEC analysis, the sample was 

filtered through a nylon syringe filter (pore size 0.45 µm).  

4.2.3. Determinations of total sugar, uronic acid, total starch, protein, ash, and moisture 

Total carbohydrate was determined using the phenol-H2SO4 method (Dubois et al., 1956), 

with glucose solutions (50, 100, 150, and 200 µg/mL) as standards. The colorimetric 

measurement was carried out using a CARY 3C UV-Visual spectrometer. An NA2100 

Nitrogen and Protein Analyzer (Strada Rivoltana, Milan, Italy) was used to test the nitrogen 

content in samples, from which the protein content was calculated with a conversion factor of 

6.25. The ash and moisture content of polysaccharides were tested according to AOAC 
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methods (Anonymous, 2000).  

4.2.4. Analysis of monosaccharide composition 

Monosaccharide composition was analyzed according to Mopper et al. (1992), with 

minor modification. Briefly, polysaccharide sample (around 10 mg) was hydrolyzed in 1 mL 

of H2SO4 at 100ºC for 2 h. The hydrate was then diluted 30 times using deionized water. The 

diluted sample was passed through a nylon syringe filter (pore size 0.45 µm) and was analyzed 

on a high performance anion exchange chromatographer (HPAEC) equipped with a pulse 

amperometric detector (PAD) (Dionex-5500, Dionex Corporation, Sunnyvale, California, 

USA). Sodium hydroxide solution (100 mM) was used as isocratic eluent, which was allowed 

to flow through a CarboPac PA1 column (250 %4 mm I.D., Dionex Corporation, Canada) and 

a guard column (3%25 mm, Dionex Corporation, Canda) at a flow rate of 1.0 mL/min. Before 

each sample injection, the columns were washed with NaOH eluent (300 mM) for 30 min at a 

flow rate of 1.0 mL/min. A concentrated NaOH solution (600 mM) at a flow rate of 0.5 

mL/min was used as the post-column delivery solvent on the system.  

4.2.5. Fourier transform infrared (FTIR) spectroscopy  

FTIR spectra of polysaccharide samples were obtained on an FTS 7000 FT-IR 

spectrometer equipped with a DTGS detector and a Golden-gate diamond single reflectance 

attenuated total reflectance (ATR) cell (DIGILAB, Randolph, MA). Spectra were recorded at 

absorbance mode from 600 cm-1 to 1800 cm-1 with a resolution of 4 cm-1. Data of each sample 

were collected from 128 co-added scans.  
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4.2.6. 1 D 1H NMR spectroscopy 

Each polysaccharide fraction for NMR spectroscopy was prepared by dissolving around 

90 mg of the sample in 5 mL of D2O and then freeze-drying the solution against three changes 

of D2O. The polysaccharide recovered from the third freeze-drying treatment was re-dissolved 

in 4 mL of D2O, passed through a nylon syringe filter (pore size 1.5 µm), and transferred to a 

regular 5 mm NMR tube. 1D 1H NMR spectrum was acquired on a Bruker Mac 600 MHz 

spectrometer (Bruker Co., Germany) at 90°C. Trimethylsilyl propionate (TSP) in D2O was 

used as the chemical shift standard for the NMR analysis. 

4.2.7. MALDI-tof-MS analysis of fractions hydrolyzed by mannanase and cellulase 

50 µL of A. niger "-mannanase suspension (Megazyme, Ireland, 41 U/mg, 297 U/ mL) 

was added to 1 L of polysaccharide water solution (1%, w/v) kept stirring at 37ºC for 96 h. 

The hydrolyzed DOP was recovered by freeze-drying. Cellulose hydrolysis process followed 

the same manner as mannanase hydrolysis, and 20 mg of cellulase powder from A. niger 

(Sigma, +0.3 U/mg solid) was used for the hydrolysis. The MALDI-tof-MS analysis of each 

freeze-dried sample was analyzed according to a previous report from our laboratory (Guo, 

Cui, Wang, Hu, Kang, & Yada, 2012).
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4.3. Results and Discussion 

4.3.1. Yield, chemical analysis, HPSEC analysis, HPAEC analysis, and FTIR analysis 

Table 4.1 Yield and chemical analyses of Dendrobium officinale polysaccharide fractions 

Fractions Yield (%) Total sugar (%) Protein (%) 

F0-20 1.5 56.21±0.68 39.02±2.45 

F20-30 27.8 92.81±3.72 2.75±0.18 

F30-40 24.6 92.39±3.36 1.54±0.12 

F40-50 31.1 86.06±1.90 ND 

F50S 15.1 84.41±1.66 3.00±0.37 

Note: “ND” means “not detected” 

Table 4.2 Results of HPSEC analysis of the four major fractions 

Fractions 
Mw 

(kDa) 

Mn 

(kDa) 

Polydispersity 

 

Intrinsic viscosity 

(dL/g) 

F20-30 260 210 1.24 13.45 

F30-40 202 137 1.47 12.18 

F40-50 161 89 1.81 9.53 

F50S 87 32 2.73 4.86 

Results showed that F0-20 was rich in protein and had very low yield, while the other 

four fractions contained very low level of proteins and had relatively high yields. Therefore, 

future experiments were mainly focused on the four major fractions. As ethanol concentration 

increased the precipitated fractions had lower molecular weight, lower intrinsic viscosity, and 

higher polydispersity (Table 4.2). In Figure 4.1, F20-30, F30-40, and F40-50 showed very 
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sharp peaks. Compared with other fractions, F50S demonstrated a much broader peak, 

indicating its high polydispersity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 RI chromatogram of the four major fractions subjected to HPSEC analysis 

The results of HPAEC analysis showed that the ratios of mannose to glucose varied 

greatly in different fractions, increasing from 5.1:1 for the F0-20 sample to 8.6:1 for the F50S 

sample (Figure 4.2), indicating these fractions were all glucomannan but with different 

detailed structures. Their structural similarity was proved by FTIR analysis. The FTIR spectra 

of the four major fractions were similar to each other and to that of DOP.  
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Figure 4.2 HPAEC-PAD analysis of the Dendrobium officinale glucomannan fractions  
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Figure 4.3 FTIR spectra of the four major fractions 
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4.3.2. Determination of the O-acetyl group substitution degree using 1 D 1H NMR 

spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 1 D 1H NMR spectra of the four major fractions 

Table 4.3 Type and numbers of protons in different residues generating signals in each region 
of 1 D 1H NMR spectrum  

Residue 
Region A 

 (5.32-5.70 ppm) 
Region B 

(4.42-5.32 ppm) 
Region C 

(2.00-2.45 ppm) 
Protons Numbers Protons Numbers Protons Numbers 

M23 H2 1 H1, H3 2 O-Acetyl H 6 
M2 H2 1 H1 1 O-Acetyl H 3 
M3 - 0 H1, H3 2 O-Acetyl H 3 
M - 0 H1 1 - 0 
G - 0 H1 1 - 0 

Note: “-” means the residue does not have protons producing signal in this region.  

!

A B C C 

F20-30 

F30-40 

F40-50 

F50S 
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It was apparent that the 1 D 1H NMR spectra of the four fractions (F20-30, F30-40, 

F40-50, and F50S) were similar to each other, indicating their similarity in structural features. 

These 1 D 1H NMR spectra were very similar to those of DOP and HDOP, except that water 

peak was not depressed in the current experiment. This was because we found suppression of 

water peak resulted in slightly reduced signal intensity of its neighboring peaks and the 

resulting spectra were not suitable for peak integration analysis. We integrated peaks with the 

chemical shift range of 5.32 ppm-5.70 ppm (designated Range A), 4.42 ppm-5.32 ppm 

(Designated Range B), and 2.00 ppm-2.45 ppm (designated Range C), with integrals values 

designated a, b, and c, respectively. We chose these three regions because peaks in each region 

had clear separation with peaks outside the region, even though peaks inside each region could 

overlap. We listed type and numbers of protons inside each residue producing singles in each 

of the three regions (Table 4.3). Understanding this allowed us to further calculate the 

substitution degree of O-acetyl group according to the basic principle that the intensity of 1 D 

1H NMR signal is proportional to the numbers of protons producing the NMR signal. If we 

assume that a single proton can produce a NMR signal with intensity i, the numbers of protons 

in Region A, Region B, and Region C can be calculated to be a/i, b/i, and c/i, with a, b, and c 

being the integral of Region A, Region B, and Region C, respectively. For the sake of 

calculation, let us suppose the numbers of residue M23, M2, M3, M, and G as NM23, NM2, NM3, 

NM, and NG, respectively. According to the information presented in Table 4.3, we were able 

to write down an equation for each of the three regions, shown in the following table (Table 

4.4). 
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Table 4.4 Equations derived from Region A, B, and C of 1 D 1H NMR spectrum 

Regions Equations 
Region A (5.32 ppm-5.70 
ppm) 

 

Region B (4.42 ppm-5.32 
ppm) 

 
Region C (2.00 ppm-2.45 
ppm) 

 

 
Rearranging Equation 3 resulted in a new equation： 

 

 

According to Equation 1, substituting “NM23+NM2” in Equation 4 with “a/i” enabled us to 

derive an equation to calculate the value of “NM23+NM3”, shown as follows: 

 

 

Similarly, rearranging Equation 2 allowed us to obtain the following relationship: 

 

 

According to Equation 5, substituting “substituting “NM23+NM3” in Equation 4 with 

“(c-3a)/3i” gave rise to an equation describing the total number of the four residues, shown as 

follows: 

 

 

With the “NM23+NM3”, “NM23+NM2”, and “NM23+NM2+NM3+NM+NG” solved, we then 

made the following calculations: 

!

!

!

!

!

!

!
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“Substitution Degree” in Equation 8 descries the average numbers of O-acetyl group in 

one sugar residue. “(O-2)%” in Equation 9 let us know how many residues out of 100 sugar 

residues had their O-2 position attached to an acetyl group. “(O-3)%” in Equation 10 

provides information about how many residues among 100 sugar residues have O-3 position 

lined to an acetyl group. “O-2/O-3” in Equation 11 means the ratio of numbers of O-acetyl 

group at O-2 position to those at O-3 position.  

We applied the “Equation 8”, “Equation 9”, “Equation 10”, and “Equation 11” to 

calculate the “Substitution Degree”, “(O-2)%”, “(O-3)%, and “O-2/O-3” of the four 

fractions F20-30, F30-40, F40-50, and F50s, and the results are shown in Table 4.5. 

Table 4.5 Substitution degree, O-2%, O-3%, and O-2/O-3 of four major residues 

Fractions Integrals Substitution  
Degree O-2% O-3% O-2/O-3 a b c 

F20-30 1 7.95 4.96 0.23 13.70% 8.95% 1.53 
F30-40 1 7.53 4.95 0.24 14.53% 9.45% 1.54 
F40-50 1 6.08 5.06 0.31 18.54% 12.73% 1.46 
F50s 1 6.06 5.73 0.37 19.42% 17.67% 1.10 

 
Results showed that as ethanol concentration increased, the precipitated fractions 

contained higher levels of O-acetyl group substitution at both O-2 and O-3 position. All 

fractions contained more O-acetyl groups at O-2 than O-3. F30-40 was close to F20-30 in 

!
!

!
!

!
!

!
!
!



 
 

108 

O-2/O-3 value. F40-50 and F50s had O-2/O-3 values of 1.46 and 1.10, respectively, which 

were much lower than those of the other fractions.  

It should be mentioned is that this method is based on the basic principle of 1 D 1H NMR, 

so this method is an absolute method. As long as highly purified sample is obtained, the 

accurate determination of O-acetyl group substitution degree can be achieved using this 

method. Temperature was found to be important for the test. At room temperature, signals are 

broad and tended to overlap, resulting in incorrect peak internals. We found 70°C was suitable 

for the determination, because at this temperature peaks were relatively sharp and a flat 

baseline between region A and Region B and between Region B and water peak were found, 

indicating that there were no peaks overlapping in those boundary areas. Region C was in an 

isolated region, and so there was no overlapping issue to worry about even at room 

temperature.  

4.3.3. MALDI-tof-MS analysis of major fractions hydrolyzed by mannanase and 

cellulase 

The MALDI-tof-MS spectra of the four fractions hydrolyzed by mannanase and cellulase 

are shown in Figure 4.5 and Figure 4.6, respectively. It was easy to assign the peaks because it 

was obvious that the oligosaccharides produced by the hydrolysis attached to either sodium or 

potassium ions, giving rise to adduct ions in the forms of [mHex+nAce+Na]+ and [mHex+ 

nAce+K]+, with “Hex”, “Ace”, “m”, and “n” denoting “hexoses”, “acetyl groups”, “the 

numbers of hexoses”, and “the numbers of acetyl groups”, respectively. Part of the spectrum 

of F50S subjected to cellulase hydrolysis was demonstrated in Figure 4.7 as an example of 

peak assignment. The result of MALDI analysis was in good agreement with the fact that 
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those fractions were all O-acetyl-glucomannans. Because the signal was very noisy when the 

m/z was lower than 500, only peaks with m/z higher than 500 were successfully identified.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 MALDI-tof-MS spectra of four major fractions hydrolyzed by mannanase 
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Figure 4.6 MALDI-tof-MS spectra of four major fractions hydrolyzed by cellulase 
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Figure 4.7 Part of MALDI-tof-MS spectrum of F50S hydrolyzed by cellulase 

In order to further understand the difference in the distribution pattern of oligosaccharides 

between different fractions, for each fraction we calculated the sum of the intensities of each 

pair of [mHex+nAce+Na]+ and [mHex+ nAce+K]+ with the same “m” and “n” number. In this 

way, we obtained the intensity of “mHex+nAce”. Then we calculated the relative intensity of 

mHex+nAce by dividing the intensity of “mHex+nAce” by the intensity of “3Hex+0Ace” 

(trihexose without acetyl group substitution) and the results are shown in Figure 4.8 and 

Figure 4.9 for cellulase and mannanase hydrolysis, respectively.  
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Figure 4.8 Relative intensities of oligosaccharides with different numbers of hexoses and 

O-acetyl groups resulted from fractions subjected to cellulase hydrolysis 
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Figure 4.9 Relative intensities of oligosaccharides with different numbers of hexoses and 

O-acetyl groups resulted from fractions subjected to mannanase hydrolysis 

According to Figure 4.8 and Figure 4.9, it was apparent that most of the oligosaccharides 
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produced by either enzyme treatment were those rich in O-acetyl groups, indicating highly 

O-acetylated region was resistant to enzymatic hydrolysis. Compared with F40-50 and F50S, 

the hydrolyte of F20-30 and F30-40 after cellulase hydrolysis contained less long 

oligosaccharide chains. This indicated that F20-30 and F30-40 contained more GG regions 

that could be hydrolyzed by cellulase. This was in good agreement with the monosaccharide 

analysis result that F20-30 and F30-40 had lower M/G ratio than the other two fractions. It 

was also observed that there was much less long chain oligosaccharide in the hydrolyte of 

F50S after mannanase hydrolysis than those of other fractions. This was because F50S 

contained higher levels of MM block that were good substrate of mannanase. 

4.4. Conclusions 

Gradient ethanol precipitation was a useful method for the fractionation of 2,3-O-acetyl 

glucomannan. The four major resultant fractions F20-30, F30-40, F40-50, and F50S had high 

purity. F20-30 and F30-40 had low polydispersity, which was suitable for batch mode light 

scattering study. Fractions obtained in solution with higher ethanol concentration tended to 

have higher M/G ratio, higher O-acetyl group substitution degree, lower molecular weight, 

and lower intrinsic viscosity. A method based on 1 D 1H NMR spectroscopy to determine the 

O-acetyl groups substitution degree was developed. MALDI-tof-MS analysis of the hydrolyte 

of four major fractions subjected to either cellulase or mannanase hydrolysis showed different 

oligomer distribution pattern, indicating the variance of the four glcuomannan fractions in 

detailed structural features. 
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Chapter 5. GENERAL DISCUSSION AND CONCLUSIONS 

In the current study, we successfully extracted a crude polysaccharide (DOC) with a 

relatively high yield of 36.3%. Such high yield makes it meaningful to develop large-scale 

extraction process based on the result of the current study, considering the fact that 

Dendrobium polysaccharides have many bioactivities. We also found the crude sample 

contained 17.09% starch. This finding provided direct evidence that purification of 

Dendrobium polysaccharide should include de-starch treatment. This is especially essential for 

Dendrobium polysaccharide preparation for detailed structural analysis using methylation and 

NMR.  

Sequential thermo-stable #-amylase treatments followed by multiple freeze-thaw 

treatments, dialysis, ethanol precipitation (3 volumes), and freeze-drying were found to be 

useful method for purifying crude Dendrobium polysaccharides. The purified sample (DOP) 

did not contain starch and had a non-starch polysaccharide level of 90.41%. It was composed 

dominantly of mannose and glucose in a molar ratio of 6.9:1 and did not have branches. 1 D 

1H NMR, 2 D 1H-1H TOCSY, and 2 D 1H-1H COSY NMR study revealed its primary structure 

as linear chain O-acetyl-glucomannan.  

In order to get more detailed structure information about the O-acetylated residues, we 

used mannanase to hydrolyze the glucomanann to oligosaccharides rich in O-acetyl groups 

(HDOP). The low viscosity nature of oligosaccharide solution allowed us to make a sample 

solution with oligosaccharide concentration as high as 6% (w/v). This high concentration 

made it possible that minor residues could give rise to signals strong enough for NMR 

spectroscopic analysis. As we expected, we obtained a series of high-quality 2 D NMR spectra 
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and 1 D NMR spectra. Full sets of NMR spectra enable us to assign most of the signals from 

major residues and also provide strong evidence for the presence of minor residues that was 

not observed in higher plant O-acetyl-glucomannan before. The main findings of the NMR 

study are summarized as follows: 

(1) We found the existence of considerable amounts of mannoses with both O-2 and O-3 

attached to acetyl groups (residue M23). This is the first NMR evidence of M23 in not only 

Dendrobium species but also higher plants. Actually, the signals of M23 were found to be 

strong enough to be detected in the COSY and TOCSY spectra of Dendrobium glucomannan 

without enzymatic hydrolysis (DOP). The major structure of 2,3-O-acetyl glucomannan was 

proposed:  

(2) 2 D NMR spectra also revealed the existence of minor amount of mannoses with 

single O-acetyl group substitution at O-6 position and with double O-acetyl group substitution 

at both O-6 and O-3 or both O-6 and O-2 position. This finding indicated the versatility of 

O-acetyl substitution position in the mannose sugar ring of glucomannan from higher plants. 

(3) Dendrobium glucomannan is simple in monosaccharide composition (only composed 

of mannose and glucose), but this does not mean that the chemical shifts of its sugar residues 

are simple. It was found in the current study that the attachment of an acetyl group with strong 

electro-negativity greatly affected the electron distribution of its neighboring atoms. The 

effects of O-acetyl group substitution on the NMR chemical shifts of 13C and 1H of 

1,4-"-D-glucomannan were found. It was also found that attaching an O-acetyl group to a C 
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atom in a mannose ring increased the chemical shift of the C while decreased the chemical 

shift of its neighbouring 13C atoms in the same ring. Adding an O-acetyl group to a 1H of a 

mannose residue was found to increase the chemical shift of the 1H and its neighbouring 1H in 

the same mannose ring. The closer a 1H was to the newly added O-acetyl group, the greater 

the increase of its chemical shift. Furthermore, 2-O-acetyl substitution of a mannose residue 

increased the 1H chemical shifts of the H-3 and H-5 of its neighbouring residue at the reducing 

end side. 3-O-acetyl substitution of a mannose residue increased the 1H chemical shift of H-2 

of its neighbouring residue at the non-reducing end side. We designated the two effects “M2 

effect” and “M3 effect”, respectively. Understanding the two effects could be very helpful for 

researchers to interpret NMR spectra of 1,4-"-D-glucomannan from higher plants and other 

resources in future. We summarized 1H and 13C chemical shifts of different sugar residues in 

different diad and triad. This information could be helpful for future researchers to assign 

peaks in the 2 D NMR spectra of their O-acetyl-glucomannan. 

(4) We found there were only four terminal residues: non-reducing end mannose (Mt), 

non-reducing end glucose (Gt), and reducing end mannoses with # or " configuration (M# and 

M"), indicating the mannanase could not break GM or GG diad. Absence of reducing or 

non-reducing end O-acetylated mannose residue implied that mannanase could not cut diad 

containing O-acetylated mannose. This could explain why the O-acetyl-rich fragments were 

highly mannanase-resistant. 

We then used gradient ethanol precipitation method to fractionate DOP to four major 

fractions, designated F20-30, F30-40, F40-50, and F50S. All of them were O-acetyl 

glucomannans but with different M/G ratio, molecular weight, and intrinsic viscosity. We then 

developed a method based on 1 D 1H NMR spectroscopy to calculate the degree of 
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substitution of O-acetyl group and to evaluate the percentage of O-2 and O-3 position 

occupied by acetyl groups. It was observed that as ethanol concentration increased, the 

collected fractions tended to contain more O-acetyl group. There were more acetyl groups 

attached to O-2 position than to the O-3 position, but as ethanol concentration increased, the 

difference between O-2 and O-3 substitution tended to decrease. Furthermore, we extensively 

hydrolyzed the four major fractions using mannanase and cellulase to oligosaccharides that 

were then subjected to MALDI-tof-MS analysis. Results showed that these fractions varied in 

the distribution pattern of oligosaccharides. All the four fractions were different in detailed 

structure even though they shared major structure as 2,3-O-acetyl-glucomannan.  

As part of the international cooperation project with China’s State Key Laboratory of 

Food Science and Technology in Nanchang, this thesis described a new method for the 

isolation of Dendrobium officinale glucomannans with high purity and yield, elucidated the 

detailed structure of Dendrobium officinale glucomannans, and obtained four 

2,3-O-acetyl-glucomannan fractions with different detailed structural features. These four 

2,3-O-acetyl-glucomannan fractions are good materials for future study on the conformation 

and bioactivity of 2,3-O-acetyl-glucomannan. Our cooperators in China examined the 

immunomodulatory effects of DOC and DOP on mouse macrophage cells (RAW264.7), and 

found that both DOC and DOP were not cytotoxic for the cells (unpublished data). It was 

found that the macrophages treated with DOC or DOP demonstrated higher phagocytic 

activity and more NO and cytokine production compared with control group (unpublished 

data). Reverse transcription polymerase chain reaction (RT-PCR) technique was used to find 

that DOC and DOP treatment could increase the level of iNOS, TNF-#, and IL-6 mRNA. 

Results of western blotting experiments showed that DOC and DOP treatments could increase 
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the expression of iNOS protein (unpublished data). A Ph.D. project aimed at testing the effects 

of Dendrobium officinale 2,3-O-glucomananns on the function of immune systems of mice 

was in progress in the lab in China. They are planning to use the four major fractions, F20-30, 

F30-40, F40-50, and F50S, as materials to examine the effects of 2,3-O-acetyl-glucomannans 

with different detailed structural characteristics on the in vitro and in vivo immune-stimulatory 

activities. Meanwhile, a graduate student in our group in Guelph is going to investigate the 

chain conformation of F20-30, F30-40, F40-50, and F50S in aqueous solution using static light 

scattering, dynamic light scattering, viscometry, and computer stimulation. It is expected that 

understanding the bioactivity and conformation of these 2,3-O-acetyl-glucomannan with 

various detailed structural features will shed light on the structure-conformation-bioactivity 

relationship of 2,3-O-acetyl-glucomannan. Given the fact that O-acetyl-glucomannan is 

universally existent in higher plant, understanding this structure-conformation-bioactivity 

relationship will further allow better application of O-acetyl-glucomannans from not only 

Dendrobium spices but also other higher plant resources.  
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