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In recent years, biotechnology research and development (R&D) in China has been 
receiving increasing attention from the world. With the open-door policy of the 
Chinese government, many international publications (for academia) and large 
market potential (for industry) constitute the two big reasons for the above phenom-
enon. Biotechnology has become one of the priorities in Mainland China for solv-
ing many important problems, such as food supply, health care, environment 
protection, and even energy. The central government has been implementing a cou-
ple of programs which cover a wide spectrum in basic research, high-tech develop-
ment and industrialization, such as Basic Research Program (973 Plan), Hi-Tech 
R&D Program (863 Plan), Key Science & Technology Problem Solving Program 
(Gong-guan Plan), as well as the establishment of centers of excellence - Key 
Laboratories and Engineering Centers, etc. The funding from various local govern-
ments and industry for R&D has also been increasing continuously. Biotechnology 
centers in Shenzhen, Shanghai and Beijing have been established. There are more 
than 400 universities, research institutes and companies and a total of over 20,000 
researchers involved in biotechnology in the Mainland. The number of research 
papers published internationally and patent applications is also increasing rapidly. 
In addition, the huge market potential with about 1.4 billion population, which is 
already open to the outside world, has provided numerous opportunities for inter-
national and domestic companies to invest in biotechnology, which pushes forward 
the biotechnology industrialization in China.

After organizing the 13th International Biotechnology Symposium & Exhibition 
(IBS2008, October 12–17, 2008, Dalian, China), under the auspices of the 
International Union of Pure and Applied Chemistry (IUPAC), recognized as the 
premier international biotechnology event, we are honored to be invited by the 
Series Editor Professor T. Scheper and Springer to edit a special volume on 
“Biotechnology in China,” which is expected to provide a window for international 
colleagues to observe the current status of Chinese biotechnology. In this special 
volume, some examples of biotechnology R&D activities in Chinese universities 
and institutes are presented, covering biocatalysis and biotransformation, secondary 
metabolites from higher fungi and plant tissues, protein production by animal cell 
culture, HPLC purification of proteins, biodegradation/bioremediation and 
 wastewater treatment technologies.

Preface

xi



xii Preface

The importance of chiral issues in active pharmaceutical ingredients has been 
widely recognized not only by pharmacologists, but also by chemists, chemical 
engineers and administrators. Chapter 1 by Professor Jian-He Xu and his colleagues 
focuses on the biocatalytic synthesis of chiral compounds useful for the pharmaceu-
tical industry. Biotransformation of nitriles mediated by nitrile-amide converting 
enzymes has attracted much attention and developed rapidly in China in recent years 
as it offers a valuable alternative to the traditional chemical reaction which requires 
harsh conditions. Professor Yu-Guo Zheng and his co-workers have overviewed the 
microbial transformation of nitriles to high-value acids or amides (Chap. 2).

Secondary metabolites from higher fungi and plant tissues include various 
unique bioactive compounds. Zhong and Xiao have reviewed the discovery, bioac-
tivity and bioproduction of secondary metabolites from higher fungi including 
medicinal mushrooms (Chap. 3). In Chap. 4, Professor Kee-Yoeup Paek and his 
collaborators have demonstrated the large scale cultivation of ginseng adventitious 
roots for the production of ginsenosides, which is one of the most famous oriental 
medicinal plants used as crude drugs in Asian countries and is now being used 
worldwide for preventive and therapeutic purposes.

Some high value proteins and vaccines for medical and veterinary applications 
through animal cell culture have an increasing market in China. Chapter 5 by 
Professor Yuanxing Zhang summarizes the studies on optimization of animal cell 
culture processes in view of substrate metabolism regulation and protein expression 
improvement. Purification of proteins from cell cultures is generally a crucial step 
for a cost-effective process. Preparative liquid chromatography is widely used for 
the purification of chemical and biological substances. Professor Yan Sun and his 
colleagues demonstrates several approaches to high-performance preparative chro-
matography of proteins (Chap. 6).

Our society is facing serious environmental challenges such as curbing green-
house gas emissions, finding renewable energy sources, managing waste and con-
trolling pollution and diseases. In recent years, environmental pollution has become 
a big problem in the world and has been receiving great attention from people and 
governments. In this book, two chapters are dedicated to the recent development of 
environmental biotechnology research in China focusing on biodegradation and 
bioremediation. Professor Ping Xu and his co-workers have reviewed the recent 
progress in biodesulfurization of fossil fuels (Chap. 7). In Chap. 8, Professor Han-
Qing Yu and his group members demonstrate the characterization, modeling and 
application of aerobic granular sludge for wastewater treatment.

I thank all the authors for their cooperation and significant contribution, 
Professor Scheper and Dr. Hertel for their strong support, Ms. Ingrid Samide and 
Mrs. Kreusel for their coordination and assistance, and my colleagues Profs. Wei 
Zhang and Fengwu Bai as co-editors. Also, I greatly appreciate the generosity of 
Shanghai Jiao Tong University, my colleagues and lab members at both SJTU and 
ECUST, and my friends and my family for their continuous support.

Shanghai, Summer 2009  Jian-Jiang Zhong
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Discovery and Utilization of Biocatalysts  
for Chiral Synthesis: An Overview of Chinese 
Scientists Research and Development

Hui-Lei Yu,  Jian-He Xu, Wen-Ya Lu, and Guo-Qiang Lin

Abstract The importance of chiral issues in active pharmaceutical ingredients 
has been widely recognized not only by pharmacologists, but also by chemists, 
chemical engineers and administrators. In fact, the worldwide sales of single-
enantiomer drugs have exceeded US $150 billion. Among them the contribution rate 
of biocatalysis technology is ever increasing (up to 15–20%). This chapter will focus 
on the biocatalytic synthesis of chiral compounds useful for pharmaceutical industry. 
Diverse enzymes, such as oxidoreductases, epoxide hydrolases, nitrilases/nitrile 
hydratases and hydroxy nitrile lyases which were isolated from various sources 
including microorganisms and plants, and the methodology for utilizing these 
enzymes in enantioselective or asymmetric synthesis will be discussed briefly.

Keywords Biocatalysis, Biocatalysts screening, China, Chiral synthesis, Screening 
method
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1 Introduction

The need for new chiral pharmaceutical reagents is believed to grow continuously 
since the human body usually functions via chiral catalysis of enzymes. In 2000, 
35% of pharmaceutical intermediates were chiral and this number is expected to 
increase to 70% by 2010 [1]. Compounds with a chiral centre are usually manu-
factured in single isomeric form. Current USA Food and Drug Administration 
(FDA) regulations demand proof that the nontherapeutic isomer should be non-
teratogenic. Moreover, the increasing size and complexity of these molecules 
frequently results in multiple chiral centres [2]. The target for a commercial proc-
ess, however, is demanding and an enantiomeric excess (ee) of 98% is a minimum 
acceptable level.

Chemists have been performing organic chemistry for hundreds of years, 
while microbes have been doing it for at least millions of years. Enzymes from 
microbes and other sources are extremely chemo-, regio-, and enantio-selective 
across a diverse range of reactions under mild conditions of pH, temperature, 
and pressure. “When it comes to wanting selectivities of 98% or higher, you are 
probably bound to a bioprocess, because getting beyond 95% otherwise is really 
tough,” says Kurt Faber [3], professor of chemistry at the University of Graz and 
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a member of the Research Center for Applied Biocatalysis (RCAB) in Austria. 
Biocatalysis can also open up new or even greener reaction routes [4]. As 
reported, the worldwide sales of single-enantiomer drugs have exceeded US $150 
billion [5]. Among them the contribution rate of biocatalysis technology is ever 
increasing (up to 15–20%). Table 1 summarizes some chiral products in industrial 
biocatalysis.

Recently, based on the impact of biocatalysis on the synthesis of chiral small-
molecule drug candidates, several pharmaceutical process R&D groups have placed 
a greater emphasis on biocatalysis for organic synthesis and have expanded or reini-
tiated activities in this area [3]. BMS’s (Bristol–Myers Squibb) multidisciplinary 
effort was created about 20 years ago to find means to access chiral intermediates, 
Patel, who heads the BMS Group, explains. He can offer dozens of examples where 
biocatalysis has been successful [7]. Degussa’s Service Center Biocatalysis (SCB) 
was founded in 2004 after the company had invested for 3 years in one of its Project 
House technology development initiatives. In February of 2006, SCB became a part 
of the company’s Exclusive Synthesis and Catalysts business unit. Other fine 
chemicals companies, such as Dowpharma, Cambrex, and Archimica, have also 
added biocatalysis capabilities largely through acquisitions.

Some of the drug developers will pay more attention to biocatalysis soon, but 
by and large it still is a niche technology [3]. Although biocatalysis has many 
advantages in chiral synthesis, especially for its excellent selectivity, there are 
three main drawbacks of today’s biocatalysts [8–10]: (1) biocatalysts stability is 
often not sufficient in the desired media; (2) too few biocatalysts exist for the 
desired reactions from available substrates to targeted products; and (3) too long a 
time is needed for development of new or improved biocatalysts. Researchers all 
over the world including Chinese researchers are making great a effort to solve 
these problems.

Table 1 Chiral products produced in quantities by industrial biocatalysisa

Product Enzyme Company

>1,000 tons per annum
(S)-Aspartic acid Aspartase Tanabe
(S)-Methoxyisopropyl amine Lipase BASF
(R)-Pantothenic acid Aldolactonase Fuji Chem. Ind.
(R)-Phenyllglycine Hydantoinase/carbamoylase Several
(S)-Amino acids Aminoacylase Degussa, Tanabe
>10 tons per annum
(S)-DOPA b-Tyrosinase Ajinomoto
Sterically pure alcohols and 

amines
Lipase BASF

(R)-Mandelic acid Nitrilase BASF
a Cited with modification from [6]
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2 Biocatalysts Source

Biocatalysts can be obtained from animals, plants or microorganisms. At present 
microorganisms are still the most prominent source of enzymes, while animal 
organs and plant materials contribute 8 and 4%, respectively, to the total amount of 
enzymes processed. Since the advent of recombinant DNA technology for over-
expression of an enzyme in a host microorganism, novel and unique plant enzymes 
are also preponderant [11]. A very interesting research area for microorganism 
screening is extremophiles [12]. Extremophilic microorganisms are adapted to survive 
in ecological niches, and they produce unique biocatalysts that function under 
extreme conditions comparable to those prevailing in various industrial processes.

There are several techniques for getting a biocatalyst, including: (1) commercial 
enzyme companies and strain culture collection agencies; (2) screening for new 
activities in different environments (soil, polluted areas, deep vents); (3) screening 
for new activities from plant material and animal tissue; (4) discovery of unnatural 
activities of existing enzymes; (5) utilization of novel reaction conditions or altered 
reaction media resulting novel performance of the biocatalyst; (6) application of 
genetic engineering techniques, e.g., such as protein engineering or directed evolution; 
and (7) chemical modification and immobilization for improved biocatalyst.

2.1  Biocatalysts from Commercial Enzyme Companies  
or Strain Culture Collection Agencies

The most rapid and convenient way for biocatalyst screening is perhaps to search 
from the known commercial enzymes. The commercial enzyme companies such as 
Sigma, Novozyme, Amano and Genencor (now a division of Danisco) supply large 
quantities of enzymes as off-the-shelf and ready-to-use products. Generally speaking, 
the industrial strains can be obtained from the culture collections according to their 
related species. In addition, many countries have built up national collections 
administrated by government agencies, for instance, ATCC (American Type 
Culture Collection, USA), DSMZ (Deutsche Sammlung von Mikroorganismen und 
Zellkulturen, Germany), NCTC (National Collection of Type Cultures, UK), and 
CGMCC (China General Microbiological Culture Collection Center, China).

2.2  Screening Microorganisms from the Natural  
Environment for Target Biocatalysts

Most of the novel biocatalysts are discovered from a suitable environment in nature. 
It is very crucial to analyze the characteristics of the target microorganism and chose 
the suitable collection environment before the samples collection. For instance, 
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when the biocatalytic reaction needs a condition of higher temperature, acidic or 
alkali environment, the comparable environment is better to be used for screening.

Although various microorganisms are present in a natural environment, they are 
often subjected to nutrient-poor conditions. Thus organisms in nature must be able 
to adapt quickly to a rapid change in nutrient availability. This requirement is per-
haps one of the main reasons for the existence of highly sophisticated regulation 
mechanisms and also provides the diversity of diets upon which microorganisms 
can feed. Nutrient condition is one of the most important factors for screening the 
ideal microorganism from the diverse organism realm.

The criteria for a successful screening process with the goal include [8]: (1) the 
organism must produce the desired enzyme in good yield and within a reasonable 
short period if possible; (2) the organism must synthesize the enzyme with cheap 
and accessible nutrients; (3) the enzyme produced by the organism should have 
high selectivity with few by-product; (4) the organism should be nonpathogenic and 
should not produce undesired or toxic compounds; and (5) the organism should be 
genetically stable.

2.3 Screening Biocatalysts from Plant Materials

Plants are valuable sources of a variety of unique biocatalysts for performing  
a complex reaction. A wide variety of compounds, such as aromatics, steroids, 
alkaloids, coumarins and terpenoids, can be transformed by plant-originated biocata-
lysts  [11].

The advantages of plant biocatalyst are as follows. First, being a different branch 
from microorganism in cladistics, the plant biocatalyst has its peculiarity, performing 
differently in bioconversion reaction, with respect to the stability, the substrate 
specificity and so on. Genetic manipulation approaches offer great potential to 
express heterologous genes for key enzymes [13]. Second, plant enzymes can be 
regarded as a more direct help than the microorganism biocatalyst for the organic 
chemist since most of them were unfamiliar with the microorganism fermentation 
process [14]. Third, the source of plant biocatalyst is very rich all over the world. 
Taking China as an example, the total number of plants can reach 43,000 and these 
plants grow diversely and cover almost any kind of plants in the Northern 
Hemisphere. Therefore, it is preponderant to develop the plant biocatalyst for areas 
rich of plant materials. Finally, most of the plant biocatalysts are absolutely ‘green 
catalyst’ ; sometimes they are even edible [15–18].

The possibility of success in exploring the biocatalytic capability of plant 
cells and enzymes is enormous. However, advancement in the biotransformation 
studies using plant biocatalysts, especially in vitro, is quite slow. More specifically 
spea-king, the characterization of secondary metabolic pathway is a multidisci-
plinary challenge. The limited and fragmented knowledge in this area is a real 
bottleneck for the exploitation of biotransformations in vitro as there are not many 
commercially available metabolites to examine these reactions. A coordinated 
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approach of mole-cular studies on metabolic pathway engineering to understand 
the involved genes and enzymes may contribute toward utilizing biotransforma-
tions in vitro for practical use.

2.4 Metagenome Approach for Biocatalyst Screening

The development of direct techniques to extract, clone and heterogenously express 
genomic DNA from entire uncultivated microbial consortia, namely the so-called 
‘metagenome’ approach, will result in revolutionary progress in the field of enzyme 
discovery by providing genetic access to the ‘unseen’ majority of microbial diversity 
and its enzymatic constituents [19–22]. The Diversa Company (San Diego, USA) 
specializes in improving the accessibility of enzymes from unculturable organisms 
[23]. The technique was successfully applied to samples from both sea water and soil.

3 Methods for Rapid Screening

3.1 Screening by Conventional and Novel Methods

Conventional screening methods are increasingly being replaced or supplemented 
by novel methods (Table 2). The system for HTS (high-throughput screening) has 
the ability to handle large amounts of samples. A robotic system, which is able to 
localize single colonies on a plate, to grow colonies on a plate, and to inoculate in 
liquid culture, allows screening of typically 1,000 strains per week. Given the 

Table 2 Conventional and novel methods for biocatalyst screening [8]

Conventional methods Novel methods

Isolation of microorganisms in the neighbor-
hood of habits with enhanced concentration 
of substrate

Single cell selection by identification of inter-
esting cells with the desired activity, and 
picking with robotic arms for further  
cultivation

Selection of strains based on taxonomic close-
ness to prior successful strains

Based on published nucleotide sequences of 
proteins with a similar activity profile, 
searching for similar enzymes in different 
organisms by using PCR and rRNA methods

Enrichment cultures Cloning for high expression with highly trans-
formable hosts

Use of 96-wells plate Use of 384-wells plate and even 1,536-well 
plate
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necessity to screen about 10,000–100,000 strains in order to find a useful biocatalyst, 
this means one could expect the process to take 10–100 weeks to a breakthrough.

3.2 Screening by Detection

One of the main challenges is to develop a simple assay sensitive enough to pick 
up enzyme activities that might be below their optimal level under the detection 
conditions. The ideal assay system for HTS would include automated manipulation 
of single wells and each should be tested for a variety of activities simultaneously. 
Nowadays novel colorimetric, luminescence and fluorescence methods have 
already been established in HTS with automated multiplex compound testing. 
Reyond et al. published several important reviews on the HTS screening methods 
[24–27]. Reymond et al. summarized both the off-line and on-line assays for 
biocatalyst screening (Table 3).

The most convenient reactions to test in high-throughput are those involving 
chromogenic or fluorogenic substrates. Fluorogenic and chromogenic assays can be 
employed for screening of most of the enzymes, such as lipases and esterases 
[28–31], proteases [32], aryl sulfatases [33], monooxygenases [34], amidase [35] 
and nitrilase [36]. Some fluorogenic substrates [24–27] were summarized in Fig. 1. 
Detection of genetic diversity via random mutagenesis can be achieved by using the 
Fluorescence Enzyme Bead Assay System (FEBAS), in which an evenly distributed 
substrate becomes a fluorescently localizable product after biocatalysis by the 
beads-attached enzymes [37].

3.3 Screening for Stereoselectivity

HTS for biocatalyst is often not only aimed at activity, but also at stereoselectivity, 
especially enantioselectivity for chiral synthesis. Compared to detect optical purity, 

Table 3 Assays useful for biocatalyst screeninga

Method type
Endpoint 
(off-line)

Real-time  
(on-line)

Chromometric/fluorimetric TLC Fluoro/chromog-
enic substrates

Product staining pH indicators
Biosynthesis of color products FRET substrates

Sophisticated reagents QUEST Homogeneous 
cat-ELISAcat-ELISA

Competitive cat-ELISA
Sophisticated instruments HPLC IR-thermography

MS

CE
a Cited with modification from [24–27].
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the most direct method for analyzing enantioselectivity [38, 39], the HTS version 
used the novel approaches instead, such as fluorogenic assay [40–42], mass spectrum 
[43–46]. In addition, microarrays [47], fingerprinting [48], chips [49] and NMR 
[50] were also used for screening of enantioselective catalysts.

4 Examples of Biocatalysts for Chiral Synthesis

In the following examples, biocatalysts were discovered and utilized by researchers 
all over the world, especially in recent years by Chinese researchers.

4.1 Oxidoreductases (E.C. 1)

4.1.1 Dehydrogenases/Reductases (E.C. 1.1)

Asymmetric reduction of the carbonyl group is perhaps one of the most impor-
tant, fundamental and practical reactions for producing chiral alcohols, which 
can be transformed into various functionalities for synthesis of industrially 
important chemicals such as pharmaceuticals, agrochemicals and natural prod-
ucts (Table 4) [51–53]. Dehydrogenases and reductases are enzymes that cata-
lyze the reduction of carbonyl groups [54, 55]. In particular, the number of 
industrial processes using alcohol dehydrogenases (ADHs) is increasing [54–
59]. These biocatalysts, used as isolated enzymes or whole cells, catalyze the 
stereoselective reduction of prochiral ketones with remarkable chemo-, regio-, 
and stereoselectivity.

In principle, virtually all organisms can serve as a source for ADHs. However, 
to date, commonly used, commercially available ADHs originate from horse liver 
(HLADH) and microorganisms, such as Thermoanaerobium brockii (TBADH), 
baker’s yeast (Saccaromyces cerevisiae, YADH), Candida boidinii, Candida par-
apsilosis, Rhodococcus erythropolis, Lactobacillus brevis, and Lactobacillus kefir. 

Fig. 1 Some fluorogenic substrates used for biocatalyst screening
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Many ADHs obey the Prelog rule although exceptions (Anti-Prelog) have also been 
discovered (Table 5) [56, 60–63].

Due to the high cost of the pyridine cofactors needed by NAD(P)-dependent 
oxidoreductases, in situ cofactor regeneration is required for preparative applica-
tions. In recent years, existing regeneration methodologies have been improved and 
new approaches have been devised [64–66]. These include the use of newly discov-
ered dehydrogenases that are stable in a high content of organic solvents such as 
2-propanol [67, 68] and novel enzymes that can regenerate either the reduced or 
oxidized forms of the cofactor [69–71], such as phosphite dehydrogenase [69], 
pyridine nucleotide transhydrogenase [70] and NADH oxidase from Lactobacillus 
brevis [71]. The use of electrochemical methods has allowed cofactor regeneration 
[72, 73], and natural or engineered whole-cell systems provide alternatives to 
approaches relying on purified enzymes [57, 58, 74].

Our group employed whole-cells of newly isolated Rhodotorula sp. AS2.2241 
for efficient reduction of a broad range of prochiral ketones (a–k) to the corre-
sponding optically active secondary alcohols (Table 6). The microbial reduction 
system exhibited high activity and excellent enantioselectivity in the reduction of 
various aromatic ketones and acetylpyridines (>97% ee), but moderate to high 
enantioselectivity in the reduction of a- and b-keto esters [75, 76].

Xu Y and coworkers [77] reported an economical and convenient biocatalytic 
process for the preparation of (S)-1-phenyl-1,2-ethanediol (PED) by microbial 
deracemization from the corresponding racemate. The enantioselective conversion 
of racemic PED by Candida parapsilosis CCTCC M203011 was found to be the 
most efficient process to produce (S)-PED with high optical purity of 98% ee and 
yield of 92%. The (S)-enantiomer was produced from the intermediate identified as 
b-hydroxyacetophenone by asymmetric reduction, following the stereoselective 

Table 4 Chiral alcohols produced by asymmetric reduction and their uses for synthesis of indus-
trially important chemicals

Product Yield ee (%) Application Company

OH

72%, >99 Amphetamines Forschungszentrum 
J¨lich GmbH63.5 g (L.day)−1

  
O

O

OEt

OH OH 92% 99 Anticholesterol 
drugs

Bristol-Myers Squibb

O

O OH

96%, >99.9 LY 300164 (an 
orally active 
benzodi-
azepine)

Eli Lilly

75 g (L.day)−1

N

H
N

O NO2

OH 82.5% >98 b-3-Agonist Merck Research 
Laboratories

Cl
O

OH O 95% 99 Cholesterol 
antagonist

Bristol-Myers Squibb
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Table 6 Reduction of aromatic ketones by Rhodotorula sp. AS2.2241a

O

R

R'
Rhodotorula sp. AS2.2241

a-k R

R'

OH

Substrate R R’ Time (h) Yield (%) ee (%) Config.

a H CH
3

7 100 (65) 99 S
b NO

2
CH

3
3 100 (84) >99 S

c Br CH
3

3 100 (63) >99 S
d Cl CH

3
4 100 (72) 99 S

e MeO CH
3

24 50 (35) >99 S
f NH

2
CH

3
24 ND (6) ND ND

g H CH
2
Br 3 100 (69) >99 R

h H CH
2
Cl 3 100 (52) >99 R

i H C
2
H

5
9 100 (62) >99 S

j H C
2
H

4
Cl 20 100 (50) >99 S

k NO
2

CH
2
Br 5 100 (51) 97 R

a Cited with modification from Reference [75–76]

Table 5 Alcohol dehydrogenases from various sources and selectivities

ADH Attack from Configuration

Baker’s yeast Re Prelog
Horse liver Re Prelog
Thermoanaerobacter ethanolicus Re Prelog
Thermoanaerobium brockii Re Prelog
Rhodotorula sp. Re Prelog
Pseudomonas sp. Si Anti-Prelog
Lactobacillus kefir Si Anti-Prelog
Mucor javanicus Si Anti-Prelog
Lactobacillus brevis Si Anti-Prelog
Geotrihum sp. Si Anti-Prelog

oxidation of (R)-PED to b-hydroxyacetophenone. The stereoselective conversion 
involves the oxidation of (R)-PED to the intermediate with NADP+ as the cofactor 
and the reduction that forms the product using NADH as the cofactor, which 
was catalyzed by a novel cofactor-dependent oxidoreduction system (Fig. 2).  
The NADP+-dependent (R)-specific alcohol dehydrogenase involved in the stere-
oinversion has been purified from C. parapsilosis CCTCC M203011, which has a 
relative molecular mass of 45 kDa.
Sun ZH et al. [78] utilized whole-cells of a fungus, Aureobasidium pullulans 
CGMCC1244, for highly stereoselective reduction of ethyl 4-chloro-3-oxobu-
tanoate to ethyl (S)-4-chloro-3-hydroxybutanoate in a biphasic system composed of 
potassium phosphate buffer and dibutylphthalate.
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Our group [61–63] reported the work on bioreduction of aryl ketones, aryl 
a-hydroxy ketones, 2-hydroxy and 2-acetoxy ketones and sulfur containing ketones 
by Geotrichum sp. 38, affording mostly the anti-Prelog alcohols.

4.1.2 Oxygenases (E.C. 1.14)

Oxygenases are enzymes that introduce one or two atoms of molecular oxygen into 
an organic molecule. They are attractive for chemical synthesis and bioremediation 
as they react with a wide range of organic substances [79]. However, their practical 
applications are still limited because most oxygenases are membrane-associated, 
not very stable, and display rather low activity. For their catalytic function, most 
oxygenases require reduction equivalents usually supplied by NADPH or NADH. 
Moreover, they require electron-transfer partners such as flavin reductases and 
iron–sulfur proteins, which might be also membrane-associated. Some of these 
limitations can be overcome by using whole-cell systems [74]. However, physio-
logical effects such as low expression rates, limited substrate uptake, toxicity  
of substrate or product, and product degradation must be taken into account.  
The mainstream of current studies is thus to either engineer isolated oxygenases for 
altered selectivity or enhanced stability, or to engineer the metabolism of whole 
cells towards an improved yield of the desired oxidation product or to combine both 
approaches [80–82].

Chiral sulfoxides are formed as metabolites of many sulfur-containing drugs, 
and exhibit differential stereochemically-dependent metabolism and enzyme inhi-
bition [83]. They are valuable asymmetric starting materials and chiral auxiliaries 

Fig. 2 Stereoinversion of (R)-PED to (S)-PED catalyzed by C. parapsilosis CCTCC M203011
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in organic synthesis, and have been the target of a number of chemical syntheses 
[84]. The enantioselective oxidation of a prochiral sulfide is no doubt the most 
direct and economical method for the synthesis of enantiopure sulfoxides. The 
promising results obtained in biological sulfoxidation in the past decade suggest 
that this approach will be of synthetic interest in the future [85]. Both isolated 
enzymes, such as cyclohexanone monooxygenase, haloperoxidases, monooxygenases, 
dioxygenases and so on, and whole cells including bacteria, fungi and yeasts have 
been used in the asymmetric oxidation of prochiral sulfides [85].

Recently, our group has isolated a new bacterium Rhodococcus sp. ECU0066 
for biocatalytic oxidation of a broad spectrum of sulfides, affording quite high 
activity and enantioselectivity for most of the sulfides [86]. The optimization of 
the whole-cell reaction system, cofactor regeneration and substrate toxicity are 
still in progress.

4.2 Hydrolases (E.C. 3)

4.2.1 Lipase (E.C. 3.1.1.3)

Lipases are currently one of the best biocatalysts for the preparation of a wide range 
of optically active alcohols [87]. Applications of lipases in asymmetric synthesis 
include kinetic resolution of racemic alcohols, acids, esters or amines [88], as 
well as the desymmetrization of prochiral compounds [89, 90]. Ghanem summa-
rized the recent developments in the rapidly growing field of lipase-catalyzed 
kinetic resolution of racemates, including kinetic resolution of primary alcohols, 
secondary alcohols, tertiary alcohols, chiral carboxylic acids and diols [91]. Novel 
biotechnological applications have been successfully established using lipases for 
the synthesis of biopolymers and biodiesel, the production of enantiopure pharma-
ceuticals, agrochemicals, and flavor compounds [92].

Lipases from a large number of bacterial, fungal and plant and animal sources 
have been purified to homogeneity [93]. Hasan reviewed numerous lipases from 
species of bacteria, yeasts and molds [94]. Many plant lipases have been isolated 
now which can be used as important biocatalysts. Many companies market diges-
tive enzymes prepared from plant and fungal lipases. Doctor’s Holistic Market 
manufactures Chiro-Zyme, the digestive enzymes formula containing lipase from 
Aspergillus niger and Rhizopus oryzae. Lipase discovered from extremophilic 
microorganisms in recent years resulted in several novel applications in industrial 
processes [95–97].

Discovery of Novel Lipase

Our group [98] succeeded in isolating a racemic glycidyl butyrate resolving strain, 
Rhizopus sp. Bc0-09. Its extracellular lipase was found to hydrolyze enantioselectively 
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the (S)-enantiomer of the chiral ester (Fig. 3), with optimal activities at pH 5.3 and 
42 °C. Higher enantioselectivity of the enzyme was observed at lower temperatures, 
while the best enantioselectivity was obtained at pH 5.5–6.0, with an E value (enan-
tiomeric ratio) of 57.

Our group [99–101] had isolated a lipase-producing Serratia marcescens 
ECU1010, its extracellular lipase being used to resolve successfully trans-3-(4’-
methoxyphenyl) glycidic acid methyl ester [(±)-MPGM] (Fig. 4). The product 
(2R,3S)-(−)-MPGM with optical purity of >99% ee was obtained in a yield of 
37.2%, which is an important precursor for production of Diltiazem (a coronary 
vasodilator).

Wei et al. [102] screened a lipase-producing strain Pseudomonas fluorescens 
B68, with GenomeWalker. The open reading frame of lipase gene lipB68, encoding 
476 amino acids, was cloned and expressed in Escherichia coli BL21 (DE3). By 
affinity chromatography, the recombinant LipB68 protein was purified to 95% 
purity. In chiral resolution, LipB68 effectively catalyzed the transesterification of 
both a-phenylethanol and a-phenylpropanol (Fig. 5) at 20 °C, achieving E values 

Fig. 3 Bioresolution of glycidyl butyrate by lipase from Rhizopus sp. (cited from [98])
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Fig. 4 Stereoselective hydrolysis of (±) MPGM by lipase from Serratia marcescens ECU1010 
(cited from [101])
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greater than 100 and 60 after 120 h, respectively. Among the known biocatalysts 
used in biodiesel production, LipB68 gave a yield of 92% after 12 h.

Lipase for Kinetic Resolution

Our group [103–108] studied the kinetic resolution of 2-chloroethyl ester of rac-
ketoprofen catalyzed by Lipase OF (lipase from Candida rugosa) systematically 
(Fig. 6).

Surfactants and pH of the reaction medium were found to be two critical factors 
affecting both the activity and enantioselectivity of Lipase OF. With the addition of 
either of the two emulsifiers at their optimal concentrations, i.e., 2% (w/v) Tween-
80 or 3% (w/v) OP-10, the crude Lipase OF activity was greatly enhanced up to 13 
and 15 times, respectively. On the other hand, the E value increased from 1.2 to 6.7 
for the crude lipase and from 8 to 100 for the purified lipase in the presence of 8 or 
2% (w/v) of Tween-80 [103]. The optimal activity of Lipase OF for hydrolysis was 
at pH 4.0, while the best enantioselectivity was observed at pH 2.2 where the 
enzyme was still 60% active and stable [104]. By spectroscopic studies [105], the 
origin of the activity and enantioselectivity enhancement induced by pH variation 
could be attributed to the changes in the conformation and/or the flexibility of the 
lipase. By combination of the two effectors, the E value of the lipase was increased 
up to 60 for the crude lipase (42% yield, >95% ee) [106].

Various materials have been used as supports for the immobilization of Lipase 
OF. The enzyme adsorbed on silica gel showed the maximum activity recovery 
(37%), and was thus used to construct a packed bed reactor for the continuous 
production of (S)-ketoprofen. Using a packed bed bioreactor, optically pure 
(S)-ketoprofen (ee >99%) was produced with a conversion of 30% and productivity 
of 1.5 mg (g biocatalyst)−1 h−1 [107].

The two processes respectively used for the partial purification and for the 
immobilization of Lipase OF have been successfully integrated into one by simple 
adsorption of the enzyme onto a cation ion exchanger resin (SP-Sephadex C-50) at 
pH 3.5 [108]. Due to selective removal of the unfavorable lipase isoenzyme (L1), 
the enzyme components (mainly L2 and L3) that are tightly fixed on the resin dis-
played a significantly improved enantioselectivity. By using such an immobilized 
enzyme as biocatalyst, the process for preparing enantiopure (S)-ketoprofen 
becomes simpler and more practical as compared with the previously reported pro-
cedures and the product was obtained with >94% ee at 22.3% conversion in the 
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Fig. 6 Enantioselective hydrolysis of 2-chloroethyl ester of ketoprofen
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presence of an optimal concentration (0.5 g l−1) of Tween-80 at pH 3.5. Furthermore, 
the operational stability of the immobilized biocatalyst was examined in different 
types of reactors. Under optimal conditions, the air-bubbled column reactor could 
be operated smoothly for at least 350 h, remaining nearly 50% activity.

Yuan et al. [109] reported the preparation of optically active b-hydroxy-b-aryl-
propionates, d-hydroxy-d-aryl-b-oxo-pentanoates and their butyryl derivatives via 
Candida rugosa lipase (CRL) catalyzed hydrolysis (Fig. 7). The optically active 
products are potential precursors of some chiral pharmaceuticals and natural 
products.

Cao et al. [110] reported a highly active lipase expressed from a newly con-
structed strain of Bacillus subtilis (BSL2) for enantioselective lipase-catalyzed 
kinetic resolution of N-(2-ethyl-6-methylphenyl)alanine (NEMPA) (Fig. 8). A high 
enantiomeric ratio (E = 60.7) is reached in diisopropyl ether/water (10 vol.%) and 
the enantioselectivity is about 22-fold higher than that in pure buffered aqueous 
solution. The results show that the reaction medium greatly influences BSL2 reac-
tion and its enantioselectivity in the hydrolysis of racemic methyl ester.

Immobilization of Lipase

A synthetic surfactant, didodecyl N-d-glucono-l-glutamate (DGG), was used for 
modification of Pseudomonas sp. lipase (Lipase PS) to prepare optically pure 
(S)-4-hydroxy-3-methyl-2-(2-propynyl)-cyclopent-2-enone [(S)-HMPC] in a solvent-
free system (Fig. 9) [111]. The V

max
 of the modified enzyme was improved by as 

Fig. 7 Candida rugosa lipase-catalyzed kinetic resolution of b-hydroxy-b-aryl propionates and 
d-hydroxy-d-aryl-b-oxo-pentanoates (cited from [109])
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much as 160 times over the native lipase, in spite of a similar K
M

 value to that of 
the native lipase. When the substrate concentration of the racemic alocohol 
(HMPC) was as high as 1 M, the reaction reached 40% conversion in 20 h with 
merely 1.0 g L−1 of the DGG-lipase, producing (R)-HMPC acetate in nearly 100% ee. 
The stearic acid-coated Lipase PS showed the highest catalytic activity, with a 
specific activity improved by 54 times over the native lipase [112]. The microcrystal 
salt-supported lipase and celite-adsorbed Lipase PS also displayed a much better 
performance as compared with the native lipase.

A lipase from Penicillium expansum PED-03 lipase (PEL) was immobilized on 
a modified ultrastable-Y (USY) molecular sieve. The immobilized lipase catalyzed 
the kinetic resolution of (R,S)-2-octanol in microaqueous media. The conversion of 
the reaction catalyzed by PEL immobilized on modified USY molecular sieve 
reached 48.8% with excellent enantioselectivity (average E of eight batches >460) 
in n-hexane with 0.8 vol.% water, which was much higher than that of the reaction 
catalyzed by free PEL and PEL immobilized on other supports [113].

Lauric acid-stabilized magnetic particles were prepared by coprecipitation in the 
presence of lauric acid and used for the covalent immobilization of Candida rugosa 
lipase via carbodiimide activation [114]. Biocatalytic resolution of (±)-menthol was 
performed by the immobilized lipase-catalyzed enantioselective esterification with 
propionic anhydride. As a result, (−)-menthyl propionate with a yield higher than 
96% and over 88% ee of products was obtained. Good durability of the immo-
bilized lipase to catalyze the resolution of (±)-menthol was also observed.

Lipase in Ionic Liquids

Enantioselective acylation of (R,S)-1-trimethylsilylethanol [(R,S)-1-TMSE] with 
vinyl acetate (Fig. 10) catalyzed by immobilized lipase from Candida antarctica B 
(i.e., Novozym 435) was efficiently conducted in ionic liquids (ILs) [115]. Of the 
six ILs examined, the IL C

4
MIm.PF

6
 gave the fastest initial rate and the highest 

enantioselectivity, and was consequently chosen as the favorable medium for the 
reaction. After a reaction time of 6 h, the ee of the remaining (S)-1-TMSE reached 
97.1% at the substrate conversion of 50.7%. Additionally, Novozym 435 was 
effectively recycled and reused in C

4
MIm.PF

6
 for five consecutive runs without 

substantial loss in activity and enantioselectivity. The preparative-scale kinetic 
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Fig. 9 Enantioselective transesterification of HMPC with vinyl acetate by Lipase PS (cited from 
[111])
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resolution of (R,S)-1-TMSE in C
4
MIm. PF

6
 is shown promising and useful for the 

practical production of enantiopure (S)-1-TMSE.
The lipase-catalyzed enantioselective transesterification of racemic secondary 

alcohols was studied in two imidazolium-based ionic liquids ([bmim][PF
6
] and 

[bmim][BF
4
]) vs hexane [116]. The system 1-butyl-3-methyl-1H-imidazolium 

hexafluorophosphate/Candida antarctica lipase B ([bmim][PF
6
]/CALB) could be 

readily recycled four times without significant loss in activity or enantioselectivity.

4.2.2 Esterase (E.C. 3.1.1.1)

Esterases, as well as lipases, have industrially important properties such as chain 
length specificity, region-specificity, or chiral selectivity. A number of thermostable 
esterases have already been described from various thermophilic microorganisms 
within the three domains of life [117, 118].

A newly isolated esterase-producing bacterium Acinetobacter sp. CGMCC 0789 
was used to hydrolyze stereoselectively the acetate of (S)-4-hydroxy-3-methyl-2-
(2-propynyl)-cyclopent-2-enone (HMPC) (Fig. 11). The hydrolysis of 52 mM 
(R,S)-HMPC acetate to (R)-HMPC was completed within 8 h, with optical purity 
of 91.4% ee

p
 and conversion of 49% [119]. Using calcium alginate gel to entrap 

cells of Acinetobacter sp. CGMCC 0789, it was found that isopropanol (10 vol.%) 
as a cosolvent could markedly enhance the activity and enantioselectivity of the 
immobilized cells. After ten cycles of reaction, no significant decrease in the 
enzyme activity was observed [120].
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Fig. 10 Enantioselective acylation of (R,S)-1-TMSE in ionic liquids (cited from [115])

Fig. 11 Enantioselective hydrolysis of rac-HMPC acetate by cells of Acinetobacter sp. CGMCC 
0789 (cited from [120])
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The gene encoding pyrethroid-hydrolyzing esterase (EstP) from Klebsiella sp. 
strain ZD112 was cloned into E. coli and sequenced [121]. No similarities were 
found by a database homology search using the nucleotide and deduced amino acid 
sequences of the esterases and lipases. EstP was heterologously expressed in E. coli 
and purified. The molecular mass of the native enzyme was approximately 73 kDa 
as determined by gel filtration. The purified EstP not only degraded many pyre-
throid pesticides and the organophosphorus insecticide malathion, but also hydro-
lyzed p-nitrophenyl esters of various fatty acids, indicating that EstP is an esterase 
with broad substrates.

Lactonases, which catalyze the reversible or irreversible hydrolysis of lactone 
compounds, belong to the esterase family of enzymes. A novel d-pantothenate 
synthesis process, which involves the enzymatic resolution of dl-pantoyl lactone with 
Fusarium lactonase, has been in practical use since 1999 [122]. It has been shown 
that the new process is highly satisfactory not only from an economic aspect but 
also from an environmental one [123]. Nowadays, about 30% of the world produc-
tion of calcium d-pantothenate occurs through this chemo-enzymatic process.

A fungus strain ECU2002, capable of enantioselectively hydrolyzing chiral lac-
tones to optically pure hydroxyl acids (Fig. 12), was newly isolated from soil in our 
laboratory and identified as Fusarium proliferatum [124]. From the crude extract of 
F. proliferatum ECU2002, a novel l-lactonase was purified to homogeneity, with a 
molecular mass of ca. 68 kDa and a pI of 5.7. The F. proliferatum lactonase prefer-
entially hydrolyzed the l-enantiomer of butyrolactones, affording (+)-hydroxy acids 
with high enantioselectivity (94.8–98.2% ee) and good conversions (38.2–44.2%). 
The immobilized lactonase with simple glutaraldehyde cross-linking performed 
quite well in repeated batch resolution of dl-pantolactone at a concentration of 35% 
(w/v), retaining 67% of initial activity after ten cycles of reaction (corresponding to 
a half life of 20 cycles). The cells from other strains of Fusarium sp., which also 
produces lactonase, were immobilized with glutaraldehyde [125], k-carrageenan 
[126] and calcium alginate [127], and the stability of these biocatalysts was also 
increased significantly.

Sun ZH et al. successfully cloned the gene of d-pantonohydrolase from Fusarium 
moniliforme and expressed it in Saccharomyces cerevisiae. The recombinant 
yeast showed an excellent stereoselective activity toward d-pantolactone [128]. 
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Fig. 12 Enantioselective hydrolysis of racemic lactones by l-lactonase from Fusarium prolifera-
tum ECU2002 (cited from [124])
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This d-pantonohydrolase was also selected for directed evolution through error-prone 
polymerase chain reaction (PCR) combined with DNA shuffling for improving the 
activity and pH stability via a convenient two-step high-throughput screening 
method based on the product formation and pH indicator [129].

4.2.3 Epoxide Hydrolases (E.C. 3.3.2.3)

Chiral epoxides and vicinal diols are versatile intermediates for the synthesis of 
enantiopure organic chemicals, especially in the case of pharmaceuticals. Epoxide 
hydrolases catalyze the stereoselective hydrolysis of racemic epoxides, yielding a 
mixture containing high optical purity of remaining epoxides and the formed diols 
[130–133]. Occasionally the single enantiomer of diols can be obtained with the 
throughout hydrolysis of epoxide substrates through so-called enantioconvergent 
hydrolysis if the enzymes have complementary enantioselectivities and opposite 
regioselectivities. Microbial epoxide hydrolases show great promise for the pre-
parative scale hydrolysis of epoxides [134].

Our group [135–139] discovered two microbial strains with epoxide hydrolase 
activity toward phenyl glycidic ether (PGE) and its derivations (Fig. 13), the impor-
tant precursors of b-adrenergic blockers. One strain is Bacillus megaterium 
ECU1001, which catalyzed the hydrolysis of the (R)-PGE preferentially, remaining 
the enantiopure (S)-PGE; the other is Trichosporon loubierii ECU1040, whose 
enantioselectivity was complement with ECU1001, i.e., it catalyzed the hydrolysis 
of (S)-PGE preferentially.

Moreover, we interestingly found two kinds of novel epoxide hydrolases 
(mbEH-A and mbEH-B) from mung beans. These enzymes could catalyze the 
enantioconvergent hydrolysis of styrene oxide derivatives (Fig. 14) [140]. Using 
mung bean powder as the biocatalyst and p-nitrostyrene oxide as the substrate, the 
ee of the (R)-product was 82.4% when the substrate was hydrolyzed completely. 

Fig. 13 Enantioselective hydrolysis of (R,S)-glycidyl aryl ethers by epoxide hydrolases
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The optical purity of (R)-diol could be improved to 99% ee via recrystalization, 
with a total yield of 68.7%.

Li et al. [140, 141] isolated a strain of A. niger CGMCC 0496, which has high 
stereoselectivity toward ortho- or para-substituted styrene-oxides. Zheng et al. 
[142] cloned, sequenced and expressed an epoxide hydrolase gene from Rhodococcus 
opacus in E. coli. This epoxide hydrolase showed a high stereospecificity for l(+)-
tartaric acid, but not for D (–) tartaric acid.

4.2.4 Nitrilases (E.C. 3.5.5.1)/Nitrile Hydratases (E.C. 4.2.1.84, a Lyase)

Nitriles are an important type of synthetic intermediates in organic synthesis, 
because of their easy preparations and versatile transformations. Chemical hydrolysis 
of nitriles requires strong acid or base at high temperatures. In contrast, biotrans-
formations of nitriles into the corresponding carboxamides and carboxylic acids 
proceed with excellent chemo-, regio- and stereoselectivities under very mild con-
ditions [143–147]. Biocatalytic hydrolysis of nitriles is known to proceed through 
two distinct pathways: in the presence of a nitrilase, nitriles undergo direct biocon-
version to corresponding carboxylic acids and ammonia; whereas a nitrile hydratase 
(NHase) catalyzes the hydration of nitriles followed by the biotransformation into 
the corresponding acids with the aid of an amidase (E.C. 3.5.1.4).

So far a large number of nitrile-hydrolyzing microorganisms have been isolated. 
Most of the strains have been shown to contain either a nitrilase or nitrile hydratase/
amidase [148, 149]. Some nitrilases and nitrile hydratases have been purified [150], 
in which the three-dimensional structures of three enzymes [151–153] have been 
obtained. A few mechanisms have been proposed for the Fe–NHase and Co–NHase 
catalyzed hydration reaction of a nitrile [151].
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Wang MX’s group systematically studied enantioselective biotransformations of 
nitriles in organic synthesis utilizing nitrile-hydrolyzing microorganisms and 
enzymes. He has published an excellent review [147] on their work with emphasis 
on enantioselective biotransformations of various structures of nitriles and amides 
in organic synthesis, including racemic nitriles bearing one a-positioned chiral 
center [154–164], racemic nitriles bearing one chiral center b- or remote to cyano 
functional group [165–168], racemic nitriles containing a three-membered ring 
[169–180] and prochiral dinitriles [181, 182].

Other groups in China also discovered and utilized biocatalysts for production 
of carboxamides and carboxylic acids. For example, our group [183] isolated a 
thermostable nitrilase bacterium, Alcaligenes sp. ECU0401, from soil. The micro-
bial nitrilase system exhibited high activity in the hydrolysis various nitriles. 
Significantly higher activity and enantioselectivity in the hydrolysis of mandeloni-
trile (50% yield, >99.9% ee) and higher degrees of glycolonitrile conversions were 
also obtained and glycolic acid was obtained in a yield of 96.5% from a total of 200 
mM of glycolonitrile in the mode of sequential addition during the cultivation of 
Alcaligenes sp. ECU0401. Li ZY et al. [184] used the cells of Rhodococcus sp. 
CGMCC 0497 for synthesis of optically active a,a-disubstituted-a-cyanoaceta-
mides from a,a-disubstituted -malononitriles (53% yield, >99.9% ee). Zheng YG 
et al. [185] used Nocardia sp. 108 to hydrate indole-3-acetonitrile to indole-3-
acetamide; the maximal indole-3-acetonitrile conversion ratio and indole-3-aceta-
mide yield were 34.3 and 32.7% (w/w), respectively.

4.3 Lyases (E.C. 4)

4.3.1 Hydroxynitrile Lyases (E.C. 4.1.2.–)

Hydroxynitrile lyases (Hnls) are important biocatalysts for the synthesis of opti-
cally pure cyanohydrins, which are used as precursors and building blocks for a 
wide range of high value-added fine chemicals [186]. Although two Hnl enzymes, 
from the tropical rubber tree Hevea brasiliensis and from the almond tree Prunus 
amygdalus, have already been used for large scale applications [187–191], the 
enzymes still need to be improved and adapted to the special demands of industrial 
processes. In many cases, directed evolution has been the method of choice to 
improve enzymes, and rapid screening procedure was generated in metagenome or 
directed evolution approaches [192, 193].

Our group [194] employed almond (Prunus armeniaca L.), peach (Prunus per-
sica L.), Loquat (Eriobottya L) and Badamu (Prunus communis L. var. dulcis 
Borkh, almond from Xinjiang, China) kernels as (R)-oxynitrilase sources for the 
synthesis of (R)-cyanohydrins from aliphatic and aromatic aldehyde as well as 
methyl ketone under microaqueous conditions. Under the microaqueous conditions, 
cyanohydrins from aliphatic and aromatic aldehyde, methyl ketone, fluoro-substituted 
benzaldehydes, furanyl carboxaldehydes as well as thien-2-yl carboxaldehydes 
were synthesized with high enantioselectivities (Fig. 15) [194–197].
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We also reported a practical high throughput continuous process for the synthesis 
of chiral cyanohydrins [198], in which pretreated almond meal (or other solid raw 
enzyme sources) was loaded in a column to form a reactor, a supplying system was 
attached to deliver a solution of substrate and HCN in isopropyl ether (IPE) on one 
end and a collecting–separating system on the other (Fig. 16). By controlling the 
flow rate, optimal conditions were achieved for the hydrocyanation of various aro-
matic carboxaldehydes in a micro-aqueous medium to produce chiral cyanohydrins 
in high yields and high enantiomeric excess (ee) with high substrate/catalyst ratio.

CHO

CHO

CHO

CHO

CHO

H3CO H3CO

O

CHO

CHO

CHO

OCH2CHO OO O

N
H

N

CH3

CH3

CH3O O

CHO

S S CHO SBr

F F F

F CHO CHO

CHO

CHO CHO

CHOCHOCHOCHO

F
F

F

F

F

F

F
F5

F3C
CF3

O

H3C

Fig. 15 Enantioselective synthesis of cyanohydrins from various aldehyde as well as methyl 
ketone

J

K

...
 ...
...

...
 ...
...
...
 ...
...

.
.
.

.

.
. .
.
. .

.

.

.
.H

S

P

A     Column field with detatted
        crude almond meal 
B     Mixer
C     Constant flowing pump
D     Volve
E, F Raw material container
G     Product container
IPE isopropyl ether

J   Organic phase
E   Enzyme
H   Hydrogen phase
S   Substrate
P   Product
      Aqueous

Fig. 16 A flow sheet of continuous process for the synthesis of chiral cyanohydrins under micro-
aqueous conditions (cited with modification from [119, 205, 206, 120])



Discovery and Utilization of Biocatalysts for Chiral Synthesis 23

4.3.2 Aldolase (E.C. 4.1.2.-; E.C. 4.1.3.-)

Aldolases are a specific group of lyases catalyzing the reversible stereoselective 
addition of a nucleophilic donor onto an electrophilic acceptor. Aldolases are the 
most important group of asymmetric C–C bonding enzymes, which are currently 
used in bioorganic chemistry. The application of aldolases for asymmetric aldol 
reactions in chemoenzymatic syntheses has been reviewed in-depth over the years 
[199–205], mostly from the viewpoint of bioorganic chemists.

In a systematic study by researchers of Austra, various ring-substituted benzal-
dehydes (Fig. 17) were reacted with glycine under catalysis with a l-threonine 
aldolase (LTA) from Pseudomonas putida to form the corresponding b-hydroxy-a-
amino acids [206].

Xu P et al. [207] efficiently synthesized N-acetyl-d-neuraminic acid (Neu5Ac) 
from lactate and a mixture of N-acetyl-d-glucosamine (GlcNAc) and N-acetyl-d-
mannosamine (ManNAc) by whole cells (Fig. 18). The biotransformation utilized 
E. coli cells (Neu5Ac aldolase) and Pseudomonas stutzeri cells (lactate oxidase 
components, LOX). The results demonstrate that the reported Neu5Ac biosynthetic 
process can compare favorably with natural product extraction or chemical synthesis 
processes.

Fig. 18 A procedure for the production of Neu5Ac from GlcNAc/ManNAc and lactate (cited 
from [207]). Step 1: preparation of ManNAc/GlcNAc by the alkaline-catalyzed epimerization. 
Step 2: production of Neu5Ac by coupling whole-cell conversion of lactate and ManNAc
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4.3.3 Other Lyases

Some novel lyases were used for enantioselective formation of carbon–carbon 
bonds in synthetic organic chemistry, such as benzoylformate decarboxylase (BFD) 
and benzaldehyde lyase (BAL) [208]. BFD catalyzes the acyloin or benzoin reaction 
between benzoylformate in the presence of acetaldehyde with concomitant decar-
boxylation of the former. Favorably, the enzyme also accepts various aldehydes 
instead of the expensive a-keto acids. As depicted in Fig. 19, a wide range of acyloin 
reactions (acceptor = acetaldehyde) and benzoin reactions (acceptor = aromatic alde-
hyde) were catalyzed by BFD, leading to the corresponding (S)-acyloins and (R)-
benzoins, respectively. The limited tolerance of this enzyme for 2-substituted 
benzaldehydes was overcome by using L476Q or M365LL461S mutants. A biochemi-
cally related ThDP-dependent enzyme BAL also catalyzes the same carboligation 
reaction, but with opposite stereoselectivity, i.e., (R)-configuration, when acetalde-
hyde is used as acceptor.

4.4 Isomerases (E.C. 5)

Racemases and epimerases (E.C. 5.1.-.-) catalyze the inversion of stereocenters in 
organic synthesis. Racemases convert an enantiomer in a racemate, while epimerases 
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convert one diastereomer selectively to another diastereomer. Both enzymes are use-
ful in the deracemization process, offering a potential of 100% yield [209, 210].

Faber’s group has employed a few racemases for obtaining high yield in dynamic 
kinetic resolution or in auxiliary biocatalytic recycling processes. Faber and cow-
orkers employed a mandelate racemase whose broad substrate tolerance for b,g-
unsaturated a-hydroxycarboxylic acids makes it a good candidate [211]. His group 
and collaborators at BASF have also found a lactate racemase that works with 
pharmaceutically important saturated aliphatic, arylaliphatic, and aromatic a-hy-
droxycarboxylic acids [212]. Employing a whole-cell system under mild condi-
tions, they have achieved ‘clean’ racemization without unwanted side reactions. 
The same system also works with a-hydroxyketones [213].

Kato et al. [214–216] employed enzymes of Nocardia diaphanozonaria JCM3208 
for deracemization of a-phenyl- and r-substituted a-phenoxypropanoic acids 
(Fig. 20), affording high yields and excellent enantiomeric excesses from the 
corresponding racemates.

5 Outlook

Biocatalysis is now becoming a key component in the toolbox of synthetic chem-
ists. Biocatalytic technologies will ultimately gain universal acceptance when 
enzymes are perceived to be robust, specific and inexpensive. Classic cultivation-
based methods and modern direct cloning strategies both have their advantages and 
limitations for biocatalyst screening. The access to novel natural sequence space, 
via direct cloning of metagenomic DNA, could significantly contribute to the iden-
tification of valuable biocatalysts.

The field of enzyme assays has undergone great advancement in recent years. 
Just a few years ago, classic methods such as nitrophenyl esters or ethers and alco-
hol dehydrogenase-coupled assays represented almost the entire known chemistry 

Fig. 20 Deracemization of a-phenyl- and r-substituted a-phenoxypropanoic acids by enzymes 
of Nocardia diaphanozonaria JCM3208 (cited from [214–216])
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of enzyme assays. Now they have made room for a broad variety of labels, triggering 
chemistries, and signaling systems. There is no doubt that the field will continue to 
evolve as newer and better methods appear for screening enzymes. Challenges 
abound because many reaction types are still difficult to assay in high-throughput 
or with a sufficient level of accuracy.

In the worldwide and rapid progress of the industrial biocatalysis, China is mak-
ing its increasing contributions. In addition, many research centers comprising 
biocatalysis units were being built in China recently. Chinese researchers have 
made their own contributions in most of this area (Fig. 21), although more attention 
should be paid to some new enzymes such as alkyl sulfatases, dehalogenases, 
decarboxylases, racemases and so on.
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Abstract Biotransformation of nitriles mediated by nitrile-amide converting 
enzymes has attracted considerable attention and developed tremendously in the 
recent years in China since it offers a valuable alternative to traditional chemical  
reaction which requires harsh conditions. As a result, an upsurge of these promising 
enzymes (including nitrile hydratase, nitrilase and amidase) has been taking place. This 
review aims at describing these enzymes in detail. A variety of microorganisms 
harboring nitrile-amide converting activities have been isolated and identified in  
China, some of which have already applied with moderate success. Currently, a wide  
range of high-value compounds such as aliphatic, alicyclic, aromatic and heterocyclic 
amides and their corresponding acids were provided by these nitrile-amide degra-
ding organisms. Simultaneously, with the increasing demand of chiral substances, the 
enantioselectivity of the nitrilase superfamily is widely investigated and exploited in 
China, especially the bioconversion of optically active a-substituted phenylacetamides, 
acids and 2,2-dimethylcyclopropanecarboxamide and 2,2-dimethylcyclopropanecar-
boxylic acid by means of the catalysts exhibiting excellent stereoselectivity. Besides 
their synthetic value, the nitrile-amide converting enzymes also play an important 
role in environmental protection. In this context, cloning of the genes and expression 
of these enzymes are presented. In the near future in China, an increasing number of 
novel nitrile-amide converting organisms will be screened and their potential in the 
synthesis of useful acids and amides will be further exploited.
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1 Introduction

Biotransformation and biocatalysis have gained increasing interest in recent years 
due to their mild conditions (physiological pH and ambient temperature), environ-
mentally attractive catalysts, high activities and inherent excellent selectivities 
including chemo-, regio- and enantio- selectivities [1, 2]. Biocatalysis is now an 
established method in the synthesis of organic compounds and is especially useful 
for the production of chiral substances. By virtue of these obvious advantages, 
biotransformation is becoming a promising alternative to the traditional acid- or 
base-catalysed reactions, so is the case of nitrile hydrolysis. Nitriles, as the sub-
strates, are widespread in the environment and they are produced by plants in various 
forms, such as cyanoglycosides, cyanolipids, ricinine, phenylacetonitrile, etc. [3]. 
Despite the fact that a majority of nitriles are highly toxic, mutagenic and carci-
nogenic in nature [4, 5], they are an important class of compounds for their ability 
to afford significant intermediates in the synthesis of acids, amides, amines, amidine, 
esters, aldehydes, ketones and so on by chemical and enzymatic hydrolysis. 
Chemical hydrolysis of nitriles was extensively applied to synthesize amides and 
acids previously; however, these applications may not be suitable for the hydrolysis 
of nitriles in the presence of sensitive groups. In sharp contrast, enzymatic hydrolysis 
of nitriles could alleviate this problem ascribed to the mild reaction conditions. 
Besides, three enzymes, namely nitrile hydratase (EC 4.2.1.84), nitrilase (EC 
3.5.5.1) and amidase (EC 3.5.1.4) involved in the transformation of nitriles or 
amides exhibit great potential of chemo-, enantio- and regioselective synthesis [6].
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As a result, these enzymes have evoked substantial attention and they are becoming 
more and more demanding. These enzymes operate either by direct hydrolysis of 
nitrile to the corresponding acid (by a nitrilase enzyme) or by sequential action of an 
enzyme that hydrates the nitrile to the amide and the latter is transformed to the acid 
(by an amidase enzyme) (Scheme 1) [7, 8]. To date, various nitrile-amide converting 
organisms isolated from bacteria, fungi and plant have been described [9, 10]. 
Among them, most of them have been derived from bacterial species by enrichment 
strategies with nitriles as the sole nitrogen source [11]. Some reactions mediated by 
nitrile-converting enzymes have been applied on a large scale in industry. Productions 
of acrylamide [12] and nicotinic acid [13] on an industrial scale have proved the 
commercial value of these enzymes. With the fast development of these enzymes, an 
upsurge of biotransformation of nitriles has been taking place in China as well. 
According to the statistical data, an increasing number of reports have appeared and 
several institutes and universities have taken part in this research in recent years. As 
a result, a variety of microorganisms harboring nitrile-amide converting activities 
have been isolated, identified and characterized in various places, some of which 
have already applied with moderate success. Moreover, much work has focused on 
the organization and regulation of the genes encoding for nitrile metabolism. For 
example, research on the expressions of nitrile-degradation enzymatic system in 
recombinant strains has been carried out in China in recent years.

2  Description of Three Classes of Nitrile-Amide  
Converting Enzymes

2.1 Nitrile Hydratase

Nitrile hydratase, known as metalloenzyme, is a vital enzyme in the bienzymatic 
hydrolysis of nitriles to acids, which transforms nitriles to the corresponding amides. 
Asano et al. first reported the occurrence of nitrile hydratase from Rhodocococcus 
rhodochrous J-1 (formerly identified as Arthrobacter sp. J-1) to degrade acetonitrile, 
which was later applied with excellent success to the production of acrylamide from 

Scheme 1 The pathways of nitrile compounds by nitrile-amide converting enzymes

R-CN

R-CONH2

R-CO2H
nitrilase

amidase

nitrile
hydratase
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acrylonitrile on an industrial scale [14]. These findings promoted the intensive inves-
tigation of nitrile hydratase including physiochemical properties, substrate specifici-
ties and the reaction mechanism. According to the presence of metal co-factor, nitrile 
hydratase can be classified into two kinds: ferric nitrile hydratase and cobalt nitrile 
hydratase. The existence of metal ions in the active site of the enzyme is presumably 
effective in enhancing the folding or stabilization of the subunit that is dominantly 
consisted of a and b subunits. NHase can also be classified into high and low molecular 
weight (H- and L-NHases) on the basis of molecular weight of the enzyme. So far, a 
considerable number of microorganisms were successfully screened (Table 1).

Additionally, two new bacterial strains, Pseudomonas marginales MA32 and 
Pseudomonas putida MA113, containing nitrile hydratase resistant to cyanide were 
isolated from soil samples by an enrichment procedure [40]. In contrast to known 
nitrile hydratases, which rapidly lose activity at low to moderate cyanide concentra-
tions, the enzymes tolerated up to 50 mM cyanide. Cyanide-resistant nitrile 
hydratase will find great application in the hydration of a-hydroxynitriles for the 
production of a-hydroxyamide because cyanide is always present in aqueous solu-
tions of a-hydroxynitriles due to their tendency to decompose to the respective 
carbonyl compound and prussic acid.

Table 1 Some previously reported microorganisms with nitrile hydratase activity

Microorganisms Substrates specificity

Agrobacterium tumefaciens d3 [15] Arylnitriles, arylalkylnitriles, acrylonitrile
Arthrobacter sp. J-1 [16] Alipatic nitriles
Bacillus cereus [17] Acrylonitrile
Bacillus sp. BR 449 [18] Acrylonitrile
Bacillus smithii SC-J05-1 [19] Arylnitriles
Brevibacterium imperialis CBS 489-74 [20] Acrylonitrile
Pseudomonas chlororaphis B23 [21] Alkylnitrile
Pseudomonas putida [22] Acetonitrile
Pseudonocardia thermophila JCM 3095 [23] Acrylonitrile
Rhodococcus rhodochrous J-1 [24, 25] Alkylnitrile, heterocyclic nitriles, arylnitriles
Rhodococcus rhodochrous R312 [26] Alkylnitrile, benzonitrile
Rhodococcus rhodochrous LL 100-21 [27, 28] Alkylnitriles, acrylonitrile, arylalkylnitriles, 

3-cyanopyridine
Rhodococcus erythropolis BL1 [29] Alkylnitriles, arylalkylnitriles
Rhodococcus rhodochrous A4 [30, 31] Alkylnitriles, arylnitriles, cycloalkylnitriles, 

arylnitriles, heterocyclic nitriles,  
arylalkylnitriles

Rhodococcus sp. AJ270 [32] Wide spectrum nitrile hydratase
Rhodococcus sp. SHZ-1 [33] Acrylonitrile
Nocardia sp. 108 [34] Acrylonitrile
Rhodococcus sp. ZJUT-N595 [35] Acrylonitrile, glycolonitrile, 2,2-dimethylcy-

clopropanecarbonitrile
Rhodococcus sp. N 774 [36] Aliphatic nitriles
Candida guilliermondii CCT 7207 [37] Cycloalkylnitriles, arylnitriles, heterocyclic 

nitriles
Candida famata [38] Alkylnitriles
Cryptococcus flavus UFMG-Y61 [39] Isobutyronitrile



Microbial Transformation of Nitriles to High-Value Acids or Amides 37

To date, many studies focused on the mechanism of NHase mediated catalysis. 
Kobayashi et al. put forward a possible mechanism as follows. A water molecule 
was activated by the metal-bound hydroxide ion after the combination of the metal 
ion and water molecule. Imidate as an intermediate was initially formed via attack-
ing on nitrile carbon by the activated water molecule. The imidate were then tau-
tomerized to form the amide form (Fig. 1) [41].

2.2 Nitrilase

Nitrilase, the first nitrile-converting enzyme, was discovered in barley approxi-
mately 40 years ago and famous for the ability to convert indole-3-acetonitrile to 
the auxin indole-3-acetic acid [42]. From then on, several microorganisms harbor-
ing nitrilase activity have been screened, purified and characterized. Bacteria, fungi 
as well as plants provide excellent source of nitrilase, with bacterial species as the 
main source (Table 2), which are generally derived using enrichments from envi-
ronmental samples. In the case of plants, numerous studies were carried out with 
Arabidopsis thaliana, from which four kinds of nitrilase were separated numbered 
NIT1, NIT2, NIT3 and NIT4. Although it was found that these enzymes were capable 
of transforming indole-3-acetonitrile to indole-3-acetic acid, recent results have 
indicated that NIT1, NIT2, NIT3 showed significant preference for 3-phenylpropi-
onitrile, whose product, phenylacetic acid, is found in nasturtium. NIT4, however, 
was effective in hydrolyzing b-cyano-l-alanine [45].

Depending on the substrate specificity, nitrilase is differentiated into three sub-
classes: aliphatic nitrilase, aromatic nitrilase that shows preference for aromatic and 
heterocyclic nitriles and arylacetonitrilase which is highly specific for arylace-
tonitriles [61].

Fig. 1 Catalytic reaction mechanism of nitrile hydratase
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Numerous investigations have provided insights into the mechanism of nitrilase 
catalyzed reaction. All nitrilases studied contain a cysteine residue in their catalytical 
center. The mechanism involves a nucleophilic attack by a thiol group in cysteine 
residue on the nitrile C-atom, forming an enzyme-linked tetrahedral thiomidate 
intermediate which is then attacked by H

2
O and nitrogen atom is released as NH

3
. 

Further addition of H
2
O results in the production of acid and a regenerated enzyme 

(Fig. 2) [68].

Table 2 Some previously reported microorganisms with nitrilase activity

Bacteria Fungi Plants

Acidovorax facilis 72W [43] Fusarium solani IMI196840 
[44]

Arabidopsis thaliana [45]

Bacillus pallidus Dac521 [46] Fusarium oxysporum [47] Barley [42]
Alcaligenes faecalis JM3 [48] Cryptococcus sp. UFMG-Y28 

[49]
Chinese cabbage [50]

Alcaligenes faecalis ATCC8750 
[51]

Aspergillus niger [52] Brassica rapa [53]

Rhodococcus rhodochrous J-1 [54] Penicillium multicolor [55]  
Rhodococcus rhodochrous NCIMB 

11216 [56]
Exophiala oligosperma R1 

[57]
 

Rhodococcus rhodochrous PA-34 
[58]

  

Rhodococcus rhodochrous K22 
[59]

  

Comamonas testosterone [60]   
Pseudomonas fluorescens DSM 

7155 [61]
  

Rhodococcus rubber [62]   
Acinetobacter sp. AK 226 [63]   
Klebsiella ozaenae [64]   
Arthrobacter sp. J1[65]   
Streptomyces sp. MTCC 7546 [66]   
Bacillus subtilis ZJB-063 [67]   

Fig. 2 Mechanism of nitrilase-catalysed reaction
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2.3 Amidase

Amidase, amide bond-cleaving enzymes, exists ubiquitously in nature in both 
prokaryotic and eukaryotic forms. To the best of our knowledge, amidase-mediated 
processes have been extensively investigated, especially, the hydrolysis of amides 
to the corresponding carboxylic acid and ammonia. Additionally, hydroxamic acids 
were formed owing to the acyl transfer activity of amidase in the presence of 
hydroxylamine. Two reactions involved are shown in Scheme 2.

Besides, amidase is also capable of catalyzing diverse reactions such as ester 
hydrolysis, hydroxamic acid hydrolysis, acid hydrazide hydrolysis, amide transfer on 
hydrazine, ester transfer on hydroxylamine, ester transfer on hydrazine and so on [69].

Therefore, amidase turns out to be efficient and promising tools for the synthesis 
of various compounds. In addition, with regard to nitrile hydratase in Gram-positive 
bacterium, its enantioselectivity was always combined with the amidase’s. Namely, 
their cooperation gave rise to the excellently pure products. However, the former 
usually displayed almost no stereoselectivity with the amidase being a major con-
tributor. Consequently, significant attention has been paid to the isolation and dis-
covery of amidase-producing organisms including bacteria, yeasts, fungi, plants 
and animals (Table 3).

Although amidase catalyzes many reactions, some of them proceed at a 
comparative low rate employing esters or carboxylic acids as acyl donors. In 
sharp contrast, high amidase activity is achieved in the presence of water 
(H

2
O) and hydroxylamine (NH

2
OH) as the cosubstrates when amide is used as 

the substrate, indicating that these two compounds functions as efficient acyl 
acceptors [69].

Both the amidase-catalyzed hydrolytic reaction and the acyl transfer reaction 
share the same reaction mechanism. In view of this, study on the mechanism of 
the acyl transfer reaction shed light on that of hydrolytic reaction, in which 
case, there is difficulty in investigating the mechanism where water is the 
cosubstrate. A possible mechanism suggested the reaction belonged to Ping 
Pong Bi Bi type: The carbonyl group of amide undergoes a nucleophilic attack 
by the enzyme, leading to the formation of a tetrahedral intermediate, which is 
consequently converted to an acyl–enzyme intermediate with the release of 

Scheme 2 The pathways of hydrolysis and transfer of amide Amide hydrolysis: RCONH
2
 + H

2
O  

→ RCOOH + NH
3
 Amide acyl transfer reaction: RCONH

2
 + NH

2
OH → RCONHOH + NH

3

Amide hydrolysis: 

RCONH2 + H2O RCOOH + NH3

Amide acyl transfer reaction: 

RCONH2 + NH2OH RCONHOH + NH3



40 J. Chen et al.

ammonia. The acyl–enzyme complex in turn is subjected to attack by water or 
hydroxylamine (Fig. 3) [9, 90].

Importantly, a majority of amidases bear enantioselectivity, which contributed to 
the synthesis of chiral carboxylic acid via nitrile hydratase and amidase. However, 
these nitrile-hydratase-associated amidases are, surprisingly, mostly S-stereospecific. 
R-Enantioselective amidases are gaining more and more interest because of their 
potential application in the production of d-amino acids and other optically active 
compounds. Hydroxamic acids, products of the acyl transfer reactions, can be 
detected easily and fairly specifically by the addition of acidic ferric chloride solu-
tion, which results in the production of a deep magenta color [91]. Therefore, this 

Table 3 Some previously reported microorganisms with amidase activity

Microorganisms Substrate specificity

Rhodococcus erythropolis MP50 [70] Aromatic amide
Geobacillus pallidus RAPc8 [71] Aliphatic amide
Sulfolobus tokodaii strain 7 [72] Aromatic amide
Delftia acidovorans [73] d-Amino acid amide
Arthrobacter sp. J-1 [74] Aliphatic amide
Rhodococcus rhodochrous M8 [75] Aliphatic amide
Xanthobacter flavus NR303 [76] l-Amino acid amide
Brevibacterium sp Strain R312 [77] Aryloxypropionamides
Variovorax paradoxus [78] d-Amino acid amide
Pseudonocardia thermophila [79] Aliphatic, aromatic and amino acid amide
Pseudomonas sp. MCI3434 [80] Heterocyclic amide
Klebsiella oxytoca [81] Aliphatic amide
Brevibacillus borstelensis BCS-1 [82] Aromatic and aliphatic amide
Ochrobactrum anthropi SV3 [83] Amino acid amide
Stenotrophomonas maltophilia [84] Peptide amide
Agrobacterium tumefaciens strain d3 [85] Aromatic amide
Sulfolobus solfataricus MT4 [86] Aliphatic and aromatic amide
Klebsiella pneumoniae NCTR1 [87] Aliphatic amide
Bacillus stearothermophilus BR388 [88] Wide spectrum amidase
Delftia tsuruhatensis ZJB-05174 [89] 2,2-Dimethylcyclopropanecarboxamide
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Fig. 3 Mechanism of amidase-catalysed reaction
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acyl transfer reaction can be employed in a colorimetric screening procedure for 
active and enantioselective amidases. By employing the amidase-catalyzed acyl 
transfer reaction, Delftia tsuruhatensis producing R-enantioselective amidase was 
screened in our lab [89, 92].

3  The Isolation and Identification of the Nitrile-Amide 
Converting Organisms in China

Biotransformation of nitriles is of great potential in organic synthesis and it pro-
vides green access to various carboxylic acids and amides; thus nitrile-amide con-
verting enzymes are of broad use and commercial interest. Recently, biotransformation 
of carboxylic acids and amides via these enzymes has been a hot issue in China. 
The scarcity of appropriate nitrile-amide converting biocatalysts and the difficulty 
in commercial availability of these enzymes promoted the screening and discovery 
of the novel nitrile-amide converting organisms in China. So far, a series of organ-
isms producing nitrile-amide degrading enzymes were isolated, identified and 
characterized, some of which were purified. Among the obtained organisms, it was 
observed that some harbored nitrile hydratase, some produced nitrilase and others 
could form amidase. It was also found that the existences of nitrile hydratases were 
always accompanied by amidases, so amides and acids were formed in different 
proportions in such kinds of microbes mediated reactions. A prominent example is 
Rhodococcus sp. AJ270, which is a powerful and robust nitrile hydratase/amidase-
containing microorganism isolated by Wang et al. Later, its broad applications in 
transforming various nitriles were substantially explored [32]. Rhodococcus sp. 
AJ270 as well as other nitrile-amide converting organisms was dominantly obtained 
by enrichment strategies where nitriles were employed as the sole nitrogen source 
ascribed to the highly toxic nature. Owing to the fact that screening a desired organism 
for a particular biocatalytic process is always a time-consuming and tedious 
job, some direct and sensitive readouts of the nitrile-amide converting enzyme 
activity have to be considered and developed. Conventional routes employ high-
performance liquid chromatography, liquid chromatography-mass spectrometry, 
capillary electrophoresis, or gas chromatography to determine the enzyme activity, 
where determinations have to carry out one by one. Furthermore, those traditional 
enrichment strategies usually result in the isolation of a rather restricted group of 
microorganisms. A successful instance of application of high throughput screening 
method in our research was the isolation of Delftia tsuruhatensis, a R-stereospecific 
amidase producing bacterium. R-Enantioselective amidases are of considerable 
industrial interest due to potential applications in the production of optically active 
compounds [92]. More recently, Zhu et al., driven by the attempt to find a fast, 
convenient and sensitive method, reported a more accurate and innovative high 
throughput route. In their paper, a novel time-resolved luminescent probe: 
o-hydroxybenzonitrile derivatives could be applied to detect the activity of the 
nitrilases. By the action of nitrilases, o-hydroxybenzonitrile derivatives could be 
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transformed to the corresponding salicylic acid derivatives, which, upon binding 
Tb3+, served as a photon antenna and sensitized Tb3+ luminescence. Because of the 
time-resolved property of the luminescence, the background from the other proteins 
(especially in the fermentation system) in the assay could be reduced and, therefore, 
the sensitivity was increased. Moreover, because the detection was performed on a 
96- or 384-well plate, the activity of the nitrilases from microorganisms could be 
determined quickly [93].

Moreover, some other high throughput methods have been reported as alterna-
tives to conventional screening methods. A critical review on selection and screen-
ing strategy for enzymes of nitrile metabolism based on spectrophotometric and 
fluorimetric methods has been published [94]. Recently, convient screening meth-
ods have been developed on the basis of the color variation of indicators which are 
added to the mixture in advance. Once the acid formed, the color would have a 
dramatic change [95]. Additionally, a new method for nitrilase screening has been 
developed to detect nitrilase activity. The ammonia product of nitrilase mediated 
conversion of nitriles forms a complex with the cobalt ion results in a color change, 
which can readily be quantified using a spectrophotometer at 375 nm. The assay 
has the potential to be used for the real-time monitoring of nitrilase-catalyzed reac-
tons [96]. More noticeably, Hu et al. introduced a simple and rapid high-throughput 
screening method based on a colorimetric reaction of glycolic acid with b-naphthol 
in sulfuric acid solution to isolate glycolonitrile-hydrolyzing microorganisms. Four 
strains able to convert glycolonitrile to glycolic acid were isolated from soil sam-
ples using this screening method, among which Rhodococcus sp. ZJUT-N595 dis-
played the highest hydrolytic activity [35].

These soil-derived nitrile-amide hydrolyzing organisms have been currently under 
active development and some have even achieved with small to moderate success. 
The advantage of applying whole cell biocatalysts lies in that they can be relatively 
easily and cheaply prepared and the whole cell catalyzed reactions can be operated 
much more easily. Nevertheless, some small aliphatic nitriles, hydroxyl- and amino-
substituted nitriles give lower yields and appear to be alternatively metabolized when 
whole cell biocatalysts were applied [32]. Hence, on one hand, careful monitoring of 
the reaction is strongly recommended to achieve the maximal desired product. On the 
other hand, the use of purified enzymes is of substantial significance and benefit in 
case that substrate or product utilization by whole cells exists. Due to this, the purifi-
cation and characterization of nitrile-amide converting are under progress in China.

4  Factors Affecting the Activity and Enantioselectivity  
of Nitrile-Amide Converting Enzyme

Numerous factors, such as some culture conditions like carbon source, nitrogen 
source, inducer and conversion conditions like temperature, pH, reaction time, 
cosolvent and so on, turn out to affect the activity and enantioselectivity, and con-
sequently the biomass production.
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4.1 Inducer

Nitrile hydratase and nitrilase are generally inducible, with a paucity of them being 
constitutive. Namely, the activity could be detected only in the presence of suitable 
inducers. Substrate, product, or their analogs are usually functioned as inducers, 
with the exception of some extremely toxic nitriles, such as mandelonitrile, in 
which case, the growth of the microorganism was completely inhibited. Urea and 
e-caprolactam, potential nitrile hydratase inducers, play important roles in the 
induction of nitrile hydratase activity. Moreover, with the addition of different 
inducers, microorganism harboring versatile nitrile-converting enzyme activities 
exhibited various activities. A distinguished instance was R. rhodochrous J-1, a 
currently utilized organism in commercial synthesis of acrylamide in Japan, which 
was found to contain two inducible nitrile hydratases, one of which was specific for 
aliphatic nitriles induced by urea and the other for aromatic nitriles with cyclohex-
anecarboxamide and crotonamide as the inducers [24, 97]. Similar phenomena 
were found in Nocardia Rhodochrous LL100–21 [98], R. rhodochrous NCIMB 
11216 [99, 100], Bacillus pallidus DAC521 [46, 101] and Nocardia globerula 
NHB-2 [102]. Bacillus subtilis ZJB-063, a newly isolated strain in our research, 
exhibited nitrilase activity without addition of inducers, indicating that the nitrilase 
in B. subtilis ZJB-063 is constitutive. Interestingly, the strain exhibited nitrile 
hydratase and amidase activity with the addition of e-caprolactam. The versatility 
of this strain in the hydrolysis of various nitriles and amides makes it a potential 
biocatalyst in organic synthesis [67]. In a word, selecting a suitable inducer is of 
great significance in the formation of nitrile-amide converting enzymes, and in 
enhancing the activity as well.

4.2 Metal Ions

As far as nitrile hydratases are concerned, metal ions predominantly including 
Fe3+ and Co2+ are essential in the exhibition of its activity. In case of Fe3+ type 
nitrile hydratase, only with the addition of Fe3+ in the nutrient broth acted as 
co-factor could nitrile hydratase activity be observed, so is the Co2+ type nitrile 
hydratase [24]. Nitrile hydratase from the fungus Myrrothecium verrucaria even 
has Zn2+ in the active site and in such case Zn2+ is necessary for the formation of 
the enzyme [103].

Unlike nitrile hydratases, nitrilases show no requirement of any metal co-factor. 
Instead, they are proved to have cataltically essential cysteine residues. Effect of 
metal ions on the nitrilase activity in many studies indicated that thiol binding rea-
gents like CuCl

2
 and AgNO

3
 were strong inhibitors of the nitrilase activity [61, 63, 

67]. The high sensitivity to these metal ions suggested that one or more thiol resi-
dues were necessary for this enzyme and these ions should not be involved in the 
nutrient broth or reaction mixture.
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4.3 Effect of Light on Nitrile Hydratase

As mentioned earlier, the activity of nitrile hydratase displayed unique features 
with the exposure to light. A nitrile hydratase producing strain Rhodococcus sp. 
N-771 exhibited extremely low activities when the cultivation was carried out in 
the dark. However, recovery of activity occurred with the irradiation of light 
[104, 105].

4.4 Amidase Inhibitor

As for amidase, it is a generally accepted fact that urea would have a negative effect 
on the activity, which is an important feature, especially in the production of some 
valuable amides via organisms with nitrile hydratase and amidase activity. 
Undesired acid would form by the cleavage on the amide by accompanying ami-
dase. However, addition of urea could not only protect the amide from serious acid 
contamination, but also keep the amount of amide constant. Previous research also 
demonstrated the inhibitory effect derived from the competitive inhibition for active 
site of amidase between urea and the reactive amide [74, 106]. With that exception, 
no significant inhibition effect of urea on amidase catalyzed acyl transfer activity 
and hydrolytic activity from D. tsuruhatensis ZJB-05174 was observed, indicating 
that the inhibition effect of urea was not exclusive [89]. Bauer et al. indicated that 
diethyl phosphoramidate was also an excellent inhibitor of the amidase from 
Agrobacterium tumefaciens strain d3 [15]. In the presence of urea or chloroacetone, 
amidase activity in Bacillus spp. was inhibited and the amide intermediate was 
accumulated [106]. Bearing this in mind, we can procure amides in high yields and 
with excellent purity.

4.5 Temperature and pH

Temperature and pH significantly affect the enzyme activity, and sometimes enan-
tioselectivity. Nitrile-converting biocatalysts mediated reactions are often operated 
in a narrow pH range, neutral or slightly alkaline. These enzymes mostly exhibit 
comparatively low activity in too acid or alkaline environments. Therefore, addition 
of HCl is employed to stop the reaction. With the exception, a nitrile hydrolyzing 
acidotolerant black yeast Exophiala oligosperma R1 was isolated in order to con-
vert a-amino- and a-hydroxynitriles whose enzymatic conversion was hampered 
by their low stability under neutral conditions [107].

Besides, pH could sometimes affect enantioselectivity to a certain extent. Attempts 
were made by Wang et al. to improve the enantioselectivity of nitrile of the biotrans-
formation of phenylglycine nitrile by altering the buffer pH from 7.62 to 7.13.
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Results indicated that the enantioselectivity of the transformation was enhanced 
and both the amide and acid form were obtained with ee values over 99% at a pH 
of 7.13 within 8 h though slower rate was observed [108].

The effect of temperature on the enzyme activity is duple. On one hand,

according to Arrhenius’s equation ( )
Ea

RTk Ae
−

= , enhancement of the activity occurs 
with an increase of temperature. On the other hand, enzyme inactivation accompa-
nies an increase of temperature. A large portion of nitrile-amide converting 
enzymes are not thermal stable and they are usually inactive above 50 °C. A small 
alteration in temperature may lead to substantial change in enzyme activity. B. subtilis 
ZJB-063, for example, displayed an abrupt decrease at 40 °C and only 13.36% of 
the activity at 32 °C was inspected, indicating that enzyme activity are sensitive 
to temperature [109]. Enzymes of good thermostability are of significant impor-
tance in pharmaceutical industry. The discovery of thermophilic nitrile-metabolizing 
microorganisms enables nitrile conversion at high temperature above 50 °C. Zheng 
et al. succeeded in screening an amidase producing bacterium with excellent thermo-
stability [89].

Along with enzyme activity, enantioselectivity is also influenced by tempera-
ture. Wang and coworker observed that lowering the reaction temperature from 30 
to 20 °C would lead to increased enantioselectivity of Rhodococcus sp AJ270 medi-
ated synthesis of optically active 2, 2-dimethylcyclopropanecarboxylic acid [110].

More interestingly, temperature played an unexpected role in the stereoselectivity 
of amidase in D. tsuruhatensis ZJB-05174. It was detected that enzyme underwent 
an unusual temperature-dependent reversal of stereospecificity. With the increase in 
the reaction temperature, the E-value dropped from 27 (30 °C) to 5 (46 °C). When 
the reaction temperature reached 56 °C, it exhibited reversal stereospecificity, 
though with a comparatively low E value of 0.03 [89]. This phenomenon can be 
interpreted by temperature variation caused change on the difference in activation 
free energy ∆∆G†, which can be divided into its enthalpic ∆∆H†and entropic ∆∆S† 
components [111].

4.6 Organic Solvents

As is generally accepted, organic solvents are widely applied in the lipase or este-
rase mediated reactions because of the hydrophobic nature of esters. Most nitriles 
also exhibit low solubility in aqueous solutions. Supplementing organic cosolvents 
to the reaction mixture containing a nitrile-amide converting biocatalyst is consid-
ered to be a useful way to increase the availability of the substrate. However, addi-
tion of organic solvents might lead to the inactivation of enzyme. Hence, the 
amount and suitable kind of the solvents should be carefully evaluated in terms of 
activity and the availability of soluble substrates. There is only a limited portion of 
p-methoxyphenylacetonitrile available to the enzyme in aqueous solution when fed 
to B. subtilis ZJB-063 due to its low solubility, which in turn resulted in low activity. 
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DMSO and methanol of 5 vol.% in the reaction mixture, as the cosolvents, resulted 
in approximately 62.7% and 15.2% enhancement of activity, respectively, com-
pared to the control where there was no cosolvent. Further increase in concentration 
of the two solvents, on the contrary, caused a loss of activity, implying that protein 
denaturation occurred at concentrations above 5 vol.% [109].

Besides, some foreign researches indicated that high percentages of organic 
solvents were also acceptable by some nitrile-amide converting enzymes. A puri-
fied nitrile hydratase from Rhodococcus equi A4 showed high resistance to organic 
solvents and it could tolerate up to 90 vol.% isooctane or pristine [112].

Organic cosolvent showed an effect not only on the activity but also the enanti-
oselectivity of nitrile-amide converting enzymes. Hydrocarbons and methanol 
(5 vol.%) increased the enantioselectivity of the nitrile hydratase from Rhodococcus 
equi for the conversion of 2-(6-methoxynaphthyl)propionitrile from moderate to 
good (E = 14.8–41) [112].

4.7 Steric and Electronic Factors

Both steric and electronic factors dramatically affected the reactivity and more 
importantly, the enantioselectivity. Considerable investigations concerning the 
effect of substituents have been carried out. Both the kind and position of substitu-
ents have much to do with enzyme activity. Wu and Li conducted a successful 
asymmetric hydrolysis of a,a-disubstituted malonamides to afford enantiopure (R) 
-a,a-disubstituted malonamic acids employing the strain Rodococcus sp. CGMCC 
0497 (Scheme 3). In their study, it seemed that the results were not only influenced 
by steric hindrance but by an electronic effect of the substrates as well. Among the 
substrates bearing aromatic ring substituents in the ortho-, meta-, and para-positions, 
all para-substituted ones gave products with excellent ee values, slightly higher 
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Scheme 3 Asymmetric hydrolysis of a,a-disubstituted malonamides by Rhodococcus sp. 
CGMCC 0497
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than ortho- and meta-substituted ones(Table 4) [113]. More noticeably, when 
a-substituted phenylacetonitriles and phenylacetamides were subjected to the 
Rhodococcus sp. AJ270 catalyzed hydrolysis, the reaction outcome was remarkably 
affected by the nature of a-substituent (Scheme 4). As shown in Table 5, small 
groups appeared to have no obvious effect on enzyme activity, whereas introduction 

Table 4 Enantioselective hydrolysis of various a-substituted-a-methylmalonamides by 
Rhodococcus sp. CGMCC 0497

Substrate (R) Yield (%) e.e. (%)

C
6
H

5
94 97

o-ClC
6
H

4
94 97

m-ClC
6
H

4
94 95

p-ClC
6
H

4
92 >99

p-CH
3
C

6
H

4
97 >99

p-MeOC
6
H

4
95 >99

p-FC
6
H

4
95 >99

p-BrC
6
H

4
97 >99

C
6
H

5
CH

2
94 >99

C
3
H

7
94 91

Table 5 Enantioselective hydrolysis of a-substituted phenylacetonitriles by Rhodococcus sp. AJ270

Substrate 
(R)

Time 
(h)

nNtrile 
(%)

Configuration 
e.e.(%)

Amide 2 
(%)

Configuration 
e.e. (%)

Acid 3 
(%)

Configuration 
e.e. (%)

Me 10 - - 42 R, >99 48 S, 90
Me 13.5 - - 36 R, >99 58 S, 67
Et 70 - - 58 R, 35 39 S, >99
Et 96 - - 34 R, 96 40 S, >99
n-Pr 150 55 S, 24 27 S, 41 8 S, >99
n-Pr 214 33 S, 28 40 S, 13 13 S, >99
i-Pr 120 - - 47 R, >99 46 S, >99
n-Bu 300 36 S, 36 34 S, 20 23 S, 98
MeO 46 - - 78 0 -  
MeO 72 - - 56 0 - -
MeS 120 - - 64 R, 15 10 S, 96

R

CN CN

R

CONH2

R R

+

Rhodococcus
sp.AJ270

phosphate buffer
pH 7.0

racemic nitrile S-nitrile R-or S-amide S-acid

CO2H+

(R=Me, Et, n-Pr, i-Pr, n-Bu, MeO, MeS)

Scheme 4 Enantioselective biotransformations of racemic a-substituted phenylacetonitriles and 
phenylacetamides by Rhodococcus sp. AJ270
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of bulky and conformationally flexible groups such as n-propyl and n-butyl resulted 
in a much slower rate. Surprisingly, polar group like methoxy and methylthio 
exhibited no effect on the rate of hydration step. In sharp contrast, both electronic 
and steric factors displayed detrimental effects on amidase in Rhodococcus sp. 
AJ270. Enantioselectivity of the strain, determined by the combination of selectivi-
ties of nitrile hydratase and of amidase, with the latter being a major contributor, 
seemed to be extremely sensitive to electronic factor too [114].

Rhodococcus sp. AJ270 also showed highly preference for aromatic and heter-
oaromatic nitriles, in which case the first step, hydration of the linear nitrile sub-
stituent, is not significantly hindered by steric or electronic factors, while the 
second amidase-mediated step showed high sensitivity to steric factors. It was 
observed that para- and meta-substituted benzonitriles were converted to the cor-
responding acids at a comparatively rapid rate in high yield irrespective of the 
electronic nature of the substituent. Nevertheless, benzonitriles with substituent at 
the ortho-position were rapidly and efficiently converted to amides, while conver-
sion of amides to acids proceeded slowly, suggesting that the first step, is not sig-
nificantly hindered by steric or electronic factors, while the second amidase-mediated 
step showed high sensitivity to steric factors [32].

It was evident that electronic nature showed a great effect on initial rate of nitri-
lase mediated hydrolysis of para-substituted phenylacetonitriles. The reaction was 
accelerated by electron-withdrawing substituents while slowed down by electron-
donating substituents [67]. Similar results were achieved by Geresh et al. in whose 
study a Hammett-type linear free energy correlation with a r value (reaction con-
stant) of 0.96 well described the relationship between the initial rates of the nitrilase 
catalyzed hydrolysis and the para-substituents [115].

5 Applications of Nitrile-Amide Converting Enzymes

Recently, a considerable number of products serving as the intermediates of phar-
maceutical, fine chemical and food additives have been derived from enzyme-
dependent reactions [116]. Biotransformation of amides or acids provides a feasible 
and valuable route. In fact, some have been successfully applied to industrial pro-
duction, meanwhile, some are under active development.

5.1 Bioconversion of Various High-Value Amides and Acids

5.1.1  Industrial Production of Acrylamide and Enzymatic Manufacture  
of Acrylic Acid

Acrylamide, an important fine chemical with broad uses, is mainly applied in the 
synthesis of polyacrylamide. Achievements in bioconversion of acrylonitrile made it 
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possible that enzyme-based manufacture would substitute its traditional production 
mode. R. rhodochrous J-1 nitrile hydratase has been well investigated as a powerful 
biocatalyst for the production of acrylamide, and was currently utilized in com-
mercial synthesis of acrylamide in Japan [97]. In China, Nocardia sp. 163, a soil 
derived organism from Taishan Mountain in the 1980s, harbors nitrile hydratase 
activity active on acrylonitrile. Later it became the isolate with the highest NHase 
activity after optimization of culture conditions by Shanghai Pesticide Research 
Insititute. After that, a tens of thousand tons per year scale acrylamide production 
facility was set up [117].

As mentioned earlier, nitrile hydratase and amidase always coexist in the organ-
ism which leads to the formation of amides and acids in a certain portion. Due to 
this, a comparatively high ratio of nitrile hydratase/amidase activity is of great 
necessity to avoid contamination of the acrylamide by acrylic acid. In other words, 
effective measures should be taken to inhibit the amidase activity to a significant 
extent. Addition of urea, chloroacetone and phosphoramidate could sometimes 
efficiently inhibit the amidase activity, which in turn resulted in the accumulation 
of acrylamide [15, 74, 106].

As far as acrylic acid is concerned, it is a commodity chemical with an estimated 
annual production capacity of 4.2 million metric tons. Acrylic acid and its esters can 
be used in paints, coatings, polymeric flocculants, paper and so on. It is convention-
ally produced from petrochemicals. Currently, most commercial acrylic acid is 
produced by partial oxidation of propene which produces unwanted by-products and 
large amount of inorganic wasters [118]. Nowadays, there has occurred an innova-
tive manufacture method using nitrile-amide converting enzymes. Being different 
from manufacture of acrylamide, its manufacture requires microorganisms with an 
excess of amidase over nitrile hydratase, namely the rate of amidase-mediated step 
markedly exceeds the first step. Alternatively, nitrilase possessing microorganisms 
affords acids as well. In our research, a nitrilase-producing strain Arthrobacter nitro-
guajacolicu ZJUTB06-99 was newly isolated from soil sample in order to develop a 
production process of acrylic acid by biotranformation of acrylonitrile. According to 
previous reports, e-caprolactam induced R. rhodochrous J-1 cells containing abun-
dant nitrilase were used in the manufacture of acrylic acid, 390 g L−1 of which were 
obtained under a periodic substrate feeding system [119].

5.1.2 Biotransformation of Aliphatic and Arylaliphatic Amides and Acids

Aliphatic and arylaliphatic amides and acids are readily available from the corre-
sponding nitriles by the nitrile hydratase/amidase systems or nitrilase. A series of 
aliphatic nitriles, whether saturated or unsaturated, could be efficiently hydrolysed to 
the corresponding acids by the use of whole cells of Rhodococcus sp. AJ270. 
However, it was unsuitable for the preparation of amides, since the rate of the amide 
hydrolysis by amidase was greater than that of nitrile hydration. With one exception, 
unlike acrylonitrile and cinnamonitrile, methacrylamide was isolated after short activity 
due to the effect of adjacent subsistutent on the amidase-catalysed step [32].



50 J. Chen et al.

In our study, a nitrilase from B. subtilis ZJB-063 was predominantly active on 
arylacetonitriles. It was observed that electronic nature had a great effect on the 
initial rate of nitrilase mediated hydrolysis of para-substituted phenylacetonitriles. 
The reaction was accelerated by electron-withdrawing substituents (Cl, NO

2
) while 

slowed down by electron-donating substituents (OH, CH
3
, OCH

3
) [67]. Moreover, 

aliphatic and arylaliphatic amides could be provided by purified nitrile hydratase to 
avoid contaminated acids [19, 25].

5.1.3 Biosynthesis of Aromatic Acids and Amides

In previous studies there existed a hypothesis that aromatic nitriles were acceptable 
substrates for nitrilases while aliphatic nitriles were the same for nitrile hydratases. 
This hypothesis, however, was proved to be contradictory to many later observa-
tions which provided the evidence for the existence of nitrilases effective for 
aliphatic nitriles [120] and nitrile hydratases active on benzonitrile, its mono- or 
disubstituted derivatives [30, 32, 121, 122].

R. rhodocrous AJ270, a nitrile hydratase and amidase-containing microorgan-
ism, efficiently hydrolyzed all the seleceted aromatic nitriles including para-, meta- 
and ortho-substituted ones. Among these compounds, those with para-, 
meta-substituents gave acids at a fast rate, whereas conversion of aromatic nitriles 
bearing adjacent substituents almost ceased at the step of amides, and subsequent 
conversion of amides to acids proceeded rather slowly. The above finding clearly 
indicated that amidase was more sensitive to the electronic nature of the substituents. 
Disubstitution of benzonitrile with methoxy at positions 2 and 6 displayed a signifi-
cantly adverse effect on nitrile hydratase. Displacement of methoxy by fluorin 
decreased the effect on nitrile hydratase but the step of hydrolysis of amides to acids 
still proceeded extremely slowly. This adjacent disubstitution phenomenon further 
confirmed that amide hydrolysis is stringently dependent on adjacent steric factors 
while nitrile hydration has a slight steric limitation [32].

5.1.4 Bioconversion of Heterocyclic Nitriles

In the past decades, commercial productions of acrylamide, nicotinamide and nico-
tinic acid have witnessed the significant use of nitrile-converting enzymes. 
Nicotinamide and nicotinic acid belong to heteroaromatic compounds. Nicotinamide 
and its acid are water-soluble B-complex vitamins (Vitamin B

3
 or PP) used in phar-

maceutical formulations, and as additives in food and animal feed; furthermore, 
their deficiency leads to pellagra. Moreover, nicotinic acid and its ester and amide 
derivatives have medical applications as antihyperlipidemic agents and peripheral 
vasodilators [123]. Currently, they are produced by chemical synthesis at high tem-
peratures and pressures. Alternatively, they can be prepared under mild conditions 
by the bioconversion of 3-cyanopyridine with nitrile-converting containing micro-
organisms or enzymes.
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R. rhodochrous J-1, a versatile nitrile-converting enzymes containing micro-
organisms, had high activity toward 3-cyanopyridine in the presence of crotonamide 
as an inducer (Fig. 4). This process straightforwardly transferred to industrial level 
and was soon developed into an industrial production scale of nicotinamide for the 
following reasons. First, 3-cyanopyridine could be converted to nicotinamide without 
formation of nicotinic acid. Namely, the strain displayed considerably high nitrile 
hydratase activity and it is noteworthy that nicotinamide is not contaminated by 
nicotinic acid, since nicotinamide is almost inert to the low amidase activity in this 
strain. Second, there seemed no occurrence of substrate inhibition as compared to 
conversion of acrylonitrile. Finally, the fermentation mode turned out to be pseu-
docrystal fermentation (namely, crystalline substrate, solution of substrate, solution 
of product, crystalline product). From the synthetic point of view, various useful 
amides other than nicotinamide and acrylamide can be obtained by using the 

Fig. 4 Biotransformation of heterocyclic nitriles by the whole cells of A. niger K10 (1, 2, 6–8, 
16, 17, 20), Rhodococcus sp. AJ270 (3–12, 16–19), R. rhodochrous NCIMB 11216 (6, 11, 12), 
R. rhodochrous J-1 (5, 13–15), Rhodococcus sp. strain YH3-3 (18, 19) and R. equi A4 (5, 13–15)
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R. rhodochrous J-1 cells cultured in the presence of crotonamide. Isonicotinamide 
and pyrazinamide, useful tuberculostatics, can be produced in this way as well 
[124]. As for nicotinic acid, a thermostable nitrilase produced by the thermophilic 
bacterium B. pallidus DAC521 catalyzed the direct hydrolysis of 3-cyanopyridine 
to nicotinic acid without detectable formation of nicotinamide [125].

In recent years, investigation was carried out on the preparation of nicotinamide 
with Corynebacterium glutamicum in China [126, 127]. As a robust bacterium, 
Rhodococcus sp. AJ270 showed high nitrile hydratase activity against heterocyclic 
nitriles. The adjacent substituent impact existing in the hydrolysis of aromatic 
nitriles was encountered in the cases of heterocyclic nitriles. Those bearing an 
adjacent C=O/C=N remained intact after a long conversion time (Fig. 4) [32].

Our lab also provided an enzymatic route for the manufacture of nicotinamide. 
In addition, biosynthesis of 2-choloronicotinic acid is currently in active progress, 
which is a useful agricultural and pharmaceutical intermediate. Various other het-
eroaromatic amides and carboxylic acids procured currently via chemical synthesis 
could be produced biocatalytically from their nitriles. A cobalt-containing nitrile 
hydratase purified from Rhodococcus sp. strain YH3–3 was able to convert 2-cyan-
othiophene and 2-cyanofuran along with cyanopyrazine [128]. The nitrile hydratase 
from R. equi A4 also showed capacity for some heterocyclic nitriles, and similar 
results were observed that 2-cyanopyridine was transformed with a lower rate than 
3- and 4-cyanopyridine (Fig. 4) [30]. In addition, bioconversion of some heterocy-
clic amides and acids could also be accomplished by R. rhodochrous J-1, R. rhodo-
chrous NCIMB 11216 and Aspergillus niger K10 (Fig. 4) [25, 129].

5.1.5 Bioconversion of Alicyclic Nitriles

In the past few decades, a considerable amount of research concerning biotransfor-
mation of amides and acids has been carried out, the majority of which focused on 
the bioconversion of aromatic nitriles to its equivalent amides and acids and a pau-
city of which was concerned with the hydrolysis of alicyclic nitriles. Matoishi et al. 
conducted the hydrolysis of alicyclic mono- and dinitriles and amides mediated by 
R. rhodochrous IFO 15564, from which a variety of six-membered alicyclic cyano 
carboxylates, amido carboxylates, dicarboxylates from the corresponding nitriles 
were obtained (Fig. 5). The formation of these compounds was presumably ascribed 
to the stereochemistry of the substrate, the nature of substituents and presence of 
double bonds in alicyclic rings. These factors resulted in the rate difference of 
nitrile hydratase and amidase between enantiomers or enantiotopic groups, which 
in turn enabled kinetic resolution or asymmetrization [130].

Much attention has been paid in recent years to the preparation of enantiopure 
cyclopropyl compounds owing to the fact that enantiomers of these compounds often 
exhibit different biological activities. Hence, Wang and his coworker undertook the 
study of Rhodococcus sp. AJ270 mediated biotransformation of trans-2-arylcyclo-
propanecarbonitriles, by which not only optically active acids but also the amides were 
obtained (Scheme 5). In addition, bioconversions of 2-arylcyclopropanecarbonitriles 
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Fig. 5 Alicyclic mono-, di- and cyanocarboxylic acids and their amides prepared by the use of 
Rhodococcus rhodochrous IFO 15564 (R=CONH

2
, COOH) (1 – 12) and R. equi A4 (13 – 17)
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and its analogs with para substituents, a methyl, chlorine and fluorine, led to good to 
excellent enantioselectivity of the corresponding amides and acids, especially the 
amides. Exceptionally, comparatively low enantioselectivity of both amides and 
acids was detected in the reaction of 2-(4-methoxyphenyl)cyclopropanecarbonitrile, 
indicating that methoxy group caused a more dramatic effect than the above sterically 
smaller ones (Table 6). Moreover, (−)-(1R, 2R)-2-phenylcyclopropylmethylamine, a 
potential candidate for antihypertensive agent, could be provided by the reduction of 
(−)-(1R, 2R)-arylcyclopropanecarboxamide (Scheme 6). (+)-(1S, 2R)-2-
Phenylcyclopropylmethylamine, antidepressant tranylcypromine, was obtained from 
(+)-2-arylcyclopropanecarboxylic acid via a modified Curtius rearrangement 
(Scheme 7) [131].

In addition, a recombinant nitrilase AtNITI from A. thaliana bore the capability of 
regio- and stereoselective hydrolysis of 3-(2-cyanocyclohex-3-enyl)propenenitriles, 
which consisted of four isomers numbered A–D prepared by Diels-Alder reaction of 
1-cyano-1, 3-butadiene. Consequently, isomer D was exclusively hydrolyzed among 
the four dinitriles and thus (E)-cis-3-(2-cyanocyclohex-3-enyl)-propenoic acid was 
dominantly accumulated. Besides, isomer C was hydrolyzed to a small extent as well, 

Table 6 Bioconversions of 2-arylcyclopropanecarbonitriles and its analogs by Rhodococcus 
sp. AJ270

Ar Time (h) Amide (%) Amide (e.e.) Acid (%) Acid (e.e. %)

C
6
H

5
0.5 37 78 37 73(81)

C
6
H

5
1 50 >99 39 55

C
6
H

5
3 25 >99 61 19

4-FC
6
H

4
2 44 89 48 75(91)

4-FC
6
H

4
5 33 >99 66 30

4-ClC
6
H

4
4 25 >99 43 52(78)

4-ClC
6
H

4
5.5 29 >99 62 41

4-MeC
6
H

4
2 46 70 32 75

4-MeC
6
H

4
5 32 >99 53 71(82)

4-MeOC
6
H

4
7 31 44 36 17

4-MeOC
6
H

4
10 39 21 41 12

Scheme 6 Reduction of (−)-(1R,2R)-2-phenylcyclopropanecarboxamide using LiAlH
4

Ph LiAlH4H2NH2CO Ph
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Scheme 7 Preparation of (+)-(1S,2R)-2-phenylcyclopropylmethylamine by a modified Curtius 
rearrangement
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which only occurred after complete conversion of D and when the enzyme concentration 
was high enough, while isomers A and B remained intact, in spite of higher enzyme 
concentration and prolonged conversion time. This outcome was considered to be 
explained by three factors: on one hand, the high regioselectivity, one the other 
hand, the high selectivity, including both (E)- and cis selectivity (Fig. 5) [132]. 
Similar discrimination between geometric isomers of substituted alicyclic nitriles was 
also accessed with the nitrile hydratase from R. equi A4. It was noted that trans-4-
benzoyloxycyclohexanecarbonitrile, cis-3-benzoyloxy cyclohexanecarbonitrile, 
trans-2-hydroxycyclohexanecarbonitrile and trans-2-hydroxycyclopentanecarbonitrile 
were converted to the equivalent amides. In contrast, cis-2-hydroxycyclohexanecarbon-
itrile and cis-2-hydroxycyclo-pentanecarbonitrile gave a majority recovery of them. 
Although cis-4-benzoyl-oxycyclohexanecarbonitrile was an acceptable substrate for 
the enzyme, the reaction proceeded at a rather low rate (Fig. 6) [133].

Moreover, an impressive example of the application of nitrile-amide converting 
enzymes was enzymatic synthesis of optically active 2-methyl- and 2,2-dimethyl-
cyclopropanecarboxylic acid and their derivatives. 2-Methyl- and 2,2-dimethylcy-
clopropanecarboxylic acid derivatives are key intermediates of curacin A, a potent 
antimitotic agent, and of cilastatin, a renal dehydropeptidase inhibitor commonly 
administered with penem and carbapenem antibiotics to prevent their degradation 
in the kidney, respectively. In the past, no direct asymmetric synthesis of these 
compounds has been reported. Optically active 2-methylcyclopropanecarboxylic 
acid and its amide derivatives have been prepared from the optical resolution or 
through the multistep transformations. Recently, nitrile-hydratase-associated ami-
dases participated in the synthesis of optically active acids [110]. S-(+)-2,2-

Fig. 6 Regioselective hydrolysis of 3-(2-cyanocyclohex-3-enyl)-propenenitriles by a recombinant 
nitrilase AtNITI from A. thaliana
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Dimethylcyclo-propanecarboxamide has been obtained from kinetic resolution of 
racemic 2,2-dimethylcyclopropanecarboxamide employing amidase-containing 
microbes or the amidases, which was a process adopted in Lonza for industrial 
operation. The above preparation involved in amidases exhibiting R-enantioselective. 
However, Comamonas acidovorans A18 was the only strain reported abroad, con-
taining R-enantioselective amidase and has gained success in kinetic resolution of 
the racemic mixture [134]. Recently, D. tsuruhatensis ZJB-05174, capable of 
R-enantioselective degradation of 2,2-dimethylcyclopropanecarboxamide, was isolated 
employing a newly established colorimetric screening method. This isolate may be a 
suitable candidate for the production of (S)-2,2-dimethylcyclopropanecarboxamide 
from its racemic form after optimization of culture and biotransformation conditions 
(Scheme 8) [89].

5.1.6 Enantioselective Hydrolysis of Racemic Nitriles and Amides

Enantioselective Hydrolysis of Racemic Nitriles by Nitrile Hydratase

Although a significant number of nitrilases and amidases exhibited different 
degrees of enantioselectivity, nitrile hydratases were previously assumed to be rela-
tively non-stereospecific. However, later on reports concerning enantioselective 
hydration of a-arylpropionitriles appeared. Unfortunately, an extreme paucity of 
nitrile hydratases exhibited enantioselectivity that gave rise to products with the ee 
value higher than 75%. Pseudomonas putida NRRL 18668, a soil derived Gram-
negative bacterium, contained a nitrile hydratase capable of stereoselective hydrol-
ysis of 2-(4-chlorophenyl)-3-methylbutyronitrile with more than 90% enantiomeric 
excess (ee) to the (S)-amide, which appeared to be the first description of a sterose-
lective nitrile hydratase from a Gram-negative organism. This strain is also capable 
of a two-step hydrolysis of 2-(4-isobutylphenyl)-propionitrile and 2-(6-methoxy-2-
napthyl)-propionitrile to the (S)-acids (ibuprofen and naproxen respectively) with 
stereoselectivity residing primarily in the aliphatic amidase [135]. Subsequently, 
another Gram-negative isolate Agrobacterium tumefaciens d3 appeared harboring 
enantioselective nitrile hydratase, which hydrated racemic 2-phenylpropionitrile, 
2-phenylbutyronitrile, 2-(4-chlorophenyl)propionitrile, 2-(4-methoxy)propionitrile 
or ketoprofen nitrile, and the corresponding (S)-amides were formed with the high-
est enantiomeric excesses (ee >90% until about 30% of the respective substrates 
were converted) [136].

Scheme 8 Preparation of (S)-2,2-dimethylcyclopropanecarboxamide by (R)-enantioselective 
amidase in D. tsuruhatensis ZJB-05174

CONH2
CONH2COOH

+
R-enantioselective amidase
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Former studies showed that in the nitrile hydratase-amidase system enantiomeric 
discrimination occured during amide hydrolysis. As an exception, Rhodococcus sp. 
270, known as a nitrile hydratase and amidase containing organism, was effective 
for converting (R)-2-phenyl- butyronitrile to the corresponding amide with an ee 
value of 83%, suggesting that the amidase turned to be inactive for the amide and 
the formation of the chiral amide was due to the R-enantioselectivity of the nitrile 
hydratase [137].

In general, nitrile hydratase are coupled with amidase in organisms, and in 
most cases, formations of optically pure amides and acids are owing to the higher 
enantioselectivity of amidase compared with that of nitrile hydratase. A number 
of amides and acids were obtained via this method, for example, enzymatic syn-
thesis of (S)-naproxen by Rhodococcus sp. C3II and Rhodococcus erythropolis 
MP50. From racemic naproxen nitrile, Rhodococcus sp. C3II formed S-naproxen 
amide and subsequently S-naproxen. Racemic naproxen amide was hydrolysed to 
S-naproxen. Rhodococcus sp. MP50 converted racemic naproxen nitrile predomi-
nantly to R-naproxen amide and racemic naproxen amide to S-naproxen. With 
both strains racemic naproxen amide was converted to S-naproxen with an enan-
tiomeric excess >99% at a conversion rate up to 80% of the theoretical value 
(Scheme 9) [138]. By the hydrolysis of (R, S)-isopropyl-4¢-chlorophenylacetonitrile 
using cells of Pseudomonas sp. B21C9, enantiopure (S)-2-isopropyl-4¢-
chlorophenylacetic acid, an intermediate of pyrethrins could be obtained. It 
appeared that the process proceeded via stepwise reactions by a nitrile hydratase 
exhibiting poor (S)-selectivity and an amidase exhibiting strict (S)-selectivity 
(Scheme 10). Heating resulted in the racemization of (R)-amide, which in turn 
caused enhanced yield of (S)-acid [139].

It was also described in China that Rhodococcus sp. AJ270 could be utilized for 
the preparation of enantiopure carboxylic acids and derivatives via stereoselective 
hydrolysis of a series of racemic a-substituted phenylacetonitriles and amides. The 
overall enantioselectivity of the process is mainly determined by the combination 
of selectivities of nitrile hydratase and amidase, with the latter being a major con-
tributor, which was consistent with the above findings. Enantioselective synthesis 

Scheme 9 Preparation of S-naproxen by Rhodococcus sp. C3II and R. erythropolis MP50
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of optically active 2-methyl-2,2-dimethylcyclopropanecarboxylic acids (see 
Sect. 5.1.5) and chiral cyclopropane compounds were successfully performed by 
the same strain (see Sect. 5.1.5). Very recently, it was observed that Rhodococcus 
sp. AJ270 are able to catalyze the hydrolysis of oxiranecarbonitrile to synthesize 

Scheme 11 Biotransformations of racemic trans-2,3-epoxy-3-arylpropanenitriles by Rhodococcus 
sp. AJ270
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Scheme 12 Biotransformations of racemic trans-3-aryl-2-methyloxiranecarbonitrile by 
Rhodococcus sp. AJ270

O
CONH2Ar

S

R
Me

O
CO2HAr

Me

+

O
CNAr

Me

low enantioselective 
nitrile hydratase

O
CONH2Ar

Me

2S, 3R-enantioselective 
amidase

trans-racemic nitrile racemic amide

2R, 3S-amide 2S, 3R-acid

(Ar = C6H4, 4F-C6H4, 4Cl-C6H4, 3-Cl-C6H4, 4-Br-C6H4, 2-Me-C6H4, 3, 4-OCH2OC6H3)

Scheme 10 Preparation of (S)-2-isopropyl-4′-chlorophenylacetic acid by Pseudomonas sp 
B21C9

Cl

CN Nitrile hydratase with poor (S)-selectivity

Cl

CONH2

Amidase with strict (S)-selectivity

Cl

CONH2

Cl

COOH
+



Microbial Transformation of Nitriles to High-Value Acids or Amides 59

optically active 2R,3S-3-aryloxiranecarboxamides (Scheme 11) [140] and 2R,3S-3-
aryl-2-methyloxiranecarboxamides (Scheme 12) [141]. As a useful microorganism, 
Rhodococcus sp. AJ270 is also able to rapidly catalyze enantioselective hydrolysis 
of racemic 1,4-benzodioxane-2-carbonitrile under very mild conditions, yielding 
2S-1,4-benzodioxane-2-carboxamide and 2R-1,4-benzodioxane-2-carboxylic acid 
in high yields with excellent enantioselectivity, which are very important entities in 
medicinal chemistry for they are chiral building blocks in the design and synthesis 
of chiral therapeutic agents (Scheme 13) [142].

Enantioselective Hydrolysis of Racemic Nitriles by Nitrilase

The previously limited evidence for stereoselective nitrilases has been extended 
recently [143, 144] and their functions have been widely applied in the manufacture 
of various optically active carboxylic acids.

Amino acids are widely used as building blocks for the pharmaceutical industry, 
feed additives and human nutrition. Nitrilase participated manufacture of amino 
acids represents an attractive approach. In previous studies, formation of l-amino 
acids from a-aminonitriles was achieved using alginate immobilized Acinetobacter 
sp. APN containing nitrilase [145]. Later on, several optically active amino acids 
were produced from a-aminonitriles by R. rhodochrous PA-34 [146].

An intelligent screening method gave access to enantioselective nitrilases that 
are highly adapted to the production of high-value hydroxyl carboxylic acid 
derivatives, such as (R)-(−)-mandelic acid, which was described as a key interme-
diate of semi-synthetic cephalosporins and penillins, a chiral resolving agent, 
chiral synthon for the synthesis of anti-tumor agents and anti-obesity agents. 
Three isolates including P. putida, Microbacterium paraoxydans and 
Microbacterium liquefaciens gave rise to the desired product, (R)-(−)-mandelic 
acid. In terms of growth rate, enzyme activity, enantioselectivity and thermosta-
bility, P. putida was more suitable compared to the other two organisms. Thus it 
was selected for further use [95].

Noticeably, Alcaligenes faecalis ATCC 8750 was famous for the effective hydrol-
ysis of mandelonitrile to (R)-(−)-mandelic acid. Interestingly, enantiomeric excess of 
(R)-(−)-mandelic acid formed from mandelonitrile was 100% and the yield attained 
was approximately 91%. Spontaneous racemization of S-mandelonitrile because of 
the chemical equilibrium accounted for the high yield. The observation was inconsistent 

Scheme 13 Enantioselective biotransformations of racemic 1, 4-benzodioxane-2-carbonitrile by 
Rhodococcus sp. AJ270
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with other enantioselective bioprocess where the yield attained was 50% at most. 
Later studies successfully completed the purification and characterization of the nitrilase, 
meanwhile, immobilization of the nitrilase (Scheme 14) [147, 148]. In particular, the 
immobilized nitrilase is useful for the production of hydroxy analogues of methionine 
derivatives that could have an interest in cattle feeding and in the transformation of 
compounds bearing other acid- or base-sensitive groups [149].

Researchers in China conducted the nitrilase-mediated manufacture of (R)-(−)-
mandelic acid as well. He et al. screened a microbial strain identified as Alcaligenes 
sp. ECU0401 harboring a stereoselective nitrilase for the kinetic resolution of 
racemic mandelonitrile to (R)-(−)-mandelic acid with an enantiomeric excess of 
>99.9% [150]. Aiming at obtaining microorganisms with high enzyme activity and 
excellent selectivity, our lab has been undertaking bioconversion of (R)-(−)-mandelic 
acid and have made much progress. This convenient and practical approach to 
producing (R)-(−)-mandelic acid was developed into commercial application by 
Mitsubishi Rayon [151].

As mentioned earlier, optically active 2-arylpropionic acids like (S)-naproxen, 
(S)-ibuprofen and (S)-ketoprofen could be produced from the respective 2-arylpro-
pionitrile by the aid of the sequential action of nitrile hydratase and amidase, 
besides, these acids could also be procured via (S)-enantioselective nitrilases. It was 
evident that interaction of racemic 2-(4′-isobutylphenyl) propionitrile with 
Acinetobacter sp. strain AK226 yielded S-(+)-2-(4′-Isobutylphenyl) propionic acid 
(S-(+)-ibuprofen) with a 95% enantiomeric excess (Scheme 15). The observation 
that R-enantiomer of the nitrile was inert to the organism and no detection of the 

Scheme 14 Preparation of (R)-(−)-mandelic acid by A. faecallis ATCC 8750
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amide throughout the reaction suggested Acinetobacter sp. strain AK226 was a 
highly enantioselective nitrilase possessing bacterium [152]. Moreover, nitrilase in 
R. rhodochrous ATCC 21197 also appeared to be able to convert racemic 2-arylpro-
pionitrile to optically active 2-arylpropionic acids. (S)-Naproxen could be obtained 
by this organism and excellent enantioselectivity could be achieved at the cost of 
conversion (Scheme 16) [153].

Enantioselective Hydrolysis of Racemic Amides by Amidase

Amidases with enantioselectivity are universal and these amidases catalyzed reac-
tions offered optically pure compounds of pharmaceutical importance such as 
amino acids or 2-arylpropionic acids. Thus, they have attracted substantial interest 
and much progress has been made. A typical example of an enantioselective ami-
dase catalyzed industrial biotransformation is the enzymatic chiral resolution of (R, 
S)-2,2-dimethylcyclopropane carboxamide providing the optically pure S-isomer. 
The process was developed by Lonza AG (see Sect. 5.1.5) (Lonza AG, CH). 
Similarly, using an R-enantioselective amidase producer, D. tsuruhatensis ZJB-
05174, to produce (S)-2,2-dimethylcyclopropane carboxamide was investigated in 
our lab (See Sect. 5.1.5). The route, furthermore, is under progressive development 
and its potential of industrial application has been developed by Hisun Pharmaceutical 
Co., Ltd (Zhejiang).

As previously exemplified, efficient kinetic resolution of racemic piperazine-
2-carboxamide and racemic piperidine-2-carboxamide to the corresponding 
enantiomerically pure carboxylic acids by the aid of whole cells of wild-type 
microorganisms harboring stereospecific amidases. The attained acids, (S)- and 
(R)-piperazine-2-carboxylic acid, and (S)-piperidine-2-carboxylic acid belong to 
non-proteinogenic amino acids and are used as precursors of numerous bio-active 

Scheme 15 Production of S-(+)-ibuprofen by (S)-enantioselective nitrilase in Acinetobacter sp. 
strain AK226
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Scheme 16 Production of (S)-naproxen by (S)-enantioselective nitrilase in R. rhodochrous 
ATCC 21197
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compounds. Due to the value of (S)-piperazine-2-carboxylic acid, which can be 
used for the synthesis of the HIV protease inhibitor Crixivan, its biosynthesis 
route employing Klebsiella terrigena DSM 9174 was developed into commercial 
application by Lonza AG [154] (Fig. 7).

Besides, amidase often coexists with the nitrile hydratase and formation of opti-
cally active acids is always ascribed to the combination of the poor selectivity of 
nitrile hydratase and excellent selectivity of amidase, which was discussed above 
(see “Enantioselective Hydrolysis of Racemic Nitriles by Nitrile Hydratase” above). 
As described above, in spite of the various applicability of the amidase, their appli-
cation on a large or commercial scale has remained unexplored.

5.1.7 Regioselective Biotransformation of Di- and Trinitriles

It is rather difficult to conduct regioselective hydrolysis of dinitriles by chemical 
methods in a single step. An enzymatic approach, however, offers significant 
advantages since ammonium cyanocarboxylates from dinitriles could be obtained 
in nearly quantitative yields in one step. Acidovorax facilis 72W that possessed a 
regioselective nitrilase was successfully utilized for the conversion of an aliphatic 
a,w-dinitrile to an ammonium salt of w-cyanocarboxylic acid, which was then 
directly converted to the corresponding lactam by hydrogenation, without detection 
of the intermediate w-cyanocarboxylic acid or w-aminocarboxylic acid (Scheme 
17) [155]. The process could also be achieved by the action of a combined nitrile 
hydratase and amidase present in Comamonas testosteroni 5-MGAM-4D, where an 
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aliphatic a,w-dinitrile is initially converted to an w-cyanoalkylamide by the nitrile 
hydratase, and the w-cyanoalkylamide is subsequently attacked by the amidase to 
the corresponding w-cyanocarboxylicacid ammonium salt, implying that the regi-
oselectivity of the system originated from nitrile hydratase (Scheme 17). Typically, 
a chemoenzymatic process for the preparation of 1,5-dimethyl-2-piperidone from 
2-methylglutaronitrile with greater than 98% regioselectivity at 100% conversion 
has been demonstrated using immobilized A. facilis 72W cells [156] (Scheme 18). 
Besides, purification and characterization of the regioselective aliphatic nitrilase 
from this strain was carried out; furthermore, the nitrilase gene was cloned, 
sequenced and over-expressed in Escherichia coli, yielding a recombinant microor-
ganism which more efficiently hydrolyzed aliphatic dinitriles to cyanocarboxylic 
acids in comparision with the wild type [157]. Thus, five- or six-membered ring 
lactams could be obtained from the sole product of regioselective conversion of 
dinitriles by means of nitrilase in Acidovorax facilis72W.

As exemplified, a biocatalytically commercial scale process for the highly regiose-
lective hydration of adiponitrile to 5-cyanovaleramide, which is required in the first 
step of manufacture of a new herbicide, has been demonstrated using Pseudomonas 
chlororaphis B23 cells immobilized in calcium alginate beads[158]. In terms of 
enzyme stability and productivity of 5-cyanovaleramide, it was proved that it was 
superior to all other whole-cell microbial catalysts which were examined (Scheme 19) 

Scheme 17 Regioselective hydrolysis of aliphatic a,w-dinitriles by nitrilase in A. facilis 72W or 
nitrile hydratase/amidase in C. testosteroni 5-MGAM-4D
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[21]. Desymmetrization of prochiral dinitriles was also investigated by Crosby, Turner 
and their co-workers, in whose study, O-substituted-3-hydroxyglutaronitriles were 
converted using different Rhodococcus whole-cell catalysts and obtained the corre-
sponding monocyanocarboxylic acids in good enantiomeric excess [159]. It is also 
interesting to note that biotransformation of a disubstituted malononitrile catalyzed by 
R. rhodochrous 21197 yielded an amido-acid with excellent enantioselectivity [160].

Regarding di- and tri-nitrile degradation, Asano et al. described it in the early 1980s 
[161–163]. Besides, Rhodococcus sp. AJ270 efficiently hydrolyzed a variety of 
dinitriles with excellent regioselectivity. Aliphatic dinitriles NC[CH

2
]

n
CN underwent 

regieselective hydrolysis to give the mono acids with up to four methylenes between 
the nitrile groups, whereas those bearing n > 4 gave the diacids with good yield (Table 7). 
Significant regioselectivity was discovered using a range of a,w-dinitriles 
NC[CH

2
]

n
X[CH

2
]

n
CN with an ether or sulfide linkage as substrates. These compounds 

were efficiently transformed into the mono acids when an oxygen is placed b, g or d 
to the nitrile or b or g-sulfur substituent is present (Table 8). As an efficient and robust 

Table 7 Conversion of NC[CH
2
]nCN 1 into NC[CH

2
]

a
CO

2
H 2 and/

or HO
2
C[CH

2
]nCO

2
H 3 by Rhodococcus sp. AJ270

Substrate (n) Reaction condition Product yield (%)

1 Amount (mmol) Time (h) 2 3

2 5 3 30 -
2 5 24 17 -
3 5 3 41 -
3 5 16 35 -
4 5 3 41 4
4 5 24 28 23
4 5 48 - 26
5 5 3 - 46
5 5 48 - 74
6 5 48 - 78
7 5 48 - 88
8 5 48 - 89

Table 8 Conversion of NC[CH
2
]nX[CH

2
]nCN 4 into NC[CH

2
]nX[CH

2
]

a
CO

2
H 5 and/or 

HO
2
C[CH

2
]nX[CH

2
]nCO

2
H 6 by Rhodococcus sp. AJ270

Substract Reaction conditions Product yield (%)

n X
Amount 
(mmol) Time (h) 5 6 4

2 O 3 48 61 - -
3 O 5 1 35 Trace 35
3 O 3 72 - 70 -
4 O 3 2 73 - -

(continued)
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Substract Reaction conditions Product yield (%)

n X
Amount 
(mmol) Time (h) 5 6 4

4 O 3 120 75 5 -
5 O 3 2 - 25 60
5 O 3 48 - 97.5 -
2 S 3 1 45 - 10
2 S 3 48 - 60 -
3 S 3 2 52 - 29
3 S 3 96 83 - -
4 S 3 2 - 83 Trace
4 S 3 96 - 86 -
2 NPh 2 64 93 - -
2 NC

6
H

4
Cl-p 2 168 71 - 26

2 NC
6
H

4
OMe-p 2 72 91 - -

3 NPh 1.5 168 - - 95
3 NC

6
H

4
OMe-p 1.5 168 - - 92

4 NPh 1.5 168 - - 94
5 NPh 1.5 168 - - 99

Table 8 (continued)

nitrile-amide converting organism, the strain also effectively catalyzed the hydrolysis 
of a variety of miscellaneous aliphatic dinitirles into mono acids with the exception of 
o-phenylenediacetonitrile where o-phenylenediacetamide was derived as the major 
product (Table 9). Finally, efficient regiocontrol was also accessible when m- and 
p-dicyanobenzenes were used as substrates [164, 165] (Table 10).

Other nitrile-converting enzyme from Rhodococcus genus also exhibited regi-
oselectivity. Nitrilase of R. rhodochrous NCIMB 11216 showed regioselectivity 
to some extent as well. The extent of conversion with saturated aliphatic dini-
triles was very low, whereas hydrolysis of unsaturated aliphatic dinitriles 
occurred at similar rates to that of aromictic mononitriles. Greater structural 
rigidity of these compounds caused by the presence of a double or the aromatic 
ring could possibly accounted for the above observed phenomenon. In case of 
the hydrolysis of dicyanobenzenes, it proceeded also at a relatively low rate, 
among which 1, 4-dicyanobenzene bearing most spatially separated nitrile 
groups were converted to mononitrile at the highest rate. However, biotransfor-
mation of 1,3-dicyanobenzene turned out to be somewhat different with the 
addition of different inducers. The propionitriles-induced cells hydrolyzed not 
only 3-cyanobenzoate but also both the nitrile groups in 1,3-dicyanobenzene, 
yielding diacids. In sharp contrast, benzonitrile-induced cells were incapable of 
hydrolyzing 3-cyanobenzoate, so the process halted at the formation of mononi-
trile. Besides, 2-cyanophenylacetic acid could be prepared from a-cyano-o-tol-
unitrile by both of the nitrilases [99].

Dadd et al. assessed the biotransformation of 2-, 3- and 4-(cyanomethyl) ben-
zonitriles employing R. rhodochrous LL100-21. As a result, 2-(cyanophenyl) acetic 
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Table 9 Conversions of miscellaneous dinitriles into acids by Rhodococcus sp. AJ270

Condition

Product and yield Substrate Concentration (mM) T(h)  

CN

CN 2 24 CN

CO2H
80%

NC

CN

2 24 R1

R2

R1=CN, R2=COOH 65% 

R1=COOH, R2=CN 16% 

CN

CN
3 24 

R2

R1

R1=R2=CN 13% 

R1=CN, R2=COOH 11% 

R1= R2=CONH2 65% 

CN

CN 3 30 CN

CO2H
67%

CN

NC

3 30 
CO2H

NC

69%

CN

NC 1.5 39 
CO2H

NC

99%

NC
CN 5 14 

NC
CO2H

67%

NC

CN 5 14 

NC

CO2H

86%

acid was formed as the sole product by propionitrile or benzonitrile induced cells 
which may be explained by the hypothesis that aliphatic side chain of the compound 
prevented the hydrolysis of the aromatic cyano group owing to steric hindrance. 
Conversely, these cells led 3- and 4-(cyanomethyl) benzonitriles to 3- and 4-(cyanome-
thyl) benzoic acid as the major products with other products of relatively low con-
centrations. More interestingly, acetonitrile induced cells resulted in a mixture of 
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different products from 2-, 3- and 4-(cyanomethyl) benzonitriles indicating less 
regioselectivity in such case [28].

5.1.8 Conversions of Nitriles Bearing Labile Functional Groups

Biocatalysts have been applied in the hydrolysis of nitriles containing other labile 
groups which are unable to survive under harsh chemical conditions. Attempts were 
made by Klempier et al. to selectively hydrolyze nitriles with acetal and ester 
groups in the molecule using R. rhodochrous NCIMB 11216 (Fig. 8). While the 
former functional moieties were inert to the catalyst during the hydrolysis, cleavage 
of the latter ones (leading to cyano acids and diacids) reduced the product yields, 
which was caused by the ubiquitous esterase activity [166]. Hence, suppressing the 
esterase activity of this strain was of significant importance, such as by modifica-
tion of the growth media or employing RNAi technology. Alternatively, purified 
enzymes turned out to be more preferable.

Substrate Conversion time (h) Product and yield (%) 

CN

CN

   52% 

CN

CO2H 12%

CN

CN 70

NH

O

O 12%

CN

CN

24 CN

CO2H 71%

CN

CN

20 CN

CO2H 81%

Table 10 Conversions of aromatic dinitriles into acids Rhodococcus sp. AJ270
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Excellent chemoselectivity was also observed for the hydrolysis of cyanoben-
zoates catalyzed by whole cells of R. equi A4. Monomethyl isophthalate and 
monomethyl terephthalate could be obtained from methyl-3-cyanobenzoate and 
methyl-4-cyanobenzoate, respectively, via resting cells of the strain [167]. 
Moreover, this strain are also capable of chemoselectively hydrolysing methyl 
(R,S)-3-benzoyloxy-4-cyanobutanoate and methyl (R,S)-3-benzyloxy-4-cyano-

Fig. 9 Bioconversion of 17a-cyanomethyl-17b-hydroxy-estra-4,9-dien-3-one by whole cells of 
R. erythropolis
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Fig. 8 Production of amides and acids from nitriles bearing labile functional groups by whole 
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Rhodococcus sp. AJ270 (3)
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butanoate into monomethyl (R,S)-3-benzoyloxyglutarate and monomethyl (R,S)-3-
benzyloxyglutarate, respectively [168] (Fig. 8). Hydrolysis of the progestin 
dienogest (17a-cyanomethyl-17b-hydroxy-estra-4, 9-dien-3-one) was performed 
by the nitrile hydratase-containing microorganism R. erythropolis. Along with the 
slow hydrolysis of cyano group, aromatization of ring A and hydroxylation 
occurred as well. After prolonged fermentation, the 17a-acetamido derivatives of 
estradiol and of 9(11)-dehydroestradiol were formed. Three of the metabolites were 
also prepared synthetically [169]. Rhodococcus sp. AJ270 also made it possible to 
synthesize some carboxylic acids and amides from the nitrile bearing sensitive 
groups (Fig. 9) [164].

5.2 Biodegradation and Bioremediation

Due to the intrinsic nature of nitriles as highly toxic, carcinogenic and mutagenic, 
it is necessary to control and monitor the discharge of these organonitriles into the 
environment. Typical examples of these compounds include acetonitrile, acryloni-
trile and benzonitrile that are widely used in laboratories and industries as solvents 
and extractants, or used as an ingredient in pharmaceuticals, plastics, synthetic rub-
bers, drug intermediates (chiral synthons), herbicides and pesticides (e.g., dichlobe-
nil, bromoxynil, ioxynil, buctril), etc. Recent awareness of environmental pollution 
caused by chemical-based industries has necessitated the development of enzyme-
based process as alternatives to currently employed chemical processes. Moreover, 
bioconversion and biotransformation becomes partial or total replacement of cur-
rently employed toxic chemical process due to the distinct advantages of biotrans-
formation [9]. Hence, their decomposition and detoxification by convenient and 
efficient methods is fairly urgent and challenging. More importantly, biodegrada-
tion and bioremediation, a convenient and cost-effective method, has the capability 
of eliminating these compounds by degrading them into harmless intermediates or, 
to a more desired form, carbon dioxide and water [170].

To the best of our knowledge, the huge potential of nitrile-converting enzymes 
has been explored in biodegradation of nitriles by many researchers. A variety of 
microorganisms, were demonstrated to be effective on metabolism of some orga-
nonitriles. As previously reported, a considerable number of nitrile-converting 
whole-cell biocatalysts have been applied to the removal of acrylonitrile waste 
effluents from the manufacture of acrylamide. A mixed culture of bacteria includ-
ing different nitrile hydrolyzing enzymes that degrade effluent from the manufac-
ture of acrylonitrile containing acrylonitrile, fumaronitrile, succinonitrile, etc. are 
grown in batch and continuous culture on these components of waste completely 
degraded all of the components [171].

Very recently, researchers from Singapore successfully enriched a whole consor-
tium from the activated sludge of a pharmaceutical wastewater treatment plant and 
investigated its capability of biodegradation of saturated (acetonitrile), unsaturated 
(acrylonitrile), and aromatic (benzonitrile) organonitrile compounds [172].
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Due to the potency and efficiency of biodegradation, similar studies were also 
conducted in China, especially in Taiwan, and moreover, some achievements were 
obtained [173–175]. Nitrile-converting enzymes have also participated in the 
cyano group-containing herbicide decomposition. A bromoxynil-degrading soil 
microorganism Agrobacterium radiobacter was used for degradation of the herbi-
cide under nonsterile batch and continuous conditions. The efficacy of degradation 
was enhanced by addition of ferrous, cobaltous or cupric ions [176].

6  Cloning and Expression of Nitrile-Amide  
Converting Enzymes

Cloning and overexpression stands out as a promising method for the production of 
the desirable enzymes in sufficient quantities. So are the nitrile-amide converting 
enzymes, and there appeared numerous reports with respect to cloning and expres-
sion of these enzymes which are now accessible in sufficient quantities. As for 
nitrile hydratase, both the H- and L-nitrile hydratases genes, composed of two 
subunits of different sizes, have been cloned from R. rhodochrous J-1. The amino 
acid sequences of each subunit of the H- and L-NHases from R. rhodochrous J-1 
showed generally significant similarities to those from Rhodococcus sp. N-774, but 
the arrangement of the coding sequences for two subunits is reverse. Each of the 
NHase genes was expressed in E. coli cells under the control of lac promoter only 
when they were cultured in the medium supplemented with CoCl

2
 [177]. The stere-

oselective nitrile hydratase from P. putida 5B has been over-produced in E. coli. A 
clearly enhanced enzyme activity six times higher than the native strain and same 
stereoselectivity was observed [178].

In China, researchers have carried out similar work and some progress has been 
made. To obtain a recombinant Rhodococcus or Nocardia with not only higher 
enzymatic activity but also better operational stability and product tolerance for 
bioconversion of acrylamide from acrylonitrile, an active and stable expression 
system of nitrile hydratase (NHase) was tried to construct as the technical platform 
of genetic manipulations. Two NHase genes, NHBA and NHBAX, from Nocardia 
YS-2002 were successfully cloned into E. coli and Pichia pastoris system, 
however, expression level remained extremely low and the protein was unstable. 
To solve this problem, a possible genetic strategy, site-directed mutagenesis of the 
a-subunit of the NHase was carried out. After the successful mutagenesis, E. coli 
XL1-Blue (pUC18-NHBAM) was screened and the NHase activity was much 
higher than that of the prototype [179].

Along with the nitrile hydratase, some amidases have undergone the cloning 
and expression. Recently, Cheong et al. have undertaken the research concerning 
cloning of a wide-spectrum amidase from Bacillus stearothermophilus BR388 in 
E. coli and improving amidase expression using directed evolution. As a desired 
result, this mutant, prepared by PCR-based random mutagenesis which resulted 
in the substitution of arginine for histidine at position 26, demonstrated a 23-fold 
increase in amidase activity compared to the wild-type [88]. The amidase gene 
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from the hyperthermophilic archaeon Sulfolobus solfataricus has been cloned, 
sequenced, and overexpressed in E. coli and the recombinant thermophilic pro-
tein was expressed as a fusion protein with an N-terminus six-histidine-residue 
affinity tag [86].

In the case of nitrilase, the cloning of this enzyme first occurred in E. coli and 
encoded a bromoxynil-degrading activity from Pneumoniae subsp. ozaenae [180]. 
In the previous studies, four nitrilases have been cloned from A.thaliana [181]. 
The corresponding gene of a regioselective aliphatic nitrilase from A. facilis 72W was 
cloned and over-expressed in E. coli, yielding a microorganism that efficiently and 
regioselectively catalyzes the conversion of aliphatic dinitriles to cyanocarboxylic 
acids. However, it was observed that, though a markedly increased quantity of 
nitrilase protein was obtained, the majority is present as inclusion bodies and is 
inactive. The phenomenon was consistent with the outcome obtained when nitrilase 
from C. testosterone was expressed in E. coli, although this was significantly 
improved with the co-expression of groESL chaperones [60]. R. rhodochrous J-1, 
appeared promising as a versatile nitrile-amide producing bacterium. Hence, it was 
investigated extensively, recent studies focusing on the molecular level. Komeda 
et al. demonstrated that the 1.4-kb downstream region from a nitrilase gene (nitA) 
was found to be required for the isovaleronitrile-dependent induction of nitrilase 
synthesis. Sequence analysis of the 1.4-kb region revealed the existence of an open 
reading frame (nitR) of 957 codes for a transcriptional regulator in nitA expression 
[182]. In China, researchers from Tongji University introduced a series of work 
concerning cloning and sequencing of nitrilase from an efficient degrader Nocardia 
sp. C-14-1. Southern blotting showed that there was a single nitrilase gene in the 
genome of C-14-1. Meanwhile, DNA sequencing and analysis suggested that there 
was a fragment of 1,143 bp DNA sequence encoded the nitrilase [183]. Besides, it 
was found that the expression of the Vitreoscilla hemoglobin (vgb) gene in vivo 
could improve the fermentation density and then contribute the extracellular secre-
tion of the product of bromoxynil-specific nitrilase (bxn) gene. The recombination 
plasmid pPIC9K-vgb-bxn was constructed and transformed into P. pastoris GS115. 
The results of PCR and SDS-PAGE indicated that the vgb gene and bxn gene had 
integrated into the genome of P. pastoris GS115 and expressed in efficient level 
[184]. Subsequently, the bxn gene encoding bromoxynil-specific nitrilase was 
cloned from genomic DNA of Klebsiella ozaenae by PCR and over-expressed in 
E. coli DE3. The recombinant accessibility made it a promising candidate for elimi-
nating bromoxynil to non noxious substances [185]. It could be concluded that the 
cloning and over-expression of the encoding genes resulted in a better understand-
ing of enzyme function and the reaction mechanism, which in turn would lead to 
improvements in biotechnological applications.

Protein engineering of nitrilase have also been practiced to improve the substrate 
and product tolerance and specific activity. A high-activity biocatalyst based on an 
A. facilis 72W nitrilase was developed, where protein engineering and optimized 
protein expression in an E. coli transformant host were used to improve microbial 
nitrilase specific acticity for glycolonitrile by 33-fold compared to the wild-type 
strain [186]. Gene site saturation mutagenesis (GSSM) evolution technology was 
employed to improve enantioselectivity of nitrilase-catalyzed desymmetrization of 
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3-hydroxyglutaryl nitrile to afford (R)-4-cyano-3-hydroxybutyric acid, an interme-
diate to the cholesterol-lowering drug Lipitor [187]. Changing Ala to His in posi-
tion 190 provided a 10% increase in the enantiomeric excess at the commercially 
relevant 3 M substrate reaction concentration.

7 Conclusions and Future Prospects

The past few decades have witnessed the fast development of nitrile-amide convert-
ing enzymes, both their reaction mechanisms and applications in manufacture of a 
series of pharmaceuticals and chemicals. Formerly, great contribution was made by 
hydrolases such as esterases and lipases in the production of enantiopure synthons. 
Nowadays, with the discovery of numerous nitrile-amide converting microorgan-
isms and their extremely fast development, these enzymes are becoming more and 
more appreciated by organic chemists and are showing competency to compete 
with esterases and lipases. Besides their synthetic value, these enzymes also play 
an important role in protecting the environment due to the capability of removal 
highly toxic nitrile compounds which are rather detrimental to human beings, animals 
and plants. In order to exploit fully their biotechnological potential, researches 
concerning the following aspects should be carried out in the following ways: (1) 
Overcoming some disadvantages of the nitrile-converting biocatalysts, such as nar-
row substrate specificity, low thermostability and pH stability, low tolerance of 
substrate and product, undesired and unsatisfied enantioselectivity. (2) Screening 
and discovery of new nitrile-amide converting enzymes with promising and attrac-
tive properties. As previously demonstrated, microorganisms producing nitrile-
amide converting enzymes turned out to be dominantly from prokaryotic ones and 
eukaryotic organisms constitute only a small part. The latter ones, however, were 
always neglected as an excellent source of nitrilase, nitrile hydratase and amidase. 
Moreover, these organisms may provide some different properties like excellent 
thermostability, regio-, enantio- selectivity, and improved stability in some acidic 
and alkaline media, which are favored by some process. (3) Employing genetic 
engineering to alter some undesired properties of wild type strain. Bearing these in 
mind, researchers would make great progress in techniques related to screening, 
cultivation, protein and genetic engineering and hence it is possible to isolate novel 
enzymes with extremophilic characteristics.

Despite the advantages of nitrile-amide converting enzymes catalyzed synthesis 
of a range of industrially useful acids and amides, a paucity of them have achieved 
success in industrial application, with the commercial production of acrylamide and 
nicotinamide being the most successful. Manufacture of many other substances has 
been proved to be accomplished by these enzymes, especially the processes involve 
the regioselective and enantioselective hydrolysis of some prochiral compounds 
and racemic nitriles. These compounds, nevertheless, are difficult if not impossible 
to convert by means of traditional chemical methods. Chemical hydrolysis of many 
nitriles with labile substituents catalyzed by acid or base is also virtually impossible 
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because of the drastic reaction conditions required. Thus, their powerful potential 
in commercial application is being developed. In China, bioconversion of the high-
value acids and amides has also been a hot issue. It is believed that an increasing 
number of novel nitrile-amide converting organisms will be screened and their 
potential in the synthesis of useful acids and amides will be further exploited in 
the near future. Furthermore, though cloning of the genes and expression of these 
versatile biocatalysts are presented in detail in many literatures and some of the 
recombinants exhibited rather high activity, it need to be largely exploited for the 
nitrile-converting enzymes. In a word, there is enough space for the development 
of these biocatalysts and there will turn on a bright and promising future of these 
enzymes.
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Secondary Metabolites from Higher Fungi: 
Discovery, Bioactivity, and Bioproduction

Jian-Jiang Zhong and Jian-Hui Xiao

Abstract Medicinal higher fungi such as Cordyceps sinensis and Ganoderma 
lucidum have been used as an alternative medicine remedy to promote health and 
longevity for people in China and other regions of the world since ancient times. 
Nowadays there is an increasing public interest in the secondary metabolites of 
those higher fungi for discovering new drugs or lead compounds. Current research 
in drug discovery from medicinal higher fungi involves a multifaceted approach 
combining mycological, biochemical, pharmacological, metabolic, biosynthetic 
and molecular techniques. In recent years, many new secondary metabolites from 
higher fungi have been isolated and are more likely to provide lead compounds for 
new drug discovery, which may include chemopreventive agents possessing the 
bioactivity of immunomodulatory, anticancer, etc. However, numerous challenges 
of secondary metabolites from higher fungi are encountered including biosepara-
tion, identification, biosynthetic metabolism, and screening model issues, etc. 
Commercial production of secondary metabolites from medicinal mushrooms is 
still limited mainly due to less information about secondary metabolism and its 
regulation. Strategies for enhancing secondary metabolite production by medicinal 
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mushroom fermentation include two-stage cultivation combining liquid fermentation 
and static culture, two-stage dissolved oxygen control, etc. Purification of bioactive 
secondary metabolites, such as ganoderic acids from G. lucidum, is also very 
important to pharmacological study and future pharmaceutical application. This 
review outlines typical examples of the discovery, bioactivity, and bioproduction of 
secondary metabolites of higher fungi origin.

Keywords Bioactive compound, Fermentation production, Higher fungi, Medicinal 
mushroom, Physiological and pharmacological activity 
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1 Biodiversity of Higher Fungi

Although some fungi have been successfully domesticated for thousands of years 
without the realization of their existence, they have been recognized for little more than 
two centuries as an important and abundant group of organisms significant to humanity. 
Currently, the kingdom Fungi mainly includes four broad phyla, i.e., Chytridiomycota, 
Zygomycota, Ascomycota, and Basidiomycota, whose members mainly have chitinous 
cell walls, which clearly differentiates the fungi from plants which have cell walls 
strengthened with cellulose or hemicellulose. While Myxomycota and most members of 
Mastigomycotina (Oomycota, Hyphochytriomycota, Labyrinthulomycota, and 
Plasmodiophoromycota) used to be considered as fungi, they are now regrouped into the 
Protoctista as two separate kingdoms. Namely, members of Myxomycota and 
Plasmodiophoromycota are placed at the kingdom Protozoa, other members of 
Mastigomycotina that have been shown to have close relationship with the algae, with 
cellulosic cell walls, are assigned to independent phylums of the kingdom Chromista [1]. 
According to the evidence of fungal origin, evolution and phylogeny, Ascomycotina (the 
cup fungi, flask fungi and their allies, including moulds and most yeasts), Basidiomycotina 
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(the smuts, rusts, jelly fungi, fairy clubs, bracket fungi, stinkhorns, bird’s-nest fungi, 
puffballs and earthstars, toadstools and mushrooms) and their anamorphs (asexual 
fungi) are considered as typical representatives in so-called higher fungi divisions.

Members of the kingdom Fungi have been recognized as one of the largest 
biodiversity resources from both terrestrial and aquatic sources on Earth, fulfilling 
crucial ecological roles especially in terrestrial ecosystems. At present, estimates of 
the total number of fungal species on Earth are about 1.5 million species, whereas 
the number of fungi described worldwide is just about 7% of this number [2, 3]. 
Recently, Schmit and Mueller have conservatively estimated that there is a minimum 
of 712,285 extant fungal species worldwide according to the ratio of fungal species 
to plant species in the same region, 600,000 of which are fungi associated with 
terrestrial plants [4]. Unfortunately, only about 5–10% of fungi can be cultured 
artificially using current cultivation techniques [5]. According to related literatures, 
for the limitation of our knowledge base such as isolation and cultivation methods, 
fungal physiology, and fungal diversity, worldwide there are probably more than 20,000 
fungal species already collected still awaiting formal description [6]. Therefore, the 
vast majority of fungi still remain hidden and need to be explored, identified, 
conserved and utilized for the benefit of humankind in particular, and the mycobiota 
and environment. As already stated, higher fungi (including asexual fungi) possess 
over 90% of recorded species of fungi [7]. Statistical data show that over 5,000 species 
belonging to approximately 1,200 genera of higher fungi have so far been reported 
only from southern China [8]. New report also indicates that approximately half of the 
recorded fungal names are of lichenized fungi and macrofungi with the other half 
corresponding to microfungi [4], while microfungi including aquatic fungi, soil-inhabiting 
fungi, terrestrial plant-associated fungi, and arthropod-associated fungi actually 
consist of mostly higher fungi and a few lower fungi. Therefore, higher fungi can be 
considered as one of the megadiversity bioresources in the world.

Chinese medicinal materials, possessing diversified physiological active 
substances, have been widely used for treatment of various diseases in China for 
thousands of years, which are looked at as an attractive source of new drug discovery 
for disease treatment and have received increasing interest around the world in 
recent years, while medicinal higher fungi play an important role in natural resources 
of Chinese medicinal materials. Shen Nong’s Herbal Classic (Shen Nong Ben Cao 
Jing) of the Chinese Western Han Dynasty, the oldest book on herbal remedies, and 
Li Shi-zhen’s Compendium of Materia Medica (Ben Cao Gang Mu) of the Ming 
Dynasty, recorded the beneficial effects of more than 20 species of medicinal 
higher fungi including Cordyceps sinensis (Dong Chong Xia Cao), Ganoderma 
lucidum (Ling Zhi), C. cicadae(Chan Hua), Poria cocos (Fu Ling), Omphalia lapi-
descens (Lei Wan), Polyporus umbellatus (Zhuling), etc., which have been widely 
used in many recipes and folk prescriptions for curing various diseases. Particularly 
C. sinensis and G. lucidum were ranked the superior medicines in the above two 
ancient books. Of course, today they are still considered as the most exalted 
medicines in traditional Chinese medicine in China and other East Asia regions [2, 9]. 
According to the Traditional Chinese Medical Database System of the Institute of 
Information on Traditional Chinese Medicine, China Academy of Traditional 
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Chinese Medicine (http://www.cintcm.com/default.htm), the large-scale investigation 
of China’s resources of Chinese medicinal materials has shown that China has as 
many as 12,807 species of Chinese medicinal materials, among which 298 species 
are medicinal higher fungi belonging to 110 genera and 41 families of kingdom 
Fungi, and more than 70% of which are distributed at the following divisions 
including six families of basidiomycete, i.e., Polyporaceae, Tricholomataceae, 
Russulaceae, Boletaceae, Lycoperdaceae, and Agaricaceae, and three families of 
Ascomycete, i.e., Clavicepitaceae, Hypocreaceae, and Ustilaginaceae. Unfortunately, 
no new statistical data on China’s resources of Chinese medicinal materials to date 
are available since the last investigation. However, recent survey also shows that 
ascomycetes, asexual fungi and basidiomycetes are the most frequent producers of 
bioactive secondary metabolites among fungal species, most species of which 
belong to the genera Aspergillus, Penicillium, Fusarium, Trichoderma, Phoma, 
Alternaria, Acremonium and Stachybotrys, Ganoderma, Lactarius and 
Aureobasidium [10]. In addition, with the great scientific and technical develop-
ment of fungal isolation and taxonomy, more and more species of higher fungi, 
especially endophytic and marine fungi which are considered as a new and tremen-
dous source of potent medicinal merits, have been found around the world since the 
1990s [11, 12]. Medicinal higher fungi possess an extremely wide population with 
biodiversity.

2   Distribution and Chemodiversity of Secondary  
Metabolites in Higher Fungi

As well known, higher fungi have formed a special mechanism of metabolism which 
could produce diversified functional secondary metabolites possessing various properties 
of chemical structure and bioactivity during the long-term evolution, so as to resist 
unfavorable survivable environments and finish cell proliferation, differentiation and 
the entire life cycle to reach the purpose of self-defense and survival, which simultane-
ously provides an abundant and fascinating resource for new drug discovery. Thus 
the diversification of medicinal higher fungi represents a great potential for new drugs. 
Alexander Fleming published his observation on the inhibition of growth of 
Staphylococcus aureus on an agar plate contaminated with Penicillium notatum in 
1929 and penicillin was finally exploited and clinical application was achieved during 
World War II, which is perhaps the most important discovery in the history of therapeutic 
medicine and shows an important route for the discovery of modern antibiotics. 
However, the first fungal-derived secondary metabolite is mycophenolic acid from 
P. glaucoma discovered in 1896 by Gosio in the history of natural product research. 
On the basis of these antibiotics discovery, the secondary metabolites of higher 
fungi have been received an increasing attention worldwide since the 1940s. 
Then the wide search for metabolites of higher fungi as potential new drugs was 
begun at Sandoz Ltd (Basel) in 1957, which discovered a number of new products with 
remarkable activities by Stoll (cultivation of fungi), Tamm (chemistry) and Stähelin 



84 J.-J. Zhong and J.-H. Xiao

(biological testing), such as cytochalasin B (phomin) from Phoma exigua, brefeldin A 
from P. brefeldianum, verrucarin A from Myrothecium verrucaria, anguidine 
(diacetoxyscirpenol) from Fusarium diversisporium, and famous immunosuppressive 
drug cyclosporin A from Tolypocladium inflatum, etc. [13]. Since the 1990s, with the 
extensive application of new screening, separation and characterization techniques, an 
exponential increase of the number of new bioactive secondary metabolites possessing 
wide bioactivities from higher fungi was emerged worldwide. However, only a relatively 
small number of higher fungi species are chemically investigated. A huge, untapped, and 
chemodiversity resource of secondary metabolites from higher fungi will provide more 
and more opportunities for finding new lead structures for medicinal chemistry, and a 
new era of higher fungi secondary metabolite research has appeared.

An interesting fact indicates that almost all models of drug screening can have 
corresponding active substances from higher fungi or other microbial secondary 
metabolites [14], and higher fungi are recognized as cell factories producing diversified 
bioactive compounds. More importantly, most secondary metabolites from higher fungi 
possess the drug-like characteristics of chemical structure, which can act as a major 
natural compounds library for new drug discovery [14, 15]. Generally speaking, the 
drug-likeness of secondary metabolites from higher fungi mainly includes the 
following: their molecular weight is in the range of 150–1,000 Da; the metabolites 
usually contain C, H, O, and N, even S, P and chlorine group atoms such as Cl, Br, 
and F; their chemical structure commonly contains some important functional groups such 
as hydroxyl, carboxyl, carbonyl, amino, etc., which can provide multipharmacophore 
points; their molecular properties such as relative molecular mass, logP value, and 
number of the donor and receptor of hydrogen-bonding meet the rules of drug-likeness. 
According to statistical data, the total number of bioactive microbial metabolites 
recognized has doubled every 10 years since the 1980s. As shown in Fig. 1, more than 
22,000 species of bioactive secondary microbial metabolites have now been recognized, 
over 38% of which (approximately 8,600) were of fungal origin [10]. In addition, 
around 25,000 microbial secondary metabolites, over half of which were derived from 
fungi, need further assay about whether there are any bioactivities. At present, 
microbial secondary metabolites can be divided into over 20 major groups according 
to their chemical types [16]. In this review, roughly six groups of secondary metabolites 
reported in the past decade, which derive from higher fungi of aquatic, terrestrial 
and endophytic habitat environments (Table 1), are overviewed as follows.

2.1 Heterocyclics

Heterocyclic compounds are assigned as containing cyclic structures with at least 
two different atoms in the ring (as ring atoms or members of the ring), in which the 
ring itself is called a heterocycle. In principle, all elements except the alkali metals 
can act as ring atoms. The heterocycles constitute the largest group of organic 
compounds, and currently, of more than 20 million chemical compounds registered, 
about one half are heterocyclic [17]. Heterocyclics are important, not only because 
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of their abundance, but above all because of their chemical, biological and technical 
significance. Heterocyclic compounds ubiquitously occur and constitute almost 
one-third of the total number of known natural organic products, such as vitamins, 
hormones, antibiotics, alkaloids, as well as pharmaceuticals, herbicides, dyes, and 
other products of technical importance [17, 18].

Previous studies have shown that heterocyclic bioactive secondary metabolites 
produced by higher fungi are also major types of nitrogen heterocylics, oxygen 
heterocylics, and sulfur–nitrogen heterocyclics, etc. An overview on nitrogen-containing 
compounds of macromycetes was reported by Liu’s group at the beginning of 2005 
[18]. Subsequently, Liu’s group isolated two new compounds, 21-(acetyloxy)-6,13, 
14-trihydroxy-16,18-dimethyl-10-phenyl[11]cytochalasa-7,19-dien-1-one (1) [19] 
and a new derivative of benzofuran lactone, named concentricolide (2) [20], together 
with four known compounds including friedelin, cytochalasin L-696,474, 
armillaramide, russulamide, 2,3-dihydro-5-hydroxy-2-methyl-4H-1-benzopyran-4-one, 
3,5-dihydroxy-2-(1-oxobutyl)-cyclohex-2-en-1-one, and pyroglutamic acid, from the 
fruiting bodies of the ascomycete Daldinia concentrica, of which the structures and 
relative configuration of the new compounds were elucidated by detailed spectroscopic 
analysis and confirmed by X-ray crystallography [20, 21]. Interestingly, compound 2 
showed the potent blockage effect on syncytium formation between HIV-1-infected cells 
and normal cells; thus it was effective against HIV-1 [20]. More recently, they found 
a new nitrogen-containing heterocycle compound exhibiting a weak anti-HIV-1 activity, 
namely flazin (3), belonging to b-carboline derivatives, from the fruiting body of Suillus 
granulatus [22]. Based on the structure of 3, flazinamide (4), 1-(5′-hydroxymethyl-
2¢-furyl)-b-carboline-3-carboxamide, was synthesized through converting the carboxyl 

Fig. 1 Approximate number of known microbial secondary metabolites (according to [12])
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group in 3-position of compound 3 to the formamido group, which showed more 
effective anti-HIV-1 activity and lower cytotoxicity than 3 [23].

Fungi of the genus Penicillium are promising for new biologically active compounds, 
which approximately 400 secondary metabolites produced by these fungi have been 
reported up to now [24], some of which belong to nitrogen-containing heterocyclics. 
In recent years, nine novel heterocyclics including antiinsectan oxalicine alkaloids, 
15-deoxyoxalicine B (5) and decaturins A (6) and B (7) from P. decaturense and 
P. thiersii, respectively [25], three new indole alkaloids, shearinines D (8), E (9) and 
F (10), along with the previously reported shearinine A from the marine fungus 
P. janthinellum Biourge [26], three new quinazoline alkaloids, aurantiomides A (11), 
B (12) and C (13) from another marine Penicillium strain of P. aurantiogriseum 
SP0-19 [27], were isolated by bioassay-guided fractionation. Their structures were 
also elucidated by a combined spectroscopic and chemical method. Both compounds 
6 and 7 are members of a rare structural class with a new polycyclic ring system 
[25]. Further bioassay results suggested that compounds 8, 9, 12 and 13 could 
inhibit the proliferation of various tumor cells [26, 27].

Previous investigations showed that endophytic higher fungi, as a new source of 
bioactive products, may yield many potentially useful medicinal compounds including 
heterocyclics. For example, camptothecin (14), a pentacyclic quinoline alkaloid, is an 
effective anticancer drug lead structure first isolated from Camptotheca acuminata, a 
native plant of China. Puri and coworkers obtained a camptothecin-producing 
endophytic fungus Entrophospora infrequens by isolating from an important Indian 
medicinal tree Nothapodytes foetida, which is commonly known as ‘Kalgur’ in 
India [28]. The fungus E. infrequens produced the compound 14 when grown in a 
synthetic liquid medium (Sabouraud broth) in shake flask fermentation, and the 
identity of 14 in the fungal culture broth was also confirmed by optical rotation, 
UV, IR, CD, LC/MS, LC-MS/MS, HRMS, and 1H and 13C NMR spectra [28]. A total 
synthesis of compound 14 has been reported, but the too complex synthetic route 
and relatively low yield is not able to meet the industrialization and commercial 
demands. Hence, the discovery of endophyte E. infrequens producing 14 may provide 
an alternative source for its production by fermentation.

2.2 Polyketides

Polyketides, originating from a polyketone and/or the polyketide chain and containing 
at minimum one acetate group, comprise a huge class of chemicals with a wealth 
of structural variety [29]. In general, the polyketide chain is formed by successive 
addition of simple carboxylic acids like acetate. During each extension step of one 
unit, the polyketide chain is elongated with two carbon atoms, where the b-carbon 
is a keto group. The vast diversity of polyketides is due to the stepwise reduction of 
a part or all of these keto groups to hydroxyls or enoyls, which are in some compounds 
finally completely reduced to an alkyl chain [30]. Polyketides are the most abundant 
medicinal sources that have been shown to display a wide range of potentially useful 
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therapeutics values due to their antibiotic, anticancer, antifungal, hypolipidemic and 
immunosuppressive properties among natural products [31]. Higher fungi are rec-
ognized as prolific producers of new polyketide natural products over the decades and 
they continue to be the source of new structural and/or bioactive polyketide chemistry.

Phe. igniarius, a basidiomycete belonging to the family Polyporaceae and 
known as Sang Huang in China and considered as a famous traditional Chinese 
medicine, has been used to treat wounds, abdominalgia, and bloody gonorrhea 
since ancient times [32]. In recent years, Shi’s group has obtained over 20 secondary 
metabolites with interesting chemical structures and significant bioactivities from 
the fungus Phe. igniarius [32–37]. Two new benzyl dihydroflavones, phelligrins A 
(15) and B (16), were isolated from the EtOAc soluble fraction of the ethanolic 
extract of Phe. igniarius fruiting body, where their structures were identified 
as 5,7,4′-trihydroxy-6-O-hydroxybenzyldihydroflavone and 5,7,4′-trihydroxy-8-O-
hydroxybenzyldihydroflavone, respectively, by means of spectral methods [32, 33], 
and bioassay indicated that both of them had no significant inhibitory effects on 
some cancer cell lines at a concentration of 10 mmol L−1 [32]. Subsequently, the 
EtOAc soluble portion of the ethanolic extract of the same fungus was further 
subjected to chromatography on normal phase silica gel, Sephadex LH-20 and reverse 
phase HPLC to yield phelligridins A-G (17–23) [34–36]. Herein both compounds 17 
and 18 were pyrone derivatives and were elucidated as 8,9-dihydroxy-3-methyl-1H,6H-
pyrano[4,3-c][2]benzopyran-1,6-dione and 4-hydroxy-6-(3′,4′-dihydroxystyryl)-3-
methoxycarbonyl-2-pyrone, respectively, by spectroscopic methods including IR, MS, 
and 1D and 2D NMR [34]. Interestingly, compounds 19–22, three unique pyrano[4,-
-c][2]benzopyran-1,6-dione derivatives and a new furo[3,2-c]pyran-4-one, were 
characterized as 3-(4-hydroxystyryl)-8,9-dihydroxypyrano[4,3-c]isochromene-4-one, 
3-(3,4-hydroxystyryl) -8,9-dihydroxypyrano[4,3-c]isochromene-4-one, 8,9-dihydroxy-
3-[5′,6′-dihydroxy-5″- methyl-3″-oxo-spiro[fural-2″(3″H),1′-indene]-2′-yl]-1H, 
6H-pyrano [4,3-c][2]benzopyran-1,6-dione, and (3Z)-3-(3,4-dihydroxybenzylidene)-
6-(3,4-dihydroxystyryl)-2,3-dihydro-2-methoxy-2-(2-oxo-propyl)furo[3,2-c]
pyran-4-one, respectively, of which all possessed potent cytotoxicity against several 
human cancer cell lines, especially compounds 18 and 19 had significant selective 
cytotoxicity against A549 human lung cancer cell and Bel7402 human liver cancer 
cell [35]. Compound 23, containing an unprecedented carbon skeleton, was a 
unique pyrano[4,3-c][2]benzopyran-1,6-dione derivative, which showed not only 
moderate cytotoxic activities against human cancer cells but also antioxidant activity 
inhibiting rat liver microsomal lipid peroxidation [36]. Recently, further investigation 
of the EtOAc soluble portion of the ethanolic extract of this fungus has resulted in 
the isolation and structural elucidation of three novel members of pyrano-[4,3-c]
isochromen-4-one derivatives, designated as phelligridins H-J (24–26), together with the 
known compounds davallialactone, scopolin, nebularine, uridine, glucitol, trehalose, 
and ethyl glucoside [37]. Both compounds 24 and 25 possessed unprecedented carbon 
skeletons, and 26 was a derivative of 17 in which the methyl group is oxidized as a 
carboxyl group [37]. With another n-BuOH soluble portion of the ethanolic extract 
of Phe. igniarius fruiting body, these investigators obtained a highly oxygenated and new 
unsaturated macrocyclic compound with an unprecedented 26-membered ring system 
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via middle-pressure liquid chromatography over reversed-phase silica gel and chroma-
tography over Sephadex LH-20. The macrocyclic compound possessing a symmetric 
structure was characterized as a dimmer of hypholomine B that was isolated from the 
fungus Hypholoma, and designated as phelligridimer A (27) [38]. Additionally, for the 
related cooccurring compounds 17–27, a possible biosynthetic pathway involving the 
fungal metabolite precursor 4-hydroxy-6-methyl-2-pyrone that couples with activated 
3,4-dihydroxybenzoyl-SCoA or the cooccurring 3,4- dihydroxybenzaldehyde and/or 
4-hydroxybenzaldehyde was also proposed by the authors [36–38].

Cortinarius is one of the largest genera in the subdivision Basidiomycotina, 
comprising hundreds of species widely distributed in the world [39], and most inves-
tigations carried out on the chemical constituents of Cortinarius have been focused on 
toadstools in Europe and Australia [40]. Liu’s group recently investigated the chemical 
constituents of the mushroom Cortinarius that grows in a mountainous region in 
Southwest China [40, 41], from which 3-aldehyde-2-amino-6-methoxypyridine (137) 
[41] and vibratilicin(138) [40] were obtained from the fruiting bodies of Cor. 
umidicola and Cor. vibratilis, respectively. Compound 138, identified as 
3-[3-(dimethylamino)-4-(hydroxyamino)-4-oxobutoxy]-2-(palmitoyloxy)
propyl(9E,12E)-octadeca-9,12-dienoate based on spectroscopic data, is a representa-
tive of the rare natural products containing hydroxamic acid moieties, and can be viewed 
as a derivative of neoengleromycin [40].

Three benzophenone derivatives, daldinals A–C (28–30), from the inedible 
mushroom D. childiae, were obtained by Asakawa’s group, which strongly suppressed 
the LPS-induced production of NO through inhibition of iNOS mRNA expression 
[42]. More recently, three new polyketide-type antioxidative compounds, cyathusals 
A (31), B (32) and C (33), and the known pulvinatal (34) were isolated from fermented 
products of the basidiomycete Cyathus stercoreus which belongs to the bird’s nest 
fungi; their structures were identified, and they showed higher free radical scavenging 
activities than those of Trolox and BHA [43].

Members of the ascomycete genus Chaetomium occur widely in nature, of which a 
remarkable variety of chemical diverse metabolites are known, e.g., chaetomin, chae-
toglobosins, chaetoquadrins, chaetospiron and orsellides [44]. Oh et al. obtained a new 
metabolite exhibiting antimicrobial and cytotoxicity bioactivity from an EtOAc extract 
of Cha. brasiliense, whose structure, a cytochalasin-type compound with a novel ring 
system was determined by NMR and single-crystal X-ray diffraction, and named 
chaetochalasin A (35) [45]. More recently, several polycyclic polyketide derivatives, 
chaetocyclinone A to C (36–38) from a marine fungus Chaetomium sp. [44], a mixture 
of four oxaspirodion isomers (39–42) from the Cha. subspirale [46], and radicicol 
(43) from Cha. chiversii [47], have been isolated by bioassay-guided fractionation, and 
their structures were also identified by combined spectroscopic techniques. 
Biosynthetically, chaetocyclinone A (36) and B (38) should be generated by a fungal 
polyketide synthase in a one-chain heptaketide folding process. For chaetocyclinone 
C (37), it was proposed as a dimerization step of two heptaketides [44]. The spectroscopic 
analysis showed that all four compounds 39–42 have the same planar structure, and 
they should therefore have different configurations [46]. Compound 43 displayed 
Hsp90 inhibitory and in vitro anticancer activities, but it was found to be devoid of 
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any in vivo activity in animal models [47]. As shown in Fig. 2, partial structure–activity 
relationships for 43 were summarized by Turbyville and coworkers [47].

Members of the ascomycete genus Monascus, mainly M. purpureus and M. 
anka, are used for the production of red fermented rice, which is used as a natural 
food colorant and medicine in China for over millennium [48]. Historic data 
showed that the use of red fermented rice in China was first documented in the Tang 
Dynasty in 800 AD, and a complete and detailed description of its manufacture was 
exhibited in the ancient Chinese pharmacopoeia, Ben Cao Gang Mu, published 
during the Ming Dynasty (1368–1644). Due to its cholesterol lowering properties, 
red fermented rice has recently gained an increasing interest in the Western countries 
[49]. About the Monascus derived secondary metabolites, Juzlová and coworkers 
well summarized the progress in the chemistry, bioactivity and biosynthesis [50]. 
In recent years, Wild and Humpf’s group has obtained several new compounds, 
i.e., monascodilone (44) [51], monascopyridines A–D (45–48) [52, 53], respectively, 
from red fermented rice produced by M. purpureus. The monascopyridines have a 
unique aromatic pyridine ring which has previously not been found in metabolites 
of Monascus. Compound 45 contains a g-lactone, propenyl group, hexanoyl side 
chain, and a pyridine ring, whereas the more lipophilic compound 46 was a higher 
homologue of 45 with the more lipophilic octanoyl instead of the hexanoyl side 
chain [52]. Herein, compound 48 with a C

7
H

15
 octanoyl side chain was also a higher 

homologue of 47 with a C
5
H

11
 side chain. Compared with compounds 45–46, their 

structural difference was the missing lactone ring [53].
Some investigators also reported polyketides and their derivatives from other 

ascomycetes. From culture broth of the ascomycete Trichopezizella nidulus, Thines 
et al. obtained a novel azaphilone with the basic structure as deflectins, named as 
trichoflectin (49), and two known fusarubin metabolites including 6-deoxy-7-O-
demethyl-3,4-anhydrofusarubin (50) and 6-deoxy-3,4-anhydrofusarubin (51) using 

Fig. 2 Partial structure-bioactivity relationships for radicicol from Chaetomium chiversii (adapted 
from [47])
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bioactivity-guided fractionation, of which all showed antimicrobial activity and 
inhibited dihydroxynaphthalene melanin (DHNM) biosynthesis in fungi [54]. The 
structure of 49 was also elucidated by spectroscopic methods [54]. Asakawa’s 
group, using silica gel column chromatography and reversed-phase HPLC, obtained 
four novel azaphilones named as sassafrins A–D (52–55), exhibiting broad-spec-
trum antimicrobial activity, from the methanol extract of the stromata of the asco-
mycete Creosphaeria sassafras, of which 54 indicated the largest inhibition zones 
of 22 mm against S. aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, and 
Escherichia coli 95, and a possible biosynthetic pathway for compound 55 was also 
proposed [55]. Additionally, Liu’s group obtained a novel nitrogen-containing 
polyketide, named as xylactam (134), along with two known alkaloids, penochala-
sin B2 and neoechinulin A from extracts of the fruiting bodies of Xylaria euglossa, 
which mainly exists on stumps and fallen branches of forested areas in Southwestern 
China [56].

Aquatic and endophytic fungi are recognized as novel sources of potentially useful 
medicinal compounds. From the marine-derived higher fungi, two new compounds, 
microsphaeropsisin (56) and (3S)-(3′, 5′-dihydroxyphenyl)butan-2-one (57) were 
isolated from Microsphaeropsis sp. and Coniothyrium sp, respectively, which 
exhibited potent antimicrobial properties in agar diffusion assays [57]. Gloers’s 
group reported that two new polyketide-derived antibacterial lactones, massarilactones 
A (58) and B (59), were isolated from cultures of the higher freshwater aquatic 
fungus Massarina tunicate [58]. The compound 59 is an isomer of 58, but both of 
which also had significant structural difference, i.e., 58 contains a methanofuro 
[3,4-b]oxepin ring system, but 59 possesses a furo [3,4-b] pyran ring system. Both 
of them are novel and unusual ring systems [58]. Later the group reported six additional 
new compounds, including four new rosigenin analogues, massarigenins A–D 
(60–63), and two new aromatic polyketide metabolites, massarinins A and B (64, 65), 
from the same fungal species [59], and eight new polyketide metabolites, annularins 
A–H (66–73) from another freshwater fungus Annulatascus triseptatus [60]. 
Compound 61 was determined to be an isomer of 60, and 63 was an isomer of 62 
on the basis of spectroscopic data [59]. Compounds 66–71 are 3,4,5-trisubstituted 
α-pyrones, and the fused bicyclic pyrone–furanone system in 71 has not been 
reported previously among natural products, while other two compounds, namely 
72 and 73, are 3,4-disubstituted a, b-unsaturated g-lactones [60]. Among eight 
compounds, only compounds 66–68 and 71 exhibited antibacterial activity [60].

Irish research group obtained four novel polyketides including two hexaketide 
compounds iso-cladospolide B (74) and seco-patulolide C (75), two 12-membered 
macrolides, pandangolide 1 (76) and pandangolide 2 (77), along with the known 
terrestrial fungal metabolite, cladospolide B (78), from the fermentation of an unknown 
marine fungal species; all of these compounds had no significant activity against a 
panel of Gram-positive and Gram-negative bacteria and yeast at a concentration of 
250 mg per well [61]. Recently, Liu and coworkers isolated two highly oxygenated 
polyketides, named phomoxin (79) and phomoxide (80), as well as a previously 
synthesized antibiotic eupenoxide (81), from the marine-derived Phoma sp., of 
which 79 contains an unusual cyclic carbonate moiety that is rare among natural 
products [62]. Compounds 79 and 80 represent new carbon skeletons that appear to 
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be derived via polyketide pathway, which appear to be produced by the cyclization 
of a polyketide intermediate to form the cyclohexene ring [62]. Interestingly, an 
investigation suggested that marine and terrestrial Phoma species differed significantly 
with respect to their secondary metabolite content [63].

More recently, from the ethyl acetate extracts of the endophytic fungus 
Coniothyrium sp. associated with Carpobrotus edulis, four previously unknown 
polyketide-derived natural products including massarilactone C (82) and D (83), 
massarigenin E (84), and coniothyrenol (85), together with the known graphislac-
tone A (86) and massarilactone A (58), were isolated and identified by Krohn’s 
group [64]. Two of these compounds, massarilactone C and D, are related to the 
massarilactones, first isolated by Oh et al. from the aquatic fungus Massarina tuni-
cate [58]. Compound 84, a cyclohexene derivative, shows a substitution pattern 
similar to the rosigenin analogue massarigenin A (60), which was later isolated 
from the same fungus [59]. Therefore, there may be certain genetic relationship 
between the aquatic fungus Mas. tunicate and the endophytic fungus Coniothyrium 
sp according to the related chemotaxonomic theory. Compound 85 has a structural 
hexadecahydro-1H-benzo[α]xanthene skeleton, which to date is unknown as a 
natural product [64]. Later, four new massarilactones including massarilactones E 
to G (87–89) and massarilactone acetonide (90) were isolated from the same endo-
phytic fungus Coniothyrium sp. from another plant species Artimisia maritime and 
characterized [65]. The relative structure of the parent compound 87 was deter-
mined by X-ray single crystal diffraction analysis, and its absolute configuration 
was analyzed by the solid-state CD-TDDFT approach [65]. Davis and colleagues 
isolated and identified two new natural polyketides, named phomoxins B (91) and 
C (92), along with a previously reported antibiotic eupenoxide, from the culture 
broth of an endophytic fungus Eupenicillium sp. [66], both of which are an isomer 
of the previously isolated fungal metabolite compound 79 from the marine fungus 
Phoma sp. Although compound 81 is reported as an antibiotic, the authors here did 
not observe significant antibacterial and antifungal activity or cancer cell cytotoxic-
ity for any of these metabolites [62, 66]. Additionally, Brady and Clardy reported 
the isolation and characterization of CR377 (93), a potent antifungal activity pos-
sessing pentaketide derivative, from an endophytic fungus Fusarium sp. [67]. Three 
new N-methyl-4-hydroxy-2-pyridinone analogues, 6-epi-oxysporidinone (94), 
dimethyl ketal of oxysporidinone (95), and N-demethylsambutoxin (96), along with 
the known compounds oxysporidinone (97), sambutoxin (98), wortmannin, ennia-
tin A, enniatin A1, and enniatin B1 were isolated from another Fusarium species F. 
oxysporum by a bioassay-guided fractionation [68], of which these compounds 
were all shown to have antifungal activities, and herein wortmannin was a powerful 
inhibitor of phosphatidylinositide 3-kinase [68].

Among marine microorganisms, the marine mangrove fungus has attracted much 
research due to its importance in ecology. Recently, Lin’s group successively reported 
that two representatives of a new family of xyloketals, xyloketal G (135) [69] and 
xyloketal H (136) [70], together with a known xyloketal D were isolated from the marine 
mangrove endophytic ascomycetes Xylaria sp. Chemical investigation suggested that 135 
is the stereoisomer of xyloketal D, while the synthetic route of the family xyloketals 
via ortho-quinone methide was also successfully performed by Wilson’s group [71, 72]. 
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However, in the preliminary bioassay, compound 136 was not bioactive against Hep-2 
cell line and Gram-positive bacterium S. aureus in standard disk assay [70].

2.3 Sterols

Liu’s group reported the characterization of two new aromatic steroids, (17b,20R, 
22E,24R)-19-norergosta-1,3,5,7,9,14,22-heptaene (99) and (17b,20R,22E,24R)-
1-methyl-19-norergosta-1,3,5,7,9,14,22-heptaene (100) isolated from the ascomycete 
D. concentrica, and proposed that the origin of these compounds is derived from the 
transformation undergone by their precursor due to microbial action [73]. Commonly, 
steroid skeleton occurs in sediment and crude oil, and diaromatic and 1-methyl diaro-
matic steroid hydrocarbons have never been found from any living organisms, which 
could be the long-sought, biological precursor steroids from living organisms for organic 
matter in Earth’s subsurface. Therefore, these compounds that could be potentially used 
as biological markers for the contribution of microorganisms to sediments give a link 
between biological marker compounds or fossil molecules and biological origin 
[73]. Recently, from the fruiting bodies of the basidiomycete Tricholomopsis rutilans, 
two steryl esters with a polyhydroxylated ergostane-type nucleus, 3b,5a-dihydroxy-
(22E,24R)-ergosta-7,22-dien-6b-yl oleate (132) and 3b,5α-dihydroxy-(22E,24R)-
ergosta-22-en-7-one-6b-yl oleate (133) were also obtained by that group[74].

Agrocybe aegerita, an edible mushroom, is an important valuable source possessing 
varieties of bioactive secondary metabolites such as indole derivatives with free radical 
scavenging activity, cylindan with anticancer activity, and agrocybenine with 
antifungal activity, etc. Recently, two known sterols with new cyclooxygenase (COX) 
inhibitory and antioxidant activities including ergosterol (101) and 5a,8a-epidi-
oxy-(22E,24R)-ergosta-6,22-dien-3b-ol (102) were isolated from the fruiting body 
of Agr. aegerita [75]. In the course of chemical investigation on the basidiomycete 
Paxillus panuoides, Gao and colleagues isolated two ergosteroide compounds, i.e., 
compound 102 and (22E,24R)-ergosta-4,6,8(14),22-tetraen-3-one (103), in which 
102 possessed potent anticancer activity [76]. They also obtained a new polyhydroxy 
sterol glycoside, named as tuberoside (104), together with additional four known 
ergostane-type compounds, brassicasterol, (22E,24R)-ergosta-7,22-dien-3b,5α, 6b-triol 
(105), (22E, 24R)-ergosta-4,6,8(14),22-tetraen-3-one, and 102 from the fruiting 
body of the edible truffle Tuber indicum, in which the structure of 104 was identified 
as 3-O-b-D-glucopyranosyl-(22E,24R)-ergosta-7,22-dien-5a,6b-diol on the basis of 
spectroscopic and chemical means [77]. Additionally, Wu et al. reported that two novel 
secoergosterols, tylopiols A (106) and B (107), were isolated from the fresh fruiting 
bodies of Tylopilus plumbeoviolaceus. Their structures were reported as 3b-hydroxy-
8α,9α-oxido-8,9-secoergosta-7,9(11),22-triene and 3b-hydroxy-8α,9α-oxido-8,9-
secoergosta-7,22-dien-12-one, respectively, where the bond between C-8 and C-9 
is cleaved to form an enol ether oriented in the α-position [78].

In the course of searching for new bioactive products from filamentous fungi, 
three novel naturally occurring sterols with a 19-norergostane skeleton and an aromatic 
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B ring, from mycelium of Phycomyces blakesleeanus, were isolated and analyzed 
using semipreparative HPLC, GC-MS, and NMR techniques, and proposed as 
phycomysterol A (108), phycomysterol B (109),and neoergosterol (110), respectively 
[79]. Herein 109 was assigned as an isomer closely related to 108 that possesses 
anti-HIV and antitumor activities [79]. Later, Tan and coworkers reported that, by 
combining spectroscopic methods, two new sterols metabolites produced by an endo-
phytic fungus Colletotrichum sp. in Artemisia annua were isolated and characterized 
as 3b,5a-dihydroxy-6b-acetoxy-ergosta-7,22-diene (111) and 3b,5a-dihydroxy-6b-
phenylacetyloxy-ergosta-7,22-diene (112), respectively, together with several known 
ergosterol, 3b,5a,6b-trihydroxyergosta-7,22-diene, 3b-hydroxy-ergosta-5-ene, 
3-oxo-ergosta-4,6,8(14),22-tetraene, 3b-hydroxy-5a,8a-epidioxy-ergosta-6,22-diene, 
3b-hydroxy-5a,8a-epidioxy-ergosta-6,9(11),22-triene and 3-oxo-ergosta-4-ene [80]. 
Among these metabolites characterized, the new compounds and two known ergosterol 
derivatives (3b-hydroxy-ergosta-5-ene and 3b-hydroxy-5a,8a-epidioxy-ergosta-
6,22-diene) possessed antibacterial and antifungal activities, while another sterol 
3-oxo-ergosta-4,6,8(14),22-tetraene was only inhibitory against bacteria [80].

The ascomycete Cordyceps and related fungi also contain rich sterols with various 
bioactivities. From crude methanol extracts of Cordyceps sinensis mycelia, Bok 
et al. obtained two novel antitumor sterol derivatives, i.e., 5a,8a-epidioxy-24(R)-
methylcholesta-6,22-dien-3b-d-glucopyranoside (113) and 5a,6a-epoxy-24(R)- 
methylcholesta -7,22-dien-3b-ol (114) by bioassay-guided fractionation, of which 
the glycosylated form of ergosterol peroxide was found possessing a greater inhibitory 
effect on the proliferation of K562, Jurkat, WM-1341, HL-60 and RPMI-8226 
tumor cell lines [81]. Nam et al. [82] reported that both ergosterol peroxide 5a,8a-
epidioxy-24(R)-methylcholesta-6,22- dien-3b-ol (115) and acetoxyscirpenediol 
4b-acetoxyscirpene-3a,15-diol (116) from artificial culture of Paecilomyces tenuipes 
could markedly inhibit the proliferation of tumor cells in vitro. Additionally, 
Chung’s group observed that a trichothecene derivative, 4-acetyl-12,13-epoxyl-9-
trichothecene-3,15-diol isolated (117) from the methanolic extract of the fruiting body 
of Isaria japonica, was a potent inducer of apoptosis in various cancer cells [83].

2.4 Terpenes

Terpenes are known as an important variety of naturally occurring bioactive metabolites 
produced by many higher fungi species. Especially diterpenoid, triterpenoid, and sesquit-
erpenoid are the typical representatives of terpenes with interesting biological activities.

Paclitaxel (118), a famous diterpene anticancer drug, is also produced by some 
endophytic fungi. Stierle and coworkers found that Taxomyces andreanae, a higher 
endophytic fungus belonging to hyphomycetes from the phloem (inner bark) of the 
Pacific yew (Taxus brevifolia), could produce it and its analogue taxane [84]. 
At present, the compound 118 is mainly produced in extremely poor yield from the yew 
bark due to difficulties of total synthesis on a large scale, while 118 is not abundant 
and is only available in a very low content in the bark of Taxus species, which 
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unfortunately faces the fact that yew belongs to a rare tree species with low distribution 
and poor populations worldwide and cannot satisfy the market demand, while 
over-exploitation and destruction of wild populations of the primary source yew has 
brought a series of ecological environment and biodiversity problems. Accordingly, 
endophytic fungi from Taxus species were regarded as a potential source producing 
118 in an economic scale and received increasing attention worldwide in last decade. 
As a result, a global survey on endophytes producing 118 from various Taxus species 
indicated that Pestalotiopsis microspora, Sporormia minima and Trichothecium sp 
from Taxwallichiana [85, 86], Tubercularia sp from Tax. mairei [87], Nodulisporium 
sylviforme from Tax. cuspidase [88, 89], etc. could produce 118 to a certain extent. 
Furthermore, Pestalotiopsis microspora from bald cypress was also shown to pro-
duce 118 [90], which was the first observation that endophytic fungus residing in 
plants other than Taxus spp. could also produce 118. More surprisingly, Maguireo-
thamnus speciosus, a rubiaceous plant from southwestern Venezuela, yielded a 
novel fungus Seimatoantlerium tepuiense producing 118 [91]. Thus, the distribu-
tion of those endophytic fungi producing 118 is worldwide and not confined to 
endophytes of yews. Unfortunately, none of endophytic fungi producing 118 as yet 
has been used to produce in large-scale fermentation. Currently 118 production by 
all endophytic fungi in fermentation is in the range of submicrograms to micrograms 
per liter [92]. Although many investigators have tried to utilize some elicitors to 
enhance the 118 production by endophytic fungi in attenuated cultures, the yield of 
118 is as yet unable to reach the commercial fermentation requirement.

Sarcodon scabrosus is a basidiomycete belonging to the family Thelephoraceae and 
has a strong bitter taste due to its abundant bitter diterpenoids such as sarcodonins 
A to H, scabronines A to F, and scabronines L and M, where all these compounds 
possess a cyathane skeleton consisting of angularly condensed five-, six- and seven-
membered rings and show stimulating effects on nerve growth factor synthesis in 
vitro [93–95]. Recently, Liu and coworkers obtained three novel cyathane-type 
diterpenes, named as scabronine G (139), H (140) [96], and sarcodonin I (141) [97], 
from the fruiting bodies of the same higher fungus, but their bioactivity was unknown. 
According to a detailed comparative study on NMR and ROESY of compounds 139 
and 140, 140 was recognized as the 11-epimer of 139 [96].

In addition, Bills and coworkers isolated several indole diterpene alkaloids including 
compounds A–D (119–122), G (123), and anlanthalide (124) from a new clavicipitalean 
anamorph Chaunocycnis pustulata, which exhibited potassium channel antagonist 
activity and thus may be useful in treating Alzheimer’s disease and other cognitive 
disorders [98]. While these compounds have not yet been reported from the insect 
or fungal parasitic lineages of the Clavicipitaceae, it suggested that delineation of a 
Chaunopycnis clade has revealed a previously unrecognized lineage of indole 
diterpene alkaloid-producing fungi among the subfamily Cordycipitoideae [98].

Triterpenoids and related compounds are fairly common among fungal metabolites. 
G. lucidum, known as Ling Zhi in China and Reishi in Japan as a well-known 
traditional Chinese medicine (TCM) in eastern Asia, is used as a folk remedy for the 
treatment of cancer, hepatitis, chronic bronchitis, asthma, hemorrhoids, and fatigue 
symptoms, and has provided over 130 highly oxygenated and pharmacological 
active lanostane-type triterpenoids from its fruiting bodies, mycelia, and spores, 
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many of which exhibited cytotoxic activity against various tumor cell lines [13]. 
Most recently, our research group has established a fast and efficient method for the 
separation and purification of triterpenes GA-T (125) and GA-Me (126) from extracts 
of G. lucidum mycelia, i.e., using RP-HPLC on a semi-preparative C18 column 
with an acidified methanol–water mobile phase in combination with UV detection 
and ESI-MS [99]. We have found that GA-T (125) could induce mitochondria 
mediated apoptosis in lung cancer cells [100]. Additionally, there are yet additional 
new triterpenoids isolated from G. lucidum and published in the recent literature. 
Two triterpenes lucidenic acid N (127) and methyl lucidenate F (128), and three new 
lanostane-type triterpene aldehydes lucialdehydes A–C (129–131), were successively 
isolated from G. lucidum, of which 127, 130 and 131 showed significant cytotoxic 
effects against cancer cells [101, 102]. Therefore, the mushroom G. lucidum is 
considered as a rich mine of triterpenoids bioresource.

Like G. lucidum, Poria cocos (called Fu Ling in China) also belongs to the family 
Polyporaceae, and is a famous TCM and rich source of lanostane-type triterpene 
acids. Seventeen lanostane-type triterpene acids, including six novel compounds 
15a-hydroxydehydrotumulosic acid (142), 16a,25-dihydroxydehydroeburiconic 
acid (143), 5a,8a-peroxydehydrotumulosic acid (144), 25-hydroxyporicoic acid H 
(145), 16-deoxyporicoic acid B (146), and poricoic acid CM (147), and 11 known 
compounds, have been recently isolated from an acidified CHCl

3
-soluble fraction 

of a MeOH extract of the epidermis of Poria cocos sclerotia, of which all were 
identified based on spectroscopic methods [103]. In addition, all the compounds 
except eburicoic acid, 3-epidehydrotrametenolic acid, dehydroeburicoic acid and 
dehydroeburiconic acid exhibited inhibitory effects on the EBV–EA activation 
induced by TPA in Raji cells. Compounds 146 and 147 exhibited inhibitory effects 
on skin tumor promotion in an in vivo two-stage carcinogenesis test using DMBA 
as an initiator and TPA as a promoter [103].

Previous studies suggest that Tyromyces species belonging to the family 
Polyporaceae are rich sources of lanostane and rearranged lanostane carboxylic 
acids. From a methanol-soluble extract of the fruit bodies of the higher inedible 
mushroom Tyr. fissilis, Asakawa’s group isolated six novel triterpenoids, tyromycic 
acids B to G (149–154), whose structures were similar to that of tyromycic acid 
previously described, together with two known triterpenoids, tyromycic acid (148) 
and trametenolic acid B. Compounds 149–151 and 154 possess a lanostane skele-
ton, while both 152 and 153 are based on a rare 14(13→12) abeo-lanostane skele-
ton [104, 105]. Many lanostane-type triterpene carboxylic acids show various 
bioactivities, such as cholesterol biosynthesis inhibitory activity and antinocicep-
tive effects, but results of bioassay on compounds 149–152 showed neither antioxi-
dant nor anti-HIV activities [104], although they may possess other unknown 
bioactivities.

The fungi of the genus Hebeloma belongs to another basidiomycete family 
Cortinariaceae comprising many inedible or toxic species. Liu and colleagues 
investigated chemical components of Heb. versipelle, where a cytotoxic lanostane 
triterpenoid, 24(E)-3b-hydroxylanosta-8,24-dien-26-al-21-oic acid (155), possessing 
a previously unknown α,b-unsaturated aldehyde group at the side chain of lanostanoids, 
was isolated from its fruiting bodies [106].
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In searching for bitter constituents of the mushroom Leucopaxillus gentianeus, 
Clericuzio and coworkers obtained nine cucurbitane triterpenoids, namely, cucur-
bitacin B (156), the corresponding cucurbitacin B 16-oleyl, 16-linoleyl, and 16-palm-
ityl esters (157–159), 16-deoxycucurbitacin B (160), cucurbitacin D (161), 
leucopaxillones A–B (162–163), and 18-deoxyleucopaxillone A (164) from the fruit-
ing bodies or mycelial biomass [107, 108]. Compound 156 imparts a bitter taste to the 
flesh of the fungus; however, it occurs in the fruiting bodies mainly esterified as a 
mixture of tasteless fatty acid esters of 156 [107]. Compounds 156 and 161, as well as 
162 and 163, were isolated from both sources of fruiting bodies and mycelia. However, 
compounds 157–160 were absent in the mycelia, while 164 was only detected in the 
mycelia [108]. The antiproliferative bioassay of these triterpenes isolated against can-
cer cell lines suggested that all compounds showed potent effects except cucurbitacin 
B esters 157–159 [107, 108]. Interestingly, compound 156 seems to represent a nice 
example of secondary metabolite convergence between distant taxa such as fungi and 
vascular plants, where they likely exert a similar role of protection [107].

Ascomycetes of the genus Daldinia are rich in secondary metabolites. Hashimoto 
and Asakawa have obtained more than 20 new metabolites from two Japanese 
Daldinia spp. [109]. Recently, four new squalene-type linear triterpenoids, named 
concentricol (165) and concentricols B–D (166–168), were isolated from the fungus 
D. concentrica by means of repeated silica gel and Sephadex LH-20 column 
chromatography, and preparative HPLC, whose structures were also elucidated by 
a combination of NMR, MS, IR, and UV spectra [110, 111]. The authors thought 
that the production of concentricol was possibly related to the morphogenesis of the 
sexual stage in D. concentrica [110]. In general, linear triterpenoids are quite rare in 
fungi, as compared to cyclic triterpenes and steroids. More intriguingly, the occurrence 
of secondary metabolites was correlated with both morphology and genetic finger-
prints [112], while concentricol, as a major metabolite, has been recognized as a 
taxonomically significant marker in the genus Daldinia according to HPLC-based 
secondary metabolite fingerprinting methodology [110, 112].

Most recently, Gloer’s group found that extracts from cultures of one isolate of 
ascomycete Xylaria sp. showed moderate antifungal and antiinsect activity. 
Subsequent chemical studies of this extract led to the isolation of four triterpenoid 
glycosides named as kolokosides A–D (169–172), respectively, where the kolokosides 
appear to be members of the fernane class of triterpenoids [113]. The compound 
169 has the same carbon skeleton as 172, differing only in the presence of oxygen 
at C-29, and the NMR and MS data for 172 were very similar to those of 171, but 
the second oxygen atom is located on the opposite side of the carbonyl carbon in 
comparison to 171. Among these compounds, only 169 exhibited a marked activity 
against Gram-positive bacteria [113].

Russula, one of the largest genera in the subdivision Basidiomycotina fungi, 
consist of hundreds of species. Liu’s group has investigated secondary metabolites 
in the fruiting bodies of a few Russula species since 2000 [114–119]. Five new 
terpenes, named (24E)-3b-hydroxycucurbita-5,24-diene-26-oic acid (173), (24E)-
3,4-secocucurbita-4,24-diene-3,26-dioic acid (174), (24E)-3,4-secocucurbita-
4,24-diene-3,26,29-trioic acid (175), rulepidadiol (176), and rulepidatriol (177) 
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were isolated from the EtOH and CHCl
3
/MeOH 1:1 extract of the fruiting bodies 

of basidiomycete R. lepida, in which compounds 174 and 175 are the first report 
of naturally occurring seco-ring-A cucurbitane triterpenoids, while 176 and 177, 
belonging to the aristolane-type sesquiterpenoids, are a rather rare type in nature, 
especially among fungal species [114]. Other three terpene compounds viz. two 
new aristolane-type sesquiterpenes rulepidol (178) [115] and lepidamine (179) 
[116], and lepidolide (180) [117], a novel seco-ring-A cucurbitane triterpenoid, 
were successively isolated from the fruiting body of the same fungus using 
repeated column chromatography and preparative TLC methods. Interestingly, 
compound 179 was the first naturally occurring aristolane-type sesquiterpene 
alkaloid containing nitrogen atom [116]. Compounds 174, 175, and 180 which 
were previously described [114], completely belong to the same structure cluster, 
in which the big difference was only that a heterocycle was formed between C-28 
and C-6 in lepidolide [117]. Unfortunately, the bioactivities of these terpenes from 
R. lepida were not reported by the group, notwithstanding the fungus has been 
used as a food and medicinal agent in China, and extract of its fruiting bodies 
showed antitumor activity [114].

The genus Lactarius and Russula belong to the family Russulaceae, 
Basidiomycotina. However, most members of the genus Lactarius abundantly con-
tain a milky juice, which can be observed when the fruiting bodies are injured. 
Sesquiterpenes play an important biological role in the great majority of Lactarius 
species, being responsible for the pungency and bitterness of the milky juice and 
the change in color of the latex on exposure to air and constituting a chemical 
defense system against various invaders such as bacteria, fungi, animals, and 
insects. In the course of bioactive metabolites investigation for Lactarius sp., Liu’s 
group isolated a new lactarane sesquiterpene, named as rufuslactone (181), from 
the fungus L. rufus [120], and six novel humulane-type sesquiterpenes, namely 
2b,a-epoxy-6Z,9Z-humuladien-8a-ol (182) from the fruiting body of L. hirtipes 
[121], mitissimols A–C (183–185), a mixture of mitissimol A oleate (186), and 
mitissimol A linoleate (187) from the fruiting body of L. mitissimus [122], in which 
their structures were elucidated by comprehensive spectroscopic techniques and 
necessary chemical methods. Compound 181 is an isomer of a previously described 
lactarane 3,8-oxa-13-hydroxylactar-6-en-5-oic acid g-lactone from L. necata, and 
possessed potent antifungal activity [120]. Compound 182 was the first purified 
sesquiterpene with a humulene skeleton from higher fungi [121]. Generally, ses-
quiterpenes isolated from Lactarius species including lactaranes, secolactaranes, 
marasmanes, isolactaranes, norlactaranes, or caryophyllanes are believed to be 
biosynthesized from humulene [121, 122].

Grifolin (188), neogrifolin (189) and their derivatives, possessing many interesting 
biological activities such as antioxidant, antimicrobial, and anticancer etc., are natu-
rally occurring substances isolated from the fruiting bodies of members of the genus 
Albatrellus of the basidiomycete Polyporaceae family [123–126]. Liu’s group 
obtained a new compound albaconol (190), which possesses the skeleton of a 
drimane-type sesquiterpenoid and is directly connected to a resorcinol (benzene-1,3-
diol) moiety, together with three known 188, emeheterone (191), and 5-methoxy-3,6-
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bis (phenylmethyl) pyrazin-2-ol (192), a pyrazinol derivative from the fresh fruiting 
bodies of the inedible basidiomycete Albatrellus confluens [127]. Herein, the pre-
nylated resorcinol of 190 represents a new C skeleton, and the 188 is recognized as 
the precursor of 190 [127]. Interestingly, the 190 exhibits significant anticancer activ-
ity through inhibiting the DNA topoisomerase II activity [128], and has a high content 
in fruiting bodies of A.confluens [127]. Another Asakawa’s research group succes-
sively obtained three novel neogrifolin derivatives including 3-hydroxyneogrifolin 
(193), 1-formylneogrifolin (194) and 1-formyl-3-hydroxyneogrifolin (195) from A. 
ovinus [125], and two new grifolin derivatives named grifolinones A (196) and B 
(197) from A. caeruleoporus [126], and their structures were established by a combi-
nation of NMR, MS, IR, and UV spectra, in which compound 196 was characterized 
as 2,6-dihydroxy-4-methylphenyl-1-(3,7,11-trimethyldodeca-2E,6E,10-trien-4-one-
1-yl), and 197 was determined to be a dimer of grifolin derivatives. Interestingly, 
small structural differences in these compounds caused significant changes in activity. 
The presence of the conjugated ketone group at C-16 in 196 and 197 increased their 
activities, as compared to 188. In addition, the location of phenolic hydroxyls also 
clearly affected the activity, of which 189 was stronger than 188. However, the pres-
ence of the furane ring and para-quinone in 197 did not support the inhibitory proper-
ties [126]. Additionally, 188 and related derivatives were isolated not only from the 
above two members of Albatrellus but also from other Albatrellus species such as A. 
dispansus, A. confluens, etc. as the major products, for which the distribution of 188 
and related compounds were considered as the most important chemical markers for 
the Albatrellus species [125].

A new caryophyllenic sesquiterpene, fuscoatrol A (198) along with two known 
compounds, bicyclic sesterterpene 11-epiterpestacin (199) and b-nitropropionic 
acid, were isolated from the ethyl acetate extract of marine fungus Humicola fus-
coatra using column chromatography on silica gel and Sephadex LH-20 chroma-
tography in succession [129]. And all three compounds showed markedly 
antimicrobial activities [129]. In addition, from the higher aquatic fungus Massarina 
tunicate, Oh et al. isolated and identified three new bioactive sesquiterpenoids with 
unusual tetracyclic and tricyclic ring systems including Massarinolins A to C 
(200–202), which were the first secondary metabolites reported from any members 
of the genus Massarina [130]. Compounds 200–202 seem to be sesquiterpenoids 
biosynthesized from a farnesyl-type precursor, and both 200 and 201 were presum-
ably cyclized products of 202. In standard disk assays at 200 mg per disk, com-
pounds 200 and 201 were active against Bacillus subtilis (ATCC 6051), and the 
former was also active against S. aureus (ATCC 29213) [130].

2.5 Miscellaneous

Naturally occurring small molecular peptides is always recognized as an important 
source for new drug discovery due to their higher plasma clearance rate, shorter 
half-lifetime, and lower side effect [131]. A few literature surveys indicated that 



Secondary Metabolites from Higher Fungi 109

entomogenous fungi, a special higher fungal family, produce diversified cyclic 
peptides and depsipeptides with various bioactivities [131]. Beauvericin (203), a 
cyclohexadepsipeptide antibiotic representative consisting of three l-N-methylphe-
nylalanine units connected alternatively with three d-2-hydroxyisovaleric acid residues, 
was successively isolated from entomopathgenic fungi Beauveria bassiana, 
Paecilomyces tenuipes, and C. cicadae, etc. [132, 133], which could regulate intracel-
lular ion such as Ca2+, K+ and Na+ and cyto-homeostasis [134] and significantly induce 
cell death in tumor cells due to triggering Ca2+ release from endoplasmic reticulum 
[132]. From culture broth of C. sinensis, Jia and colleagues isolated a cyclodipep-
tide named as cordycedipeptide A (204) showing a significant cytotoxic effect on 
cancer cells [135]. Cordyheptapeptide A (205), a new cycloheptapeptide, was iso-
lated from fermentation mycelia of the entomopathogenic fungus C. sp. BCC 1788, 
and possessed cytotoxicity against Vero cell line [136]. Recently, Krasnoff and 
coworkers found that C. heteropoda yielded two nonribosomal linear peptides of 
complex microheterogeneous family, i.e., cicadapeptins I (206) and II (207), 
together with a known antifungal compound, myriocin (208), where both novel 
compounds are acylated at the N-terminus by n-decanoic acid and amidated at the 
C-terminus by 1,2-diamino-4-methylpentane, and the amino acid sequence of cica-
dapeptin I was N-terminus-Hyp-Hyp-Val-Aib-Gln-Aib-Leu-C-terminus, Ile substi-
tutes for Leu in cicadapeptin II, namely each cicadapeptin contained two residues 
of R-aminoisobutyric acid (Aib) [137].

More recently, from organic-solvent extraction of hyphal stands of the fungus 
Isaria species grown in solid media, Balaram’s group isolated 12 new cyclohex-
adepsipeptides belonging to members of both known isariin and unknown isaridin 
family using a reverse-phase HPLC method and characterized by LC–ESI–MS/MS 
and NMR [138, 139]. Generally, the isariins possess a b-hydroxy fatty acid and five 
α-amino acid residues, while the isaridins contain an α-hydroxy acid and a b-amino 
acid, with a preponderance of N-methylated residues. The sequences of most new 
cyclic depsipeptides have been obtained. Isariin C2 (209), E (210), F2 (212), and 
G1 (213) possess similar sequence cyclo(Db-HA-Gly-Val-DLeu-Ala-Val), of which 
only the number of methylene units (n) of side chain -(CH

2
)

n
-CH

3
 of Db-HA residue 

is different, and the n value of side chain is 3, 2, 4, and 5, respectively. The sequence of 
isariin F1 (211) is cyclo(Db-HA-Gly-Val-DLeu-Ala-Abu/Aib), where the side chain 
of Db-HA residue is -(CH

2
)

5
-CH3, but a residue, the presence of Abu or Aib, still 

need to be further analyzed. The sequence of isariin G2 (214) contains two Val residues 
viz. cyclo(Db-HA-Gly-Val-DLeu-Ala-Ala), of which the Db-HA residue possesses 
-(CH

2
)

8
-CH

3
 side chain [139]. The sequences of new isaridins including isaridin A, 

B, C1, C2, D and E (215–220) were also identified to be cyclo(HyLeu-Pro-Phe-
NMeVal-NMePhe-bGly), cyclo(HyLeu-bMePro-Phe-NMeVal-NMePhe-bGly), 
cyclo-(HyLeu-Pro-Phe-NMeVal-Lxx-bGly),   cyclo-(HyLeu-bMePro-Phe-NMe-
Val-NMeVal-bGly), cyclo-(HyLeu-bMePro-Phe-NMeVal-Lxx-bGly), and cyclo-
(HyLeu-Pro-Phe-NMeVal-NMeVal -bGly), respectively. Thereby bGly, Phe, 
NMeVal, and HyLeu are the conserved amino acid residues in all of these isaridins, 
the microheterogeneity arises only due to the permutations of certain residues 
including Pro and b-MePro, Lxx and NMeVal, and N-MePhe and Lxx [138, 139]. 
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In addition, single crystals of both 215 and 216 have been obtained, and their 3D 
structures were also elucidated by X-ray diffraction [138].

Peptaibols, nonribosomally synthesized peptides with typically 15–20 residues, 
comprise a large class of peptides characterized by a high number of unusual 
aminoisobutyric acid (Aib) residues, an acetylated N-terminus, and a hydroxylated 
C-terminal amino acid [140]. Aminoisobutyric acid has a high tendency to form 
helices and this is caused by the helical structures of the peptaibols. Other nonnatural 
amino acids occurring in peptaibols are iso-valine (IVA) and hydroxy-proline 
(HYP). According to the related database on naturally occurring peptaibols (http://
www.cryst.bbk.ac.uk/peptaibol/home.shtml), peptaibols known to date have 317 
species and are divided into 9 subfamilies, which are mainly derived from fungi of 
the genera Trichoderma and Emericellopsis and generally exhibit antimicrobial 
properties, which is thought to be due to their ability to form ion-channels in lipid 
membranes [141]. Recently, from a terrestrial fungus Septocylindrium sp., Summers 
and colleagues obtained two new peptaibols, septocylindrin A (221) and septocy-
lindrin B (222), related to the well-studied membrane-channel-forming peptaibol 
alamethicin [142]. According to a combined data analysis of NMR and HRMS, the 
linear sequences of both 221 and 222 were found to be Ac-Aib-Pro-Aib-Ala-Aib-
Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Glu-Gln-Phaol+, and Ac-Aib-Pro-
Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Gln-Gln 
-Phaol+, respectively [142]. The results indicated that both 221 and 222 are linear 
19-amino acid peptides with a modified phenylalanine C-terminus, but the HRMS 
data indicated that there is a slight difference in the 18th residue, where 221 contains 
Glu and 222 contains Gln. Zhang’s group recently isolated three peptaibols antimi-
crobial peptides with full length of 20 amino acids viz. trichokonin VI, VII and 
VIII, produced by Trichoderma koningii [143]. Their linear sequences were confirmed 
as follows: trichokonin VI: Ac-Aib-Ala-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-
Leu -Aib-Pro-Val-Aib-Aib-Gln-Gln-Phaol+; trichokonin VII: Ac-Aib-Ala-Aib-Ala-
Aib-Ala-Gln- Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Iva-Gln-Gln-Phaol+; trichokonin 
VIII¢Ac-Aib-Ala- Aib-Ala-Aib-Aib-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-
Aib-Gln-Gln-Phaol+ [143]. Among three trichokonins, they differ only in the 6th 
and 17th residue, namely their 6th residue was Ala, Ala, and Aib, respectively, and 
their 17th residue was Aib, Iva, and Aib, respectively.

Terphenyls are aromatic hydrocarbons consisting of a chain of three benzene 
rings. There are three isomers in which the terminal rings are ortho-, meta-, or para- 
substituents of the central ring. Natural terphenyls consisted of major p-terphenyl 
derivatives and very few m-terphenyl derivatives, while o-terphenyls have not been 
found in nature until now and no m-terphenyls have ever been reported from the 
kingdom of fungi. The chemical investigation of p-terphenyls as one class of the 
pigments of mushrooms began in 1877. Two recent reviews from Liu’s and 
Asakawa’s groups gave detailed information on natural terphenyls including the 
isolation, structure elucidation, biological activities, transformation, and total syn-
thesis of terphenyl derivatives from nature [144, 145], but it is still necessary for us 
to pay close attention to two basidiomycete families Thelephoraceae and Paxillaceae 
due to their abundant antioxidative p-terphenyls metabolites. Thelephora ganbajun, 
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The. aurantiotincta, The. terrestris and Paxillus curtissii are typical representatives 
possessing rich p-terphenyls secondary metabolites. For example, The. ganbajun, 
locally called as Gan-Ba-Jun, is one of the most favorite edible mushrooms in 
southwestern China yielded rare natural poly (phenylacetyloxy)-substituted p-ter-
phenyl analogues ganbajunins A–G [146, 147]. Approximately 20 p-terphenyls, 
named as curtisians A–Q, were successively isolated from Pax. curtissii growing 
widely in East Asia and north America on decayed pine trees [148–151]. 
Furthermore, most of the above-mentioned p-terphenyl compounds exhibited 
attractive antioxidant activities against lipid peroxidation or radical-scavenging 
activity against DPPH. More recently, Liu and coworkers isolated a new p-terphe-
nyl derivative, sarcodan (223) from the fruiting bodies of Sarcodon leavigatum 
belonging to the same family as members of the genus Thelephora, but have not yet 
detected its bioactivity [152].

Gao and colleagues have obtained several new ceramides from various higher 
fungi since 2000. Namely, three phytosphingosine-type ceramides including paxilla-
mide (224) with a 2,3-dihydroxytetracosanoic acid moiety from the basidiomycete 
Pax. panuoides [153], (2S,3S,4R,2′R)-2-(2′-hydroxytetracosanoylamino)octadecane-
1,3,4-triol (225) containing a 2-hydroxy fatty acid from the basidiomycete R. cyan-
oxantha [118], and (2S,3S,4R,2′R)-2-N-(2′-hydroxytricosanoyl)-octadecan-1, 3, 
4-triol (226) from the ascomycete Tuber indicum [154], and three other ceramides 
(2S,2′R,3S,4R)-2-(2′-d-hydroxyalkanoylamino) octadecane-1,3,4-triol (227), 
(2S,3S,4R)-2-(alkanoylamino)octadecane-1,3,4-triol (228), and (2S,3R,4E)-2-
(alkanoylamino)-4-octadecene-1,3-diol (229) from the same ascomycete T. indicum 
[155], were successively isolated and determined unequivocally by means of spectro-
scopic and chemical methods. Interestingly, Gao and coworkers isolated the same 
phytosphingosine-type ceramide 225 from the fruiting bodies of another basidiomyc-
ete Pax. panuoides [76]. From the fruiting bodies of T. indicum, a new trihydroxylated 
monounsaturated fatty acid, named 9,10,11-trihydroxy-(12Z)-12-octadecenoic acid 
(230) was additionally obtained by the research group [156].

Many species in the basidiomycete Cortinarius genus are known to produce 
biologically active natural products, including pigments and toxins. Munro and 
coworkers found that crude extracts (both organic and aqueous) of a Cortinarius sp. 
showed significant antimicrobial activity and cytotoxicity against the P388 murine 
leukaemia cell line [157]. Subsequent fractionation of further extracts yielded three 
disulfide metabolites, i.e., the unsymmetrical disulfide cortamidine oxide (231), 
2,2′-dithiobis(pyridine N-oxide) (232), and the symmetrical disulfide (233), utilizing 
repeated reverse-phase column chromatography, where both 231 and 232 exhibited 
potent antimicrobial activity and cytotoxicity [157]. According to spectral data, it 
is suggested that the two symmetrical dimers 232 and 233 arise via disulfide 
exchange from the compound 231. Both compounds 231 and 232 contain a  
2-thiopyridine N-oxide functionality. This functionality is consistent with the 
biological activity (cytotoxicity and antimicrobial activity) observed for compounds 
231 and 232. A secondary metabolite containing a pyridine N-oxide functionality 
has been reported from Cor. orellanus and Cor. speciosissimus before, namely, the 
toxin orellanine [157].
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Ellagic acid and its derivatives are widely distributed in plants, but are rare in 
fungi. Liu’s group isolated nigricanin from the fruiting bodies of the basidiomycete 
R. nigricans using repeated extraction and column chromatography, whose structure 
was identified as a phenolic compound based on the ellagic-acid skeleton by spectro-
scopic and chemical methods, and considered as the first ellagic acid like compound 
found in higher fungi [119]. Later, they found interesting metabolites that were a 
new polyene pyrone named as aurovertin E (234), and a known aurovertin B (235) 
from the mycelia biomass of another basidiomycete A. confluens, which was the first 
example of the occurrence of aurovertins in basidiomycetes [158]. In addition, the 
structures of both aurovertins 234 and 235 were elucidated on the basis of spectroscopic 
studies, and the 234 consists of a substituted pyrone ring linked by a rigid spacer 
containing conjugated double bonds to a substituted dioxabicyclo[3.2.1]octane and 
as a product of the reaction from 235 by alkaline hydrolysis [158]. From the fruiting 
bodies of the ascomycete D. concentrica, this research group also successively 
isolated and identified five new compounds, including 1-isopropyl-2,7-dimethyl-
naphthalene (236) [19], three homologs of 3-alkyl-5-methoxy-2-methyl-1,4-benzo-
quinoneswith chain lengths of C21–C23 (237–239) [159] and a pair of heptentriol 
stereoisomers hept-6-ene-2,4,5-triols (240) [21].

Podophyllotoxin (242), an aryl tetralin lignan, is biosynthesized by the plant 
Podophyllum species and is in great demand worldwide due to their use as a precursor of 
synthesis of some topoisomerase inhibitors including three anticancer drugs, etoposide, 
teniposide, and etoposide phosphate. However, the sustained production of 242 requires 
large-scale harvesting from the natural environments, which has resulted in the plant-
endangered status, while their total chemical synthesis also has too many difficulties. 
From rhizomes of the plant Pod. peltatum, Eyberger and coworkers recently obtained 
two isolates of endophytic Ascomycete Phialocephala fortinii producing compound 
242 [160]. Another laboratory also found an alternative source of 242 production, in 
which the methodology for isolation, identification, and characterization of a novel 
endophytic fungus Trametes hirsute that produces 242 and its glycoside from the dried 
rhizomes of Pod. hexandrum was established [161]. This strategy promises to improve 
the production of these therapeutically important compounds at lower cost.

Members of the genus Sporormiella have afforded a number of interesting bioactive 
metabolites. Here silica gel chromatography of the EtOAc extract from the coprophilous 
fungus S. vexans liquid cultures, followed by semipreparative reversed-phase 
HPLC, afforded three new p-hydroxybenzoic acid derivatives sporovexins A–C 
(243–245) and a new preussomerin analogue, 3′-O-desmethyl-1-epipreussomerin C 
(246) [162]. During bioassay, compounds 243 and 246 showed antifungal and 
antibacterial activities [162].

3 Bioactivity of Secondary Metabolites from Higher Fungi

Actually, it is difficult to estimate either the number of compounds or the chemical 
space represented by microbial secondary metabolites, but for evolutionary reasons, 
the range of bioactivities will be correspondingly large. Chadwick and Whelan 
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proposed that all small molecules or secondary metabolites produced by microbes 
have biological functions, although these compounds may be as suggested simply 
waste products of cellular metabolism [163]. Indeed, secondary metabolites synthesized 
by microbes have been evolved to be specific functional regulators within complex 
microbial communities in the environment; roles of which are of ecological and 
evolutionary significance. That is to say, microorganisms have evolved the ability 
to biosynthesize secondary metabolites due to the selectional advantages they 
obtain as a result of the functions of the compounds.

Interestingly, based on the ecological points of view, Bérdy thought that the 
microbial secondary metabolites represent a kind of chemical communication 
between microbes and other microbes or nonmicrobial systems including higher 
plants, lower animals or mammalian (humans) systems, which reflects antagonis-
tic, synergistic, regulatory or modulatory and any other biochemical or either 
biophysical interactions [12]. Bérdy summarized these interactions as illustrated 
in Table 2 covering the whole area of known biological activities of microbial 
metabolites, which also represented their possible practical applications and 
helped us to understand the reason why the microbes exhibit so wide range of 
bioactivities via their chemical products [12]. It is without doubt that secondary 
metabolites from higher fungi possess a vast array of biologically activities 
(Table 1). Of course physiological functions and acting mechanism of many 
known and unknown higher fungal metabolites still need to be revealed. In other 
words, all secondary metabolites have certain kinds of inherent activities but in 
many cases those activities have not yet been discovered. Here, major biological 
activities of higher fungi-derived secondary metabolites and their acting mecha-
nisms are summarized as follows.

3.1 Antimicrobial Activity

Following Fleming’s discovery, the tremendous success attained in the battle against 
disease with penicillin not only led to the development of a new field of antibiotic 
research but also created an entirely new industry [164]. In the course of chemical 
investigation on higher fungi, antimicrobial activities of secondary metabolites 

Table 2 Microbial interactions (adapted from [12])

Microbe–microbe Antimicrobial antibiotics, microbial regulators, 
growth factors, signaling compounds, mating  
hormones, etc.

Microbe–lower animals (invertebrates) Insecticides, miticides, antiparasitic compounds, 
algicides, antifeedants, (invertebrates) repellents, 
molluscicides, anti-worm agents, etc.

Microbe–higher plants Herbicides, phytotoxins, plant growth regulators, 
chlorosis inducers, phytoalexins, etc.

Microbe–mammalians (humans) Anticancer antibiotics, pharmacologically active 
agents, enzyme inhibitors, (humans) immunoac-
tive, CNS-active etc., agent etc., feed additives, etc.
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were widely analyzed due to a relative simple screening system, for which it is not 
surprising that antimicrobial metabolites become one of major population among 
presently known higher fungal secondary metabolites. For example, an estimated 
75% of polypore fungi that have been tested show strong antimicrobial activity, and 
these may constitute a good source for developing new antibiotics [165]. Actually, 
over 22,000 bioactive compounds had been discovered from microbes by 2002, 
which included 20,000 antibiotics [12].

The antimicrobial activities of secondary metabolites produced by higher fungi 
involve mainly antibacterial, antifungal, and/or antiviral activities. Many chemo-
therapeutic agents isolated from higher fungi and used to treat bacterial infections 
have contributed greatly to the improvement of human health during the past century. 
The most classical example of antibacterial fungal metabolite is the penicillin that 
kills susceptible bacteria by specifically inhibiting the transpeptidase that catalyzes 
the final step in cell wall biosynthesis, the crosslinking of peptidoglycan. In addition, 
the mechanisms of action for higher fungal-derived antibacterial metabolites 
include: to inhibit the synthesis of protein synthesis, nucleic acid and folic acid, 
interfere the metabolic processes of biochemistry, and enhance the permeability 
of cytoplasma membrane, etc. Gloers and coworkers reported that the polyketide 
metabolites 35, 66–68, and 71 exhibited antibacterial activity in standard disk 
assays against B. subtilis, and only 35 and 68 also displayed activity against S. aureus 
[45, 60]. Regretfully, most similar studies that the vast number of polyketides [55, 
57–59, 70], sterols [80], terpenes [113, 129, 130], peptides [142, 143, 166], and 
other types of compounds [157, 162] produced by higher fungi possessing broad-
spectrum antibacterial activities, have not provided further reports on their mecha-
nisms of action against various pathogenic bacteria. More recently, peptaibols 221 
and 222 from Septocylindrium sp. exhibited significant antibacterial and antifungal 
activities, where the antimicrobial activity was thought to arise from the peptaibols’ 
membrane activity and their ability to form pores in lipid membranes [142]. 
The pores so formed were able to conduct ionic species, and this conductance led to 
the loss of osmotic balance and cell death [142].

Fungal infections range from superficial conditions of the skin and nails to dis-
seminated life-threatening diseases. Systemic fungal infections caused by Candida 
spp., Cryptococcus neoformans, Aspergillus spp., and Pneumocystis carinii, show a 
significant increasing threat to human health during the past decade, while only a 
limited number of antifungal agents are currently available for the treatment of life-
threatening fungal infections. Therefore, on the basis of the struggle for existence 
among fungi, the antifungal activities of fungal natural products especially higher 
fungal metabolites received much attention for the discovery of new antifungal 
agents. Compounds 49–51 from the ascomycete Trichopezizella nidulus were inhibi-
tors of DHN-melanin biosynthesis. Using Lachnellula sp. A32–89 as a test organism, 
50 mg per paper disk (6 mm) of compound 49 resulted in a pigment inhibition zone 
of 19 mm in diameter, while the same amount of compounds 50 and 51 gave inhibi-
tion zones of 14 mm. Compound 49 still exhibited moderate activity against Mucor 
miehei with an inhibition zones of 23 mm at 50 mg per paper disk in the standard plate 
diffusion assay [54]. Asakawa’s group found that four new azaphilones 52–55 yielded 
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by Creosphaeria sassafras showed relatively strong antifungal activities with inhibi-
tion zone ranging from 17 to 20 mm against Asp. niger and Can. albicans [55]. 
Compound 93, from an endophytic fungus Fusarium sp., also indicated potent anti-
fungal activity against Can. albicans [67]. Unfortunately, these investigations did not 
show further antifungal acting mechanism. Generally, the antifungal agents are clas-
sified according to their mechanisms of action, covering inhibitors of synthesis of cell 
wall components (glucan, chitin and mannoproteins), of sphingolipid synthesis  
(serine palmitoyltransferase, ceramide synthase, inositol phosphoceramide synthase 
and fatty acid elongation) and of protein synthesis (sordarins) [167].

The search for antiviral compounds from marine fungi has yielded some promis-
ing secondary metabolites. Compound 2 yielded from the ascomycete D. concentric

a
 

showed the potent blockage effect on syncytium formation between HIV-1-infected 
cells and normal cells; thus it was suggested it might be effective against HIV-1 [20]. 
More recently, 3 from the fruiting body of Sui. granulatus exhibited a weak anti-
HIV-1 activity [22]. The compound 4 derived from 3 showed more effective anti-
HIV-1 activity and lower cytotoxicity than 3, the TI value increased from 12.1 to 
312.2 [23]. Moreover, Liu’s group found that 4 displayed anti-HIV activity via inter-
fering in the early stage of HIV life cycle [23]. HIV-1 integrase is one of the three 
critical enzymes for viral replication; its inhibition is therefore one of the most promising 
new drug strategies for antiretroviral therapy, with potentially significant advantages 
over existing therapies [168]. Based on the viral targets, Singh and coworkers 
screened a series of HIV-1 inhibitors that inhibited the coupled and strand-transfer 
reaction of HIV-1 integrase with an IC

50
 value of 0.5–120 mM from the organic extract 

of fermentations of some terrestrial fungi through bioassay-directed isolation [169].

3.2 Antiinflammatory Activity

Inflammation is the human body’s first response to irritation, and is characterized 
by redness, heat, swelling, pain, and organ dysfunction. Inflammation is good 
phenomenon to a certain extent due to the heat produced during an inflammatory 
response killing off bacteria that may have invaded. Antiinflammatory is a function 
of a substance to reduce inflammation. Unfortunately, uncontrolled inflammation 
can cause more damage to the tissue and organ of organisms. Therefore, it is valuable 
to discover antiinflammatory agents from natural sources. Previous studies demon-
strated that higher fungi showed significant antiinflammatory actions by inhibiting 
inflammation mediators. For example, methanolic extracts of C. pruinosa (CPME) 
caused a significant downregulation of inflammation mediators’ gene expression 
including IL-1b, TNF-α, inducible nitric oxide synthase (iNOS), and COX-II via 
the inhibition of NF-kB activation in RAW264.7 cells and mice stimulated with LPS, 
which resulted in a corresponding suppression of inflammatory mediators IL-1b, 
TNF-α, NO and PGE2 production in vitro and in vivo [170]. CPME therefore possessed 
a potential antiinflammatory activity by inhibiting NF-kB-dependent inflammatory gene 
expression, suggesting that the CPME may be beneficial to the treatment of endotoxin 
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shock or sepsis; unfortunately the authors did not conduct further chemical investigations 
on CPME. More recently, however, Asakawa and coworkers observed that compounds 
28–30 derived from D. childiae strongly suppressed the LPS-induced production of 
NO with IC

50
 values of 15.2, 4.6, and 6.4 mM, respectively [42]. Further experimental 

results indicated that the inhibition of the LPS-induced NO production of 29 was due 
to the inhibition of iNOS mRNA synthesis [42]. Compounds 188, 189, 196 and 197 
produced by inedible mushroom A. caeruleoporus also exhibited inhibitory activity 
against nitric oxide (NO) production stimulated by lipopolysaccharide (LPS) 
in RAW 264.7 cells with IC

50
 values of 23.4, 22.9, 29.0, and 23.3 mM, respectively [126], 

in which preliminary investigation on acting mechanism of compound 196, similar 
to 29, showed that the NO production stimulated by LPS in RAW cells was suppressed 
due to the downregulation of iNOS gene expression [126]. TNF-α is the main proin-
flammatory cytokine in inflammatory diseases like septic shock, rheumatoid arthritis 
and Crohn’s disease. Sterner’s group identified compounds 39–42 as four isomers of 
oxaspirodion from Cha. subspirale, while oxaspirodion could inhibit the TNF-α 
driven luciferase reporter gene expression with an IC

50
-value of 2.5 mg mL−1 (10 mM) 

in TPA/ionomycin stimulated Jurkat T-cells by interfering with signal transduction 
pathways involved in the inducible expression of many proinflammatory genes 
[46]. Additionally, in the inflammatory process, both COX-I and COX-II involve in 
the conversion of arachidonic acid to prostaglandins [171], and inducible COX-II 
is associated with inflammatory conditions, whereas extensively expressed COX-I 
is responsible for the cytoprotective effects of prostaglandins [172]. Compounds 
101 and 102 from the fruiting body of Agr. aegerita showed COX inhibitory activities. 
The inhibition value of COX-I enzyme by 101 and 102 at a dose of 100 mg mL−1 
was 19 and 57%, respectively. Similarly, COX-II enzyme activity was reduced by 
101 and 102 (both at 100 mg mL−1) with 28 and 22%, respectively [75].

3.3 Antioxidant Activity

Active oxygen, and in particular free radicals, are considered to induce oxidative 
damage in biomolecules and to play an important role in aging, cardiovascular 
diseases, cancer, atherosclerosis, and inflammatory diseases, while antioxidants 
help protect healthy cells from damage caused by free radicals. Synthetic antioxi-
dants have begun to be restricted because of their health risks and toxicity [173]. 
Therefore, the discovery of natural antioxidants from various sources such as plant 
and higher fungi to replace synthetic antioxidants has attracted more and more 
attention in the last decade [145].

G. lucidum has been shown to possess potent antioxidant activity in multiple 
research studies with little or no side effects [174]. Sun et al. [175] evaluated the 
antioxidant activity of G. lucidum peptide (GLP) using different oxidation systems. 
Compared to butylated hydroxytoluene, GLP showed a higher antioxidant activity 
in the soybean oil system. Soybean lipoxygenase activity was blocked by GLP in a 
dose-dependent manner with an IC

50
 value of 27.1 mg mL−1. GLP showed scavenging 
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activity toward hydroxyl radicals produced in a deoxyribose system with an IC
50

 
value of 25 mg mL−1, and GLP effectively quenched superoxide radical anion pro-
duced by pyrogallol autoxidation in a dose-dependent manner. GLP also showed 
substantial antioxidant activity in the rat liver tissue homogenates and mitochon-
drial membrane peroxidation systems, and the auto-hemolysis of rat red blood cells 
was also blocked by GLP in a dose-dependent manner. It is therefore suggested that 
GLP is the major constituent responsible for the antioxidant activity of G. lucidum 
and GLP could play an important role in the inhibition of lipid peroxidation in 
biological systems through its antioxidant, metal chelating, and free radical scav-
enging activities.

Phe. igniarius, belonging to the family Polyporaceae, has long been used for the 
treatment of fester, abdominalgia, and bloody gonorrhea in China. Shi and coworkers 
successively obtained more than 20 metabolites in the course of chemical and 
biological investigation on fruiting bodies of Phe. igniarius, of which the compounds 
23–27 exhibited potent antioxidant activity inhibiting rat liver microsomal lipid 
peroxidation with IC

50
 values of 3.86, 4.8, 3.7, 6.5, 8.2, and 10.2 mM, respectively 

[36–38]. More recently, Kim and colleagues isolated and identified the four antioxidants 
31–34 from the fermented mushroom Cya.stercoreus, where the antioxidant activity 
of 31–34 was evaluated by DPPH and ABTS radical scavenging activity assays and 
compared with that of reference antioxidants, BHA and Trolox [43]. The compounds 
31–34 showed free radical scavenging activities on the DPPH radical with EC

50
 

values of 41.6, 46.0, 26.6, and 28.6 mM, respectively, and on the ABTS cation radical 
with EC

50
 values of 7.9, 11.1, 9.1, and 8.4 mM, respectively, where EC

50
 (mM) was 

defined as an amount of antioxidant necessary to decrease the initial DPPH and ABTS 
radical concentration by 50% [43]. Moreover, DPPH radical scavenging activities 
of 33 and 34 were higher than those of Trolox and BHA, while compounds 31 and 32 
showed almost the same activity as those of the reference antioxidants. In the ABTS 
radical scavenging assay, compounds 31–34 showed higher activity than those of 
Trolox and BHA [43]. Liu’s and Asakawa’s groups observed that many p-terphenyl 
compounds from the basidiomycete families Paxillaceae and Thelephoraceae exhibited 
attractive antioxidant activities. For example, Yun et al. [148] isolated curtisians A–D 
from Pax. curtissii and reported strong radical-scavenging activity against DPPH, 
and Asakawa and coworkers obtained curtisians E–Q from the same fungus, of which 
curtisians I–Q were shown to be of moderate to strong free-radical-scavenging 
activities as compared with the standards [149–151].

3.4 Anticancer Activity

As to anticancer mechanism of higher fungal secondary metabolites, Xiao and 
Zhong have reviewed higher fungi Cordyceps-derived anticancer metabolites [13]. 
Cancer chemotherapy has relied mostly on cytotoxic drugs, which inhibit tumor 
cell proliferation and cause cell death. As mentioned above, cytotoxic activities 
against various tumor cells lines of higher fungi secondary metabolites were widely 
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investigated in the past decades. Shiraia bambusicola, an ascomycete parasitic on 
bamboo twigs and named as ‘Zhu Huang’ in China, is recorded only in China and 
Japan and used to treat rheumatism and pneusomia in TCM. Fang et al. reported that 
hypocrellin D from Shi. bambusicola, a cytotoxic fungal pigment, significantly inhibited 
the growth of tumor cell lines Bel-7721, A-549 and Anip-973 with IC

50
 values of 

1.8, 8.8, and 38.4 mg mL−1, respectively [176]. The cytotoxicities of compounds 
11–13 isolated from marine fungus P. aurantiogriseum were evaluated against the 
P388, BEL-7402, A-549, and HL-60 cell lines by the MTT assay [27]. Compound 
12 exhibited moderate cytotoxic activities against HL-60 and P388 cell lines with 
IC

50
 values of 52 and 54 mg mL−1, respectively, while compound 13 inhibited BEL-

7402 and P388 cell lines with IC
50

 values of 62 and 48 mg mL−1, respectively [27]. 
Compounds 8 and 9 from another marine Penicillium species P. janthinellum 
induced apoptosis in human leukemia HL-60 cells at a dose of 100 mM by 10, 39, 
and 34% of the apoptotic cells compared to control cells, respectively, and compound 
9 also inhibited EGF-induced malignant transformation of JB6 P+ Cl 41 cells in a 
soft agar [26]. Shi and coworkers isolated over decade compounds from Phe. igniarius 
by following a specific bioassay-guided separation protocol, whose most compounds 
indicated in vitro cytotoxicity against several human cancer cell lines [35–37]. Of 
those compounds, 18 and 19 showed potent selectivity against A549 and Bel7402 
with IC

50
 values of 0.012, 0.016, 0.010, and 0.008 mM, respectively [35], while 23 

showed moderate cytotoxic activities against human ovary cancer A 2,780 cell line 
and human colon cancer HCT-8 cell line with IC

50
 values of 20.4 and 30.2 mM, 

respectively [36]. Compounds 24 and 25 from Phe. igniarius were inactive (IC
50

 > 
10 mM) against the cell lines tested, but they could inhibit protein tyrosine 
phosphatase 1B with IC

50
 values of 3.1 and 3.0 mM, respectively, while 26 possessing 

moderate cytotoxic activities against these human cancer cell lines was inactive 
against PTP1B (IC

50
 > 10 mM) [37].

Hsp90 is abundant and important in maintaining the conformation, stability, and 
function of many proteins involved in cell survival. Furthermore, Hsp90 is recognized 
to play a critical role in the cancer phenotype and provide a particularly effective target 
for cancer chemotherapy because of its importance in maintaining the function of key 
oncogenic client proteins [177, 178]. Actually, Hsp90 inhibitors have shown promising 
antitumor activity in vitro and in vivo preclinical model systems, of which a Hsp90 
inhibitor 17-allylamio-17-desmethoxygeldanamycin is currently in clinical trial [178]. 
Recently, Gunatilaka and coworkers have developed an effective strategy for discovering 
natural product-based Hsp90 inhibitors with potential anticancer activity, and they 
obtained two Hsp90 inhibitors compound 43 and monocillin I by bioassay-guided 
fractionation from Cha. chiversii and Paraphaeosphaeria quadriseptata [47].

Liu et al. observed that compound 190 from A. confluens significantly inhibited 
tumor growth in S180 and H22 tumor-bearing mice with the inhibitory rates of 47.4 
and 37.8% at a dose of 3.46 mg kg−1, respectively, and compound 190 obviously 
influenced DNA topoisomerase II activity, stimulated DNA cleavage and inhibited 
DNA reunion mediated by topoisomerase II [128]. Its acting mechanism, therefore, 
is similar to a famous anticancer agent camptothecin (14) produced by plant Cam. 
acuminate and/or some endophytic fungus like Ent. infrequens [28]. Another most 
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successful anticancer agent paclitaxel (118) was originally discovered in plants, but 
has also been found to be a metabolite of endophytic fungi including Taxomyces 
andreanae, Pestalotiopsis microspora, Sporormia minima, Trichothecium sp, 
Tubercularia sp, and Nodulisporium sylviforme [84–89]. Compound 118 is approved 
for breast and ovarian cancer and is the only antitumor drug known to act by blocking 
depolymerization of microtubules [179]. Compound 188, another metabolite of A. 
confluens, significantly inhibited the proliferation of cancer cell lines, but its antitu-
mor mechanism differed from compound 190 and involved the induction of apopto-
sis, namely the activation of caspase-8, 9, and 3, release of cytochrome c from 
mitochondria, decrease of the Bcl-2 level, and increase of the Bax level etc., where 
caspase was a key mediator of the apoptotic pathway induced by grifolin [124].

Metastasis is reported to be responsible for over 90% of cancer deaths. Targeting 
cell motility has attracted attention as one of the alternative strategies for the develop-
ment of anticancer therapies in recent years [180]. Cell motility (migration) is a criti-
cal cause of tissue invasion allowing primary tumors to disseminate and metastasize, 
and cell migration in vitro are thought to be related to many in vivo cellular behaviors 
such as tumor angiogenesis, cancer cell invasion, and metastasis [181]. Cell motility 
and angiogenesis inhibitors therefore are considered as potential anticancer candi-
dates in the chemical investigation of natural products. Previous studies showed that 
cyclohexadepsipeptide 203 possessed various bioactivities such as insecticidal activ-
ity, induction of tumor cell apoptosis [132], regulating intracellular ion and cyto-
homeostasis [134], etc. More interestingly, Zhan et al. observed that compound 203, 
from the endophytic fungal strain F. oxysporum EPH2R

AA
 of Ephedra fasciculate, 

inhibited migration of the metastatic prostate cancer (PC-3M) and breast cancer 
(MDA-MB-231) cells with IC

50
 values of 3.0 and 5.0 mM, respectively, and showed 

potent antiangiogenic activity in HUVEC-2 cells with IC
50

 value of 3.0 mM [182].

3.5 Miscellaneous Activity

Hosoe and coworkers isolated a vasodilator 4-benzyl-3-phenyl-5H-furan-2-one 
belonging to a furanone derivative that could inhibit Ca2+-induced vasocintraction in 
aortic rings pretreated with high K+ (60 mM) or norepinephrine (NE) from 
Malbranchea filamentosa IFM 41300 [183]. Generally vasoconstrictor-induced con-
traction is mediated by Ca2+ influx so that inhibitors of Ca2+ influx cause vasodilata-
tion. 4-Benzyl-3-phenyl-5H-furan-2-one relaxed high K+-induced vasoconstriction 
and indicated that its vasodilatory effect may be due to the inhibition of Ca2+ influx 
through voltage-dependent Ca2+ channels. In addition, 4-benzyl-3-phenyl-5H-furan-
2-one weakly inhibited the contractions induced by NE in the presence of a voltage-
dependent Ca2+ channel blocker nicardipine that could potently inhibit high 
K+-induced vasoconstriction [183]. The authors therefore thought that other mecha-
nisms may be partially involved in its vasodilatory activity.

Lipid metabolism normally keeps a delicate balance between synthesis and 
degradation. When the balance of lipid metabolism is disorder, hyperlipidemia may 
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occur, which in turn can cause atherosclerosis, hypertension, diabetes, etc. Inhibition 
of pancreatic lipase that is recognized as a key enzyme of dietary triglyceride 
absorption may inhibit fat absorption and prevent obesity and hyperlipidemia. Liu 
and colleagues reported that vibralactone from the basidiomycete Boreostereum 
vibrans showed inhibition of pancreatic lipase with an IC

50
 of 0.4 mg mL−1, and its 

mechanism of inhibition probably involved covalent but reversible modification of 
the active site serine via acylation by b-lactone [184].

The indolizidine alkaloid swainsonine produced by the entomogenous fungus 
Metarhizium anisopliae is a potent inhibitor of various alpha-mannosidases [185]. 
Because changes in glycosylation have been found to be associated with certain 
disease processes, the potential of swainsonine as a chemotherapeutic agent is of 
interest, while destruxins are the main metabolites produced by the same fungus 
and possess insecticidal effects [186]. From another entomopathogenic fungus 
Paecilomyces fumosoroseus, Asaff et al. isolated a dipicolinic acid which possessed 
insecticidal potential [187].

Cyclosporin A was originally discovered as a narrow spectrum antifungal peptide 
produced by the fungus Tolypocladium inflatum, nevertheless discovery of its 
immunosuppressive activity led to its wide use in the organ transplant field such as 
heart, liver, and kidney transplants and was the only product on the market for many 
years [9, 179]. Additionally, as is well known, diabetes is a chronic metabolic disorder 
affecting approximately 5% of the population in industrialized nations. In an extensive 
search for natural product-based antidiabetic agents capable of mimicking insulin 
activity, Salituro and coworkers screened the first orally active insulin-mimetic agent 
demethylasterriquinone B-1 (241) that resulted in significant lowering of the glucose 
levels in two mouse models of diabetes from a tropical endophytic ascomycete 
Pseudomassaria sp. by bioactivity-guided fractionation [188].

4  Bioproduction of Secondary Metabolites  
from Medicinal Mushrooms

Medicinal mushrooms are abundant sources of a wide range of useful compounds 
with interesting biological activities. At present, commercial products from medicinal 
mushrooms are mostly obtained through their field-cultivation. However, in this 
production system it is difficult to control the product quality and the productivity 
of desired metabolites is also low. Submerged fermentation of mushrooms is 
viewed as a promising technology for the efficient production of their valuable 
compounds, and several interesting review outlines the major factors that affect the 
submerged cultivation of mushroom mycelia, including media, oxygen supply, 
shear, mixing, and cultivation strategies [189–191].

Truffles are thought to be a ‘miracle of nature’ with superior nutritional attributes, 
distinctive taste, and thrilling smell. Known as ‘black diamonds’, they are of high com-
mercial value at $1,000 kg−1 and $48,300 kg−1 for white truffles. Submerged fermenta-
tion of truffle for production of dry cell weight and polysaccharides (extracellular and 
intracellular) was recently carried out successfully by Tang et al. [192–194], as a typical 
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example shown in Table 3. They also confirmed the existence of androstenol in the 
truffle fermentation broth [195], which suggested that truffle fermentation could be a 
promising alternative for androstenol production on the large scale.

G. lucidum (Fr.) Krast (Polyporaceae) is a famous traditional Chinese medicinal 
mushroom. Ganoderic acids and Ganoderma polysaccharides are two types of use-
ful bioactive components. Interestingly, recent studies show that ganoderic acids 
have attractive biological activities including suppressing the growth of human 
solid tumor and the proliferation of a highly metastatic lung cancer cell line [100, 
196, 197] as well as anti-HIV-1 [198]. In G. lucidum fermentation, Zhong and his 
colleagues demonstrated the response of the cell growth and metabolite biosynthe-
sis to process parameters including pH, dissolved oxygen and substrate feeding. In 
shake flask fermentation of G. lucidum, Fang and Zhong [199] found an initial pH 
value of 6.5 was the best for mycelial growth and GA biosynthesis, while its level 
at 3.5 was beneficial to the accumulation of Ganoderma polysaccharides. In stirred 
bioreactor fermentation, Tang and Zhong [200] observed that 25% of dissolved 
oxygen was beneficial for G. lucidum growth, while 10% of dissolved oxygen was 
favorable for the specific production (i.e., content) of ganoderic acid. Based on the 
favorable effect of oxygen limitation on the ganoderic acid biosynthesis, Fang and 
Zhong [201] developed an interesting two-stage fermentation process by combining 
conventional shake-flask fermentation (i.e., the first-stage culture) with static 
culture (i.e., the second-stage culture) in order to enhance the metabolite produc-
tion, and the ganoderic acid production was greatly enhanced in this novel culture 
process. Furthermore, the first-stage culture was successful in a conventional 
stirred-tank bioreactor [202], and the second-stage culture was successfully scaled 
up in a new self-designed multi-layer static reactor [203]. During submerged fer-
mentation of medicinal mushroom C. militaris in fermenters for production of valu-
able cordycepin, an interesting two-stage dissolved oxygen control approach was 
also developed [204]. Those cultivation strategies may also be helpful to other 
higher fungi fermentation for enhancing value-added metabolite production.

Table 3 Effect of initial sucrose concentration on the cell growth and production of EPS, IPS 
during submerged fermentation of T. sinense in shake flasks (modified from [192])

Initial sucrose concentration

20 g L−1 50 g L−1 80 g L−1 125 g L−1

Maximum DW (g L−1) 12.50 (day 4)a 18.75 (day 8) 22.81 (day 11) 24.07 (day 16)

Cell yield on sugar
(g DW/g sugar) 0.60 0.38 0.32 0.28

Maximum EPS
production (g L−1) 0.79 1.99 2.33 2.85
EPS productivity

(g L−×1 per day) 0.07 0.22 0.13 0.17
Maximum IPS
production (g L−1) 1.21 2.26 2.92 2.69
IPS productivity

(g/L per day) 0.30 0.28 0.26 0.17
a Culture time when the maximum cell mass was reached
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Separation, purification and chemical structure identification of natural compounds 
is very important to various applications. Ganoderic acid T (GA-T) and ganoderic 
acid Me (GA-Me) were found to have significant antitumor activities [100, 196, 
197]. GA mixtures can be produced in quantity through mushroom fermentation. 
However, to obtain a large amount of pure GAs for biological activity tests, efficient 
separation and purification methods still need to be developed.

Chromatographic purification is widely used for various bio-products such as 
plasmid DNA, enzymes and natural products [205–207]. In the analysis and isola-
tion of triterpenes from G. lucidum, the crude triterpene extracts are usually sub-
jected to qualitative analysis and semipreparative separation using silica gel TLC 
plates or silica gel column chromatography [198, 208]. RP-HPLC methods were 
also used for the complete separation of triterpenes isolated from the Ganoderma 
mycelia [209, 210]. However, modern hyphenated techniques, such as GC–MS, 
HPLC–MS, HPLC–MS–MS and HPLC–NMR, have not been applied, even though 
these techniques may provide useful structural information online on these triter-
pene metabolites and allow the rapid structural determination of known plant con-
stituents with only a minute amount of materials [211, 212]. It is worthwhile to 
apply modern hyphenated chromatographic techniques to the characterization and 
determination of a variety of components in Ganoderma extracts. We developed an 
effective HPLC–UV–ESI–MS hyphenated method to determine the presence and 
distribution of targeted triterpenes in the methanol extract of Ganoderma mycelia 
and then to purify them efficiently.

The semipreparative HPLC separation of the GAs was accomplished after the 
establishment of the HPLC–UV–ESI–MS hyphenated method. Sample injection vol-
ume as a key operating parameter in preparative- and large-scale HPLC was examined 
[99]. Figure 3 shows HPLC chromatograms for the same sample mixture with two 

Fig. 3 Semi-preparative HPLC chromatograms showing GA-T and GA-Me peaks. A semi-prepar-
ative column (250 × 10.0 mm2 I.D.) packed with 5 mm Hypersil ODS2 C

18
 (Elite Co., Dalian, 

China) was used. The light curve corresponds to the 50 mg sample injection and the heavy curve 
150 mg sample injection
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different sample sizes (50 and 150 ml) using the semipreparative C
18

 column with the 
aforementioned mobile phase at 4 mL min−1 flow rate. The two chromatograms in Fig. 
3 are very similar, and this indicates that some operating conditions for the analytical 
runs could be successfully adopted in the semipreparative separation in this case.

5 Concluding Remarks

It is evident that higher fungi are abundant sources of a wide range of useful natural 
products with diversified chemical structures and various interesting bioactivities. 
Nowadays, their commercial products are yet very limited and mainly from field 
cultivation, which is obviously a time-consuming and labor-intensive process. 
Fermentation has significant commercial potential, especially for producing 
value-added secondary metabolites as biopharmaceuticals. Increasing product 
yields and development of highly efficient production and purification systems will 
make the technology more attractive and feasible for real application.

More and more studies on secondary metabolites biosynthesis including related 
genes, enzymes and their biochemical pathways will greatly contribute to powerful 
manipulation of their biosynthetic routes for directed production. On the one hand, 
traditional physiological and morphological researches are still necessary and impor-
tant to many untapped or poorly investigated species including many medicinal mush-
rooms. On the other hand, modern genomic, proteomic and metabolomic investigations 
should be conducted on a large scale for significant accumulation of such basic 
knowledge, which is crucial to the future development of an advanced bioprocessing 
platform for industrial production of related bioactive secondary metabolites.
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Large Scale Culture of Ginseng Adventitious 
Roots for Production of Ginsenosides
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Abstract Ginseng (Panax ginseng C. A. Meyer) is one of the most famous oriental 
medicinal plants used as crude drugs in Asian countries, and now it is being used 
worldwide for preventive and therapeutic purposes. Among diverse constituents of 
ginseng, saponins (ginsenosides) have been found to be major components respon-
sible for their biological and pharmacological actions. On the other hand, difficulties 
in the supply of pure ginsenosides in quantity prevent the development of ginseng 
for clinical medicines. Cultivation of ginseng in fields takes a long time, generally 
5–7 years, and needs extensive effort regarding quality control since growth is sus-
ceptible to many environmental factors including soil, shade, climate, pathogens and 
pests. To solve the problems, cell and tissue cultures have been widely explored for 
more rapid and efficient production of ginseng biomass and ginsenosides. Recently, 
cell and adventitious root cultures of P. ginseng have been established in large scale 
bioreactors with a view to commercial application. Various physiological and engi-
neering parameters affecting the biomass production and ginsenoside accumulation 
have been investigated. Advances in adventitious root cultures including factors for 
process scale-up are reviewed in this chapter. In addition, biosafety analyses of gin-
seng adventitious roots are also discussed for real application.
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Abbreviations

2, 4-D  2, 4-Dichloraophenoxy acetic acid
DW  Dry weight
FW  Fresh weight
IAA  Indole-3-acetic acidM
IBA  Indole-3-butyric acid
MJ  Methyl jasmonate
MS medium  Murashige and Skoog medium
NAA  a-Naphthalene acetic acid
vvm  Air volume per medium volume per minute

1 Introduction

Ginseng (Panax ginseng C. A. Meyer; family Araliaceae), a valuable medicinal 
plant of oriental region (China, Japan and Korea), has been used as a healing drug 
and health tonic since ancient time [1]. Ginseng has various bioactive effects on 
human health such as antitumor, antineoplastic, antimitogenic and antistress, antiag-
ing, and immunomodulation activities [2]. Recent years have witnessed a tremendous 
resurgence in the interest and use of medicinal plant products and nutraceuticals 
(functional foods), especially in North America [3]. P. ginseng figures prominently 
in sales of botanical products in the United States, which totals about $3 billion 
annually [4]. The major secondary metabolites in ginseng roots are an array of triter-
pene saponins, collectively called ginsenosides [5, 6], which are glycosylated 
derivatives of two major aglycones, panaxadiol and panaxatriol. At present, 30 
ginsenosides have been identified of which the ginsenosides Rb1, Rb2, Rc, Rd, Re, 
Rf, Rg1, and Rg2 (Fig. 1) are considered to be most relevant for pharmacological 
activities [5, 7].

Contents

1 Introduction .......................................................................................................................... 152
1.1 Induction of Adventitious Roots and Establishment of Suspension Cultures ............ 153
1.2 Adventitious Root Cultures in Airlift Bioreactors ...................................................... 154
1.3 Elicitation .................................................................................................................... 159

2 Scale-Up Cultures ................................................................................................................ 165
2.1 Growth Pattern ............................................................................................................ 165
2.2 Effect of Inoculum Density on Growth of Adventitious Roots and  

Accumulation of Ginsenosides in Large Scale Bioreactors ........................................ 166
3 Pilot-Scale Bioreactor Cultures ............................................................................................ 167
4 Processing of Adventitious Roots and Extraction of Ginsenosides ..................................... 168
5 Biosafety Assessment .......................................................................................................... 172
6 Conclusions and Future Perspectives ................................................................................... 174
References .................................................................................................................................. 175



Large Scale Culture of Ginseng Adventitous Roots for Production of Ginsenosides 153

Nowadays, wild ginseng has become extremely scarce and the ginseng supply 
depends almost extensively on field cultivation which is a time-consuming and 
labor-intensive process [8]. It takes 5–7 years from sowing to harvest, during which 
much care is needed since plant growth is susceptible to many environmental factors 
including soil, shade, climate, pathogens and pests. There has been extensive work 
on cell and organ culture for more rapid, stable and efficient production of ginseng 
biomass and ginsenosides, which has resulted in remarkable progress [9]. However, 
large scale and commercial production of ginsenosides through cell cultures were 
hampered by low yield and productivity [9]. In recent years new approaches have 
been developed, e.g., culturing differentiated cells, especially adventitious roots 
[10, 11]. Adventitious root cultures demonstrated the ability of higher accumulation 
of biomass and desired compounds in levels compared to natural roots. Furthermore, 
adventitious roots have a high stability against physical and chemical conditions 
during large-scale cultures. We have been working on suspension cultures of adven-
titious roots of Korean ginseng (P. ginseng C. A. Meyer) in bioreactors during the 
past decade. As a result, various bioprocessing methodologies were successfully 
developed for the production of root biomass and ginsenosides. This review highlights 
advances on adventitious root cultures, ginsenoside production and commercialization 
of P. ginseng C.A. Meyer.

1.1  Induction of Adventitious Roots and Establishment  
of Suspension Cultures

Calli were induced from P. ginseng C. A. Meyer roots, collected from the wild, on 
Murashige and Skoog (MS) semi-solid medium supplemented with 4.52 mM 
2,4-dichlorophenxyacetic acid (2,4-d), 0.46 mM kinetin and 3% sucrose in the dark 

Fig. 1 Structure of ginsenosides in the roots of ginseng
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at 25 °C [12]. Adventitious roots were induced from the calli on MS medium 
supplemented with 24.6 mM indole butyric acid (IBA) and maintained in MS liquid 
medium supplemented with 24.6 mM IBA.

1.2 Adventitious Root Cultures in Airlift Bioreactors

1.2.1 Effect of Growth Regulators on Proliferation of Adventitious Roots

Proliferation of adventitious roots in bioreactors (5 and 20 L capacity airlift biore-
actors; Fig. 2) depends on the growth regulators supplemented to the culture 
medium. Among four growth regulators tested (2, 4-D, IBA, IAA and NAA with 
4.9, 9.8, 14.8, 19.7, 24.6, 34.4, 44.3 and 49.3 mM, respectively), 24.6 mM IBA and 
9.8 mM NAA were found best for lateral root induction and proliferation. Further 
experiments revealed that IBA (24.6 mM; Fig. 3a) was more suitable for the induc-
tion and proliferation of adventitious roots compared to NAA (9.8 mM) since the 
roots on NAA containing medium were thick and developed transversely, which 
resulted in a lower proliferation rate (Fig. 4; [12]). The roots on IBA supplemented 
medium were higher in their fresh and dry biomass (Fig. 3b, c). Higher content of 
total ginsenosides (8.09 ± 0.30 mg g−1 DW) was also obtained in IBA containing 
medium compared to NAA containing medium (6.26 ± 0.45 mg g−1 DW; Table 1).

Fig. 2 Schematic diagram of an air-lift bioreactor: (a) air compressor, (b) air reservoir, (c) air 
cooling device, (d) air filter system, (e) air dryer, (f) air flow meter, (g) membrane filter, (h) glass 
sparger, (i) medium sampling port, (j) vent, (k) pre filter
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Fig. 3a–c Effects of auxins on the number of lateral roots (a), fresh weight of lateral roots (b), and 
dry weight of lateral roots (c), in Panax ginseng cultured for 28 days on MS semi-solid medium
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Fig. 4a–d Morphological aspects of lateral roots developed from adventitious root explants of 
Panax ginseng cultured on MS semi solid or liquid medium supplemented with IBA or NAA. 
a Lateral roots on MS medium supplemented with IBA after 4 weeks of culture. b Lateral roots 
on MS medium supplemented with NAA. c Lateral root tip on MS medium supplemented with 
IBA. d Lateral root tip on MS medium supplemented with NAA. Notice the enlarged cortical cells 
in the root tips formed
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Plant growth regulators are one of the key factors influencing biomass increase 
and secondary metabolite production. For ginseng callus induction and cell 
growth, 2,4-D has been most commonly used. Choi et al. [13, 14] reported that 
2,4-D in the range of 1–5 mg L−1 was essential for cell growth, while 0.1 mg L−1 
was essential for ginsenoside synthesis. In cell suspension cultures of Panax quin-
auefolium, Zhang et al. [15] demonstrated that not only individual growth regula-
tors’ level but also their combination have significant influence on cell growth and 
ginsenoside accumulation. Similar results were also reported from long-term cell 
cultures of P. ginseng [16]. In a large-scale culture process, NAA and kinetin were 
used as growth regulators instead of 2,4-D, perhaps because of health and safety 
concerns about this carcinogen [14, 17]. We have tested various collections of 
mountain ginseng (P. ginseng C. A. Meyer) to induce adventitious roots, which 
suggested that 2,4-D was needed only for callus induction. Induction and prolif-
eration of adventitious roots were conducted on the medium supplemented with 
24.6 mM IBA only.

Table 1 Ginsenoside contents in auxin-induced lateral roots of Panax ginseng

Ginsenoside content (mg g−1 DW)

Auxina

Protopanaxadiol- 
type ginsenosideb

Protopanaxtriol- 
type ginsenosidec Totald

Protopanaxdiol/ 
protopanaxatriol

IBA 4.68 3.41 8.09 ± 0.30 1.37
NAA 3.89 2.37 6.26 ± 0.45 1.64
a24.6 mM IBA or 9.8 mM NAA was added to culture medium
bProtopanaxadiol-type ginsenoside: RB1 +Rb2 + Rc + Rd
cProtopanaxtriol-type ginsenoside: Re +Rf + Rg
dTotal ginsenoside content represents mean ± standard error of three replicates

Table 2 Effect of ammonium/nitrate ratios (NH
4
+/NO

3
−; mM) in medium on growth of ginseng 

adventitious roots and ginsenoside production. The roots were cultured for 5 weeks in 10-L balloon 
type bubble bioreactors containing 5 L MS medium with different concentrations of NH

4
NO

3
/

KNO
3
 (mM)

Concentration of 
NH

4
+/NO

3
− (mM)

Biomass 
(DW g−1)

Growth 
ratioa

Residual 
NO

3
− (mM)

Ginsenosides 
(mg g−1 DW)

Ginsenoside 
yield (mg L−1)

0.0: 18.5 42.3 30.2 1.60 9.89 ± 0.12b 83.6
7.19: 18.5 47.5 33.9 0.39 7.94 ± 0.26 75.4

14.38: 18.5 40.4 28.9 7.02 6.32 ± 0.04 51.1
21.57: 18.5 37.7 37.7 7.69 5.36 ± 0.24 40.4
28.75: 18.5 35.9 25.6 25.61 4.56 ± 0.32 32.7
14.38:  0.0 13.6 9.72 0.50 3.22 ± 0.44 8.76
14.38:  9.4 42.4 30.3 4.50 6.26 ± 0.54 59.5
14.38: 18.8 45.6 32.6 12.49 6.52 ± 0.14 53.1
14.38: 26.2 44.8 32.0 29.01 5.25 ± 0.52 47.0
14.38: 37.6 40.1 28.7 35.05 4.58 ± 0.42 36.8
a Growth ratio was calculated from increase in DW. Values are quotients of DW after culture and 
DW of the inoculum
bMean ± standard error of three replicates
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1.2.2  Effect of Ammonium/Nitrate Ratios on Adventitious Root Growth 
and Ginsenoside Accumulation

Table 2 illustrates the effects of ammonium/nitrate ratios in MS medium on growth 
of adventitious roots and accumulation of ginsenosides in ginseng bioreactor cultures. 
Nitrate rather than ammonium was necessary for both root growth and ginsenoside 
production. A low ammonium concentration combined with a high nitrate concentration 
was favorable to root growth, showing the largest amount of root biomass at an 
ammonium/nitrate ratio of 7.19/18.5. Maximum ginsenoside yield was achieved at a 
ratio of 0 (mM) ammonium to 18.5 (mM) nitrate followed by a ratio of 7.19:18.5. 
When ammonium was used as sole nitrogen source, root biomass and ginsenoside 
content decreased by one third.

Generally lower concentrations of ammonium to nitrate ratios are favorable to plant 
cultures [18]. Similar observations were also reported with cell cultures of P. ginseng 
and P. notoginseng [15, 19]. Increased accumulation of ginsenoside content was 
reported when ammonium nitrogen was reduced and nitrate content increased [15, 20]. 
Based on the previous results including ours, MS medium containing 7.19 mM: 
18.5 mM ammonium and nitrate was found suitable for the production of root biomass 
as well as accumulation of ginsenosides.

1.2.3  Effects of Carbon Source on Adventitious Root Growth  
and Ginsenoside Production

Sucrose is a major carbon and energy source for plant cultures. Carbon consumption 
is directly correlated with biomass accumulation as well as metabolic status of cells 
and organs. To improve cell growth and ginsenoside production, different types and 
concentrations of sugar were tested. Choi et al. [13, 14] found that the optimal sucrose 
concentration for ginseng cell growth was between 40 and 50 g L−1, above which cell 
growth was inhibited. Furuya et al. [21] were able to improve ginseng cell growth by 
supplying 5 g L−1 glucose and 20 g L−1 sucrose at the beginning, and adding another 20 g 
L−1sucrose in 2 weeks of postinoculation in a batch culture process. In adventitious 
root cultures of ginseng, root biomass (fresh and dry weight) increased with raising 
sucrose concentration up to 5% (50 g L−1) (Table 3). Root fresh and dry weights 
decreased with sucrose concentrations higher than 5%. Thus, 5% initial sucrose con-
centration is generally used for bioreactor culture of ginseng adventitious roots.

1.2.4 Culture Conditions

Temperature, light and aeration showed profound influences on cell and organ 
cultures. It was observed that incubation of cultures at 20 °C was most suitable for 
ginseng root growth and ginsenoside accumulation among 10, 15, 20, 25 and 30 °C 
temperature regimes tested (Table 4; [22]). Choi et al. [13] and Furuya [23] dem-
onstrated the stimulatory effect of light conditions on ginseng cell growth and 
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accumulation of ginsenosides. However, such impacts were not clearly observed in 
ginseng adventitious root cultures with respect to light intensity and light quality 
(red, blue and blue plus red range; [10]). The optimal temperature for ginseng 
adventitious root cultures (in bioreactors) was 20 °C for most root lines and dark 
conditions were preferred for simplicity and equipment operation. Table 5 shows 
the influence of aeration rate on ginseng root biomass and ginsenoside production 
[22]. Relatively higher root biomass and ginsenoside contents were obtained when 
aeration rate was increased after a certain period of culture initiation. The incre-
ment of aeration rate during cultivation increased volumetric mass transfer (K

L
a), 

which caused increases in root biomass and ginsenoside content.

1.2.5  Effect of Oxygen, Carbon Dioxide and Ethylene on Adventitious Root 
Growth and Ginsenoside Production

The impact of gaseous components, namely oxygen, carbon dioxide and ethylene, 
was tested on growth of adventitious roots and accumulation of secondary metabo-
lites in airlift bioreactor cultures. The composition of air supplied to the bioreactors 
(0.1 air volume culture volume per min; 400 mL min−1) was the same as atmospheric 
air (N

2
 78%, O

2
 20.8%, Ar 0.9%, CO

2
 0.03%, Ne, He), which was enriched by supplying 

pure oxygen, carbon dioxide and ethylene along with incoming air. The gas varied 

Table 4 Effect of incubation temperature on growth of ginseng adventitious roots and ginseno-
side production. The roots were cultured for 5 weeks in 5-L balloon type bubble bioreactors 
containing 3 L MS medium

Temperature (°C) Fresh weight (g L−1) Dry weight (g L−1) Ginsenosides (mg g−1 DW)

10 11.24 da 7.12 e 4.77 c
15 3,147 c 5.08 c 4.93 b
20 92.28 a 9.53 a 5.46 a
25 74.57 b 7.72 b 4.34 d
30 7.12 e 0.85 e 026 e
a Mean separation by Duncan’s multiple range test at P £ 0.05

Table 3 Effect of sucrose concentration on growth of ginseng adventitious roots and ginsenoside 
production. The roots were cultured for 5 weeks in 5-L balloon type bubble bioreactors containing 
3 L MS medium

Sucrose (%)

Biomass

% DW Growth ratioa

Ginsenoside 
(mg g−1 DW)

Ginsenoside 
yield (mg L−1)FW (g) DW (g)

1 194.7 ± 0.4 14.81 ± 0.11 8.12 15.06a 6.53 ± 0.05b 34.4
2 271.8 ± 5.6 24.19 ± 0.21 8.90 23.04 7.13 ± 0.49 57.5
3 294.7 ± 3.5 26.43 ± 1.01 8.97 15.17 8.01 ± 0.63 70.6
5 346.0 ± 0.7 36.40 ± 0.15 10.52 34.67 10.02 ± 1.33 121.6
7 269.8 ± 8.8 33.19 ± 0.19 12.20 31.67 6.38 ± 1.36 70.6
9 236.7 ± 5.6 32.74 ± 0.62 13.83 31.18 4.98 ± 0.12 54.4
aGrowth ratio was calculated from increase in DW. Values are quotients of DW after cultivation 
and DW of the inoculum 
bMean ± standard error of three replicates
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between 30% and 40% O
2
, 2.5% and 5% CO

2
, 10 and 20 ppm of C

2
H

5
; among those 

40% O
2
 enhanced the accumulation of root biomass and the production of ginseno-

sides. Enhanced levels of carbon dioxide and ethylene were unfavorable to the cultures 
with low ginsenoside production (Fig. 5; [24]).

1.3 Elicitation

Various attempts have been made to increase ginsenoside yield, among which the 
use of methyl jasmonate (MJ) was found most beneficial for ginsenoside productivity 
[25, 26]. Among concentrations of MJ tested (0, 10, 30, 50, 100 and 150 mM), 100 
mM MJ was responsible for enhancing ginsenoside accumulation. However, MJ 
treatments prevented biomass accumulation, inhibiting the root growth (Fig. 6). 
To achieve accumulation of root biomass as well as ginsenosides, two-stage culture 

Fig. 5 Changes of ginsenoside content in ginseng adventitious roots as affected by O
2
, CO

2
 and 

C
2
H

4
 supplied throughout the culture cycle
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Table 5 Effect of aeration rate on growth of ginseng adventitious roots and ginsenoside production. 
The roots were cultured for 5 weeks in 5-L balloon type bubble bioreactors containing 3 L MS 
medium
Aeration rate (vvm) Initial K

L
a (h−1) Dry weight (g L−1) Ginsenoside (mg g−1 DW)

0.05 3.77 12.16 g* 3.98 d
0.1 6.98 13.16 d 4.86 c
0.2 10.84 12.65 e 3.96 d
0.3 12.99 12.40 f 3.13 e
0.05–0.1a 3.77–6.98 13.22 c 4.88 c
0.05–0.2b 3.77–10.84 13.54 a 5.25 a
0.05–0.3c 3.77–12.99 13.50 b 5.20 b
* Mean separation by Duncan’s multiple range test at P £ 0.05 
aAeration rate increased after 20 days of culture 
bAeration rate increased after 15 days of culture 
cAeration rate increased after 10 days of culture
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was adopted by Kim et al. [26]: the adventitious roots were cultured on elicitor-free 
medium for the first 40 days of culture and subsequently elicited with 100 mM MJ 
for another 10 days (Fig. 7). The elicitation led to a sevenfold increase of total 
ginsenosides and differential accumulation of Rb and Rg group ginsenosides compared 
with the control (Table 6). The results indicated that MJ elicitation in two-stage 
culture was useful for enhancing ginsenoside accumulation and manipulating 

Fig. 6a,b Root dry weight and ginsenoside contents (a), and ginsenoside productivity (b) as affected 
by MJ after 40 days of culture in shake flasks containing 300 mL MS medium (without NH

4
NO

3
). 

The values are expressed as means of three replicates with standard deviation. The ginsenoside 
productivity was calculated as: Ginsenoside productivity (mg L−1 per day) =total ginsenoside content 
(mg g−1) × dry weight of harvested roots (g) per volume of culture medium (L) per culture day (d)
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Rb and Rg group ginsenosides as well. The results are also very interesting in view 
of the ginsenosides heterogeneity manipulation, which is a very significant issue for 
application [27].

Effects of methyl jasmonate (MJ) and salicylic acid (SA) on the antioxidative 
defense mechanism in ginseng adventitious root cultures were studied by Ali et al. 
[28]. Single treatment of 200 mM MJ and SA decreased the biomass compared to 

Fig. 7a,b Changes of root dry weight and ginsenoside content (a) and ginsenoside productivity 
(b) during 40 days of culture period (without MJ treatment) and during 14 days of elicitation 
period (with 100 mM MJ treatment) in 5-L bioreactors containing 4 L MS medium (without 
NH

4
NO

3
). Open symbols (square, triangle, circle) represent root dry weight, ginsenoside content, 

and ginsenoside productivity without elicitation, respectively. Filled symbols (square, triangle, 
circle) represent root dry weight, ginsenoside content, and ginsenoside productivity with elicitation 
(100 mM MJ). Arrows indicate the time of MJ treatment
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the control. However, both treatments resulted in higher production of ginsenosides 
in all culture period compared to the control (Fig. 8). Activity of superoxide dismutase 
(SOD) was inhibited in MJ treated roots, while the activities of monohydroascor-
bate reductase (MDHAR), dehyroascorbate reductase (DHAR), SOD, guaiacol 
peroxidase (G-POD), glutathione perodxidase (GPx) and glutathione reductase 
(GR) were induced in SA-treated roots. Decrease in the activity of catalase (CAT) 
was observed in both MJ- and SA-treated roots. Activities of ascorbate peroxidase 
(ASC), redox state (ASC/(ASC+DHA) and total glutathione were higher in SA- 
than MJ-treated roots while oxidized ascarbate (DHA) decreased in both cases. 
The results suggest that the roots are protected against the oxidative stress, thus 
mitigating MJ and SA stress.

Ali et al. [29] studied effect of copper (Cu++) stress on the growth, oxidative 
metabolism and ginsenoside production in ginseng root cultures. Cu (0, 0.5, 
10.0, 25.0 and 50.0 mM) was used to treat the root cultures for 20 and 40 days 
of culture. High amounts of Cu were accumulated in a concentration-dependent 
and duration dependent manner (Table 7). Roots treated with 50 mM Cu resulted 
in 52 and 89% growth inhibition after 20 and 40 days, respectively. Ginsenoside 
synthesis was stimulated at a Cu concentration between 5 and 25 mM but 
decreased at 50 mM Cu (Table 8). Malaondialdehyde (MDA), lipoxigenase activity, 

Fig. 8a,b Effects of methyl jasmonate and salicylic acid on root dry weight (a) and ginsenoside 
production (b) in P. ginseng adventitious roots. Values means ± SE (n=3). Different letters in 
different bars differ significantly from the control according to DMRT test, aP<0.01, bP<0.05
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superoxide ion (O
2

−) accumulation, and hydrogen peroxide content did not 
increase at 5 and 10 mM Cu treated roots but strongly increased at 50 mM Cu, 
which resulted in the oxidation of ascorbate, glutathione to dehyroascorbate and 
glutathione disulfide, respectively, indicating oxidative stress. Glutothione 
metabolism enzymes such as g-glutamylcytosine synthase, glutathione-S-transferase 
and glutathione peroxidase activities were activated at 5 and 10 mM Cu but were 
strongly inhibited at 50 mM Cu due to the accumulation of Cu in the root tissue. 
These results suggest that ginseng roots can grow under Cu stress (5–25 mM) by 
modulating the antioxidant defense mechanism and Cu stress is useful for 
enhancing ginsenoside content in ginseng suspension cultures.

Table 7 Effect of Cu treatment (for 20 and 40 days) on growth of ginseng adventitious roots and 
metal uptake after 40 days of bioreactor cultures

Copper (mM)

20 days 40 days

Dry weight (g−1)
Metal uptake  
(mg g−1 DW) Dry weight (g−1)

Metal uptake  
(mg g−1 DW)

Control 2.3 a (0.06) 14.00 a (0.89) 8.0 a (0.14) 21.32 a (0.80)
5 2.2 a (0.19) 53.04 b (3.47) 7.3 a (0.13) 67.97 b (2.36)
10 2.1 a (0.12) 63.20 c (3.80) 7.9 a (0.17) 85.12 c (3.50)
25 1.9 a (0.16) 118.6 d (7.63) 6.8 a (0.16) 128.3 d (3.50)
50 1.1 b (0.14) 473.6 e (9.24) 0.88 b (0.13) 577.8 c (19.1)

The values in parenthesis indicate standard error of three separate experiments. Means followed 
by the same letter were not significantly different at P <0.05

Table 8 Effect of Cu treatment (for 20 and 40 days) on accumulation of ginsenosides in ginseng 
adventitious roots after 40 days of bioreactor cultures

Copper (mM)

Ginsenoside content (mg g−1 DW)

Rg1 Rb Rc Rd Total

20 days
Control 1.46 c (0.017) 0.69 b (0.003) 0.12 c (0.002) 0.40 b (0.008) 2.68 c (0.023)
5 1.55 c (0.016) 0.61 b (0.001 0.11 c (0.003) 0.56 a (0.004) 2.84 b (0.019)
10 1.83 b (0.016) 0.36 c (0.03) 0.15 b (0.003) 0.60 a (0.013) 2.96 b (0.022)
25 2.25 a (0.016) 1.04 a (0.002) 0.22 a (0.002) 0.59 a (0.008) 4.10 a (0.015)
50 1.24 d (0.013) 0.97 a (0.001) 0.11 c (0.004) 0.25 c (0.008) 2.58 c (0.009)

40 days
Control 1.41 c (0.005) 0.75 b (0.003) 0.11 a (0.002) 0.63 a (0.005) 2.91 b (0.011)
5 1.88 c (0.005) 0.50 c (0.001) 0.08 a (0.003) 0.21 c (0.005) 2.68 c (0.069)
10 2.01 c (0.010) 0.91 a (0.004) 0.11 a (0.004) 0.37 b (0.003) 3.41 a (0.014)
25 2.13 c (0.007) 0.84 a (0.005) 0.12 a (0.004) 0.80 a (0.003) 3.90 a (0.017)
50 1.17 c (0.008) 0.89 a (0.003) 0.09 a (0.003) 0.21 c (0.005) 2.37 d (0.018)

The values in parenthesis indicate standard error of three separate experiments. Means followed 
by the same letter were not significantly different at P <0.05
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2 Scale-Up Cultures

2.1 Growth Pattern

The accumulation of root biomass and ginsenosides in 5- and 20-L bioreactors 
followed a typical growth pattern (Fig. 9). Maximum biomass production was 500 g 
fresh weight in a 5-L bioreactor with 60 g of inoculum and 2.2 kg fresh weight in 
a 20-L bioreactor with 240 g inoculum, respectively, in 6 weeks of culture. The yield 
of ginsenosides increased until root growth reached the exponential growth phase 
(after 30 days) and decreased thereafter (Fig. 9).

Scale-up cultures of ginseng adventitious roots have been reported [20, 22, 30, 31] 
and the results demonstrated that the root growth and ginsenoside accumulation 
were similar in 100-L, 300-L and 500-L airlift bioreactors. Root biomass sharply 
increased with root-cutting (4 and 6 weeks after culture, i.e., one-time cut after 4 
weeks of culture and two-times cut after 4 and 6 weeks, respectively; Fig. 10) during 
the growth period. Root fresh weight reached 2.8 kg after 8 weeks of culture in a 
20-L airlift bioreactor. In large-scale airlift bioreactors root-cutting increased root 
proliferation, showing 50% increase in fresh weight at the time of harvest (Table 9). 
The results indicate that the root-cutting is responsible for maximum biomass 
increment (150-fold) compared to the control.

Fig. 9a,b Time course of adventitious root growth (filled circles) and total ginsenoside content 
(open circles) in Panax ginseng in 5-L (a) and 20-L (b) bioreactors. Each point represents mean 
of three replicates from two separate trials. Bars represent standard deviation
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2.2  Effect of Inoculum Density on Growth  
of Adventitious Roots and Accumulation  
of Ginsenosides in Large Scale Bioreactors

Kim [31] investigated the effect of inoculum density (in the range of 0.2–0.5% per 
culture volume) in small-scale (5- and 20-L bioreactors) and large-scale cultures 
(500 L and 1,000 L working volume). The results revealed that 0.5% inoculum was 
suitable for both biomass accumulation and ginsenoside production in 5-L and 
20-L bioreactors; whereas 0.4% inoculum was suitable for 500-L and 1,000-L bio-
reactor cultures (Table 10). Previous results indicated a decrease in productivity 
during scale up [32, 33], but no decrease was shown in biomass and ginsenoside 
productivity in our case (Fig. 11), which can be regarded as one of few successful 
plant cell/tissue culture scale-up examples (e.g., [34]).

Fig. 10a,b Time course of adventitious root growth (filled circles) and total ginsenoside produc-
tion (open circles) in Panax ginseng in a 20-L airlift bioreactor as affected by one time root-cutting 
(a) and two times cutting (b). Arrows indicate the time of root-cutting. Each point represents the 
mean of three replicates from two separate trails. Bars represent standard deviation
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Table 9 Effect of root-cutting on root growth and ginsenoside content in large-scale ginseng culturea

Working 
volume (l)

Without cutting With cutting

Fresh weight (kg)
Total ginsenoside 
(mg g−1 DW) Fresh weight (kg)

Total ginsenoside 
(mg g−1 DW)

100 10.8 ± 0.5 7.5 ± 0.7 14.5 ± 0.7 7.7 ± 0.6
200 31.8 ± 0.9 7.3 ± 0.8 45.2 ± 1.5 7.1 ± 1.2
300 52.7 ± 1.2 7.2 ± 0.6 74.8 ± 3.4 7.0 ± 1.5
a Root cutting was performed using a top motor driven blade at 4 weeks after inoculation. Data 
were collected after 8 weeks of culture and values represent mean ± stranded deviation
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To improve the productivity of biomass and secondary metabolites, draw-fill [35] 
and fed-batch [36] have been suggested in earlier reports. In ginseng adventitious 
root cultures, a medium replenishment (medium exchange) method was applied 
[22]: replenishment of 0.75 strength fresh MS medium after 20 days of culture 
yielded 27.5% increase in dry biomass (28.7 g L−1) and 8.3% increase in ginsenoside 
content (4.92 mg g−1DW; Table 11), suggesting that the medium replenishment was 
beneficial for improving root biomass and ginsenoside accumulation.

3 Pilot-Scale Bioreactor Cultures

After the establishment of a large-scale bioreactor system for ginseng adventitious 
root cultures, a pilot scale bioreactor (10,000 L capacity) was developed by CBN 
Biotech Company, South Korea (http://www.cbnbiotech.com). Bioreactors and 
accessory system were constructed by Kihenung Plant Co. Ltd., South Korea. 
In pilot-scale bioreactors, steam sterilization is required at 125 °C and 1.5 atmos-
pheres for 50 min [22]. The root growth pattern in the pilot-scale bioreactor was the 
same as that in small scale bioreactors. In addition, a two-stage culture system is suggested: 
to maximize both root biomass and secondary metabolite contents; in the first stage 
the adventitious roots are cultured under optimal culture conditions for biomass 
accumulation followed by physical and chemical elicitations for secondary metabolite 
accumulation. An average production of ginseng adventitious root biomass is 45 
tons (FW) per year on the pilot scale (Fig. 12).

Table 10 Effect of inoculum density on biomass accumulation of adventitious roots and ginse-
noside accumulation in different working volume of airlift bioreactors

Working  
volume (L)

Inoculum density  
(g FW) Dry weight (g L−1)

Ginsenoside accumulation 
(mg g−1 DW)a

4 10 (0.25%)b 7 ± 0.4 38 ± 0.3
20 (0.5%) 7 ± 0.2 42 ± 0.9
40 (1.0%) 6 ± 0.2 43 ± 5.4

15 50 (0.25%) 10 ± 0.1 31 ± 1.6
75 (0.5%) 13 ± 0.3 33 ± 2.1
150 (1.0%) 12 ± 0.2 34 ± 2.4

500 1,000 (0.2%) 4 ± 0.3 40 ± 2.1
2,000 (0.4%) 7 ± 0.2 45 ± 4.5
3,000 (0.6%) 8 ± 0.2 38 ± 6.3

1,000 2,000 (0.2%) 7 ± 0.4 34 ± 4.7
3,000 (0.3%) 9 ± 0.6 35 ± 4.5
4,000 (0.4%) 9 ± 0.5 42 ± 5.5
5,000 (0.5%) 9 ± 0.3 40 ± 3.8

a These values were obtained from roots treated by 100 mM methyl jasmonate for last 8 days of culture
bThese values in parenthesis present the % of inoculum density per culture volume
All values represent mean ± standard deviation with three trials
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4  Processing of Adventitious Roots and Extraction  
of Ginsenosides

Processing (drying) is one of the most important steps in the production and com-
mercialization of the adventitious root. The roots have to be dried to low moisture 
content (5–10%) so that the raw material can be stored and used as various health 
and pharmaceutical products. A method for the processing was developed by Kim 
et al. [37] who adopted forced air drying methodology. The effect of various 
temperature (30, 50 and 70 °C) and duration of treatment (1, 3, 5, 10 and 20 h) on 

Fig. 11 Effect of inoculum density on ginsenoside productivity in large-scale cultures (a) and 
pilot-scale cultures (b) of P. ginseng adventitious roots. Symbols represent ginsenoside productivity 
in 4-L cultures (filled circles), in 15-L cultures (open circles), in 500-L cultures (filled squares), 
and in 1,000-L cultures (open squares)
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the concentration of bioactive components was verified. Desirable moisture content 
(3.13 g water/dry matter, i.e., 10% moisture; Fig. 13) was achieved by drying at 50 
°C for 10 h, in which the dried roots also possessed the highest amount of ginseno-
sides (1.5 mg g−1 DW triols, 15.9 mg g−1 DW diols and 17.4 mg g−1 DW of total 
ginsenosides; Table 12). Kim et al. [37] also processed the ginseng roots by forced 

Table 11 Effect of medium replenishment on root biomass and ginsenoside production after 50 
days of ginseng adventitious root culture in 5-L balloon type bubble bioreactors containing 4 L of 
1.5 strength MS mediuma

Strength of medium and replenishment 
schedule Dry weight (g−1 L) Ginsenoside content (mg g−1 DW)

Control 16.32 ± 0.54a 4.17 ± 0.14
Replenishment after 10 days
0.75 MS 23.49 ± 0.79 4.01 ± 0.16
1.0 MS 24.72 ± 0.51 4.27 ± 0.21
Replenishment after 20 days
0.75 MS 24.03 ± 0.50 4.94 ± 0.17
0.75 MS 28.66 ± 0.70 4.92 ± 0.15
aValues are the mean and standard error of three replicates

Table 12 Effect of drying temperature and duration of treatment on ginsenoside contents in 
ginseng adventitious roots

Forced air drying Ginsenosides (mg g−1 DW)

Temp. (°C) Duration (h) Triola Diolb Total

Control 2.0 ac 11.2 d 13.2 cd

30 1 1.7 a 12.9 abcd 14.6 abcd
3 1.6 a 12.7 abcd 14.3 abcd
5 1.7 a 12.7 abcd 14.4 abcd

10 1.7 a 11.7 cd 13.3 cd
20 1.8 a 15.5 ab 17.3 ab

50 1 1.5 a 12.0 bcd 13.5 abcd
3 1.8 a 11.5 d 13.2 cd
5 1.9 a 11.7 cd 13.6 abcd

10 1.5 a 15.9 a 17.4 a
20 1.6 a 15.2 abc 16.8 abc

70 1 1.8 a 11.9 bcd 13.7 abcd
3 1.5 a 10.9 d 12.4 e
5 1.7 a 11.7 cd 13.4 bcd

10 1.8 a 11.3 bcd 13.1 bcd
20 1.6 a 11.3 d 12.9 d

Significanced

Drying temperature (A) NS * *
Drying time (B) NS NS NS
A × B NS NS NS
aTriol contents=Re + Rf + Rg1 + Rg2 + Rh1 + Rh2
bDiol contents=Rb1 + Rb2 + Rb3 + Rc + Rd + Rg3
cMean separation within columns by Duncan multiple range test at 5% level
dNS, * are non significant or significant at P£0.05, respectively
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Fig. 13 Changes of the moisture content in Panax ginseng adventitious roots as affected by drying 
temperature (filled diamonds – 30 °C; filled square – 50 °C; filled triangle – 70 °C) and duration 
of treatment. Vertical bars represent standard deviation from the mean values
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Fig. 12 Production of Panax ginseng adventitious roots in 10-ton scale bioreactors
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air drying, far infrared drying and freeze drying methods, which revealed that the 
forced air drying method was superior to the other two methods (Table 13).

Extraction is another important step for the recovery of bioactive compounds 
from plant raw materials. Extraction technologies must be versatile, relatively simple 
and safe for operating personnel and consumers. A heat reflux method was applied 
for the extraction of ginsenosides from powdered roots of ginseng [38]. Four 
extraction variables, i.e., type, concentration of solvent (water, 10, 30, 50, 70 and 
100% ethanol), extraction temperature (40, 60 and 80 °C) and duration (2, 4, 6 and 
8 h) were compared. Results revealed that the yield of ginsenosides showed no 
obvious increase with extraction time (2–8 h) but temperature had a profound influence 
on extraction of active ingredients from the samples. Treatment of samples with 
70% ethanol at 80 °C for 6 h was found suitable for the extraction of ginsenosides, 
phenolics and polysaccharides. Ultrasonic extraction and microwave extraction were 
also tested and compared with heat reflux extraction method. Ultrasonic and micro-
wave extraction methods were inferior to conventional heat reflux extraction with 
less amount of total ginsenosides, while heat reflux extraction yielded higher 
amount of crude saponins, total ginsenosides (panxatriols plus panaxadiols), and 
phenolics (Table 14). The extract obtained from the heat reflux also scavenged 
highest percentage DPPH radicals compared to the extracts from other treatments.

Table 13 Effect of drying methods and duration of treatment on ginsenoside contents in ginseng 
adventitious roots

Forced air drying Ginsenosides (mg g−1 DW)

Temp. (°C) Duration (h) Triola Diolb Total

Forced air drying (50 °C) 10 1.5 ac 15.9 a 17.4 a

Far infrared drying (50 °C) 0.5 1.4 a 11.8 bc 13.4 b
1 1.6 a 11.6 bc 13.2 b
3 1.5 a 9.3 cd 10.8 bc
5 1.6 a 10.5 b 12.2 bc
10 1.4 a 12.4 b 13.8 b
20 1.4 a 11.2 bc 12.8 b

Freeze drying (−70 °C) 0.5 1.9 a 5.5 ef 7.4 d
1 1.9 a 4.9 ef 6.8 d
3 1.7 a 4.6 f 6.3 d
5 1.9 a 4.7 f 6.6 d
10 1.8 a 7.6 de 9.4 d
20 1.9 a 11.8 bc 13.7 b

Significanced

Drying temperature (A) ** *** ***
Drying time (B) NS ** **
A × B NS * * 
aTriol contents=Re + Rf + Rg1 + Rg2 + Rh1 + Rh2
bDiol contents=Rb1 + Rb2 + Rb3 + Rc + Rd + Rg3
cMean separation within columns by Duncan multiple range test at 5% level
dNS, *, **, *** are non-significant or significant at P£0.05, 0.01 and 0.01 respectively
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Table 14 Effect of extraction methods on ginsenoside, phenolic and polysaccharide contents and 
radical scavenging activity on DPPH in the extract of ginseng adventitious roots

Extraction method  
and duration

Amount (mg g−1 DW)
Radical 
scavenging 
activity on 
DPPH (%)

Crude  
ginsenoside 
content (%)

Ginsenosides

Triol Diol Total Phenolics
Polysac 
charides

Heat reflux  
extraction 6 h

1.8 ba 16.8 a 18.6 a 8.4 a 116.8 b 37.7 a 5.9 a

Ultrasonic 
extraction

30 min 1.3 c 9.9 cd 11.2 cd 5.9 c 125.5 ab 18.1 c 4.6 bc
1 h 1.3 c 11.7 bc 13.0 bc 6.1 c 128.2 a 18.6 c 4.6 bc
2 h 1.4 bc 12.3 b 13.7 b 7.1 b 120.4 abc 23.3 b 5.3 b
4 h 1.0 c 13.4 b 14.5 b 7.0 b 106.3 c 36.5 a 4.1 c

Microwave 1 min 1.2 c 4.7 fgh 5.9 gh 4.9 d 102.1 ef 12.8 d 2.0 f
3 min 0.9 c 6.9 ef 7.9 efg 5.2 cd 112.1 b 12.8 d 3.0 de
5 min 2.8 a 5.9 fg 8.7 ef 5.5 cd 107.5 c 13.0 d 3.6 d
10 min 1.1 c 8.6 de 9.8 de 5.8 c 95.8 d 12.8 d 4.0 cd

Significance
Extraction method (A) ** *** ** *** *** *** ***
Extraction time (B) *** * NS *** *** NS **
A × B *** ** * *** NS * *

[AU9]

NS, *, **, *** are non-significant as P<0.05, 0.01 and 0.01, respectivelyaMean separation within 
columns by Duncan’s multiple range test at 5% level

Table 15 In vitro reverse mutation test of powdered ginseng adventitious roots treated with 
S. typhimurium and E. coli without S-9 mix

Dose (mg/mL)

Number of revertans/plate (Mean ± S.D., n=3)

Base pair substitution type Frame-shift

TA 100 TA 1535 WP2uvrA− TA 98 TA1537

0 116 ± 6 9 ± 3 34 ± 4 45 ± 2 8 ± 1
312.5 117 ± 17 10 ± 1 28 ± 3 51 ± 7 6 ± 2
625 120 ± 8 10 ± 2 29 ± 5 49 ± 8 7 ± 1
1,250 107 ± 12 12 ± 2 30 ± 9 50 ± 3 8 ± 2
2,500 123 ± 10 10 ± 1 24 ± 3 48 ± 3 8 ± 1
5,000 106 ± 12 11 ± 2 27 ± 5 42 ± 4 7 ± 1
Positive control 489 ± 25 241 ± 10 265 ± 5 417 ± 15 286 ± 14
Strain Positive control Concentration
TA 100 2-Aminoflurene (AP-2) 0.01 mg per plate
TA 1535 Sodium azide (SA) 1.0 mg per plate
WP2uvrA 2-Aminoflurene (AP-2) 0.01 mg per plate
TA98 2-Aminoflurene (AP-2) 0.1 mg per plate
TA 1537 p-Aminoanthracene (9AA) 80 mg per plate

5 Biosafety Assessment

Biosafety tests of powdered ginseng adventitious roots were carried out, which is 
very important for application [39]. The reverse mutation (Table 15), chromosomal 
aberrations (Table 16) and micronucleus test (Table 17) did not reveal any 



Large Scale Culture of Ginseng Adventitous Roots for Production of Ginsenosides 173

 significant mutagenicity [40]. Furthermore, 13 weeks of repeated dose toxicity of 
the powdered roots (oral doses from 300 to 900 mg kg−1 diet) did not produce mor-
tality or significant changes in the general behavior and gross appearance of inter-
nal organs in rats and beagle dogs. These results showed that ginseng adventitious 
roots are safe and nontoxic at average dietary levels. With the above results, ginseng 
adventitious roots were approved as a food by the Korean Food Drug Association 
(KFDA) in April, 2003. Since then, ginseng adventitious roots have been manufac-
tured into various health products, which are available in the market as of 2007.

Table 16 Chromosome aberration test of powdered ginseng adventitious roots treated to CHL cells

S-9 mix Test itema Dose (mg/mL)
Chromosome aberration per 100 
metaphase cells (Mean ± S.D.)

S-9 mid (−) 6 + 18 h CMC 0 1.5 ± 0.7
Powdered adventi-

tious roots
150 1.5 ± 0.0
300 1.0 ± 0.4
600 0.5 ± 0.1

MMC 0.05 26.5 ± 2.1
S-9 mix (+) 6 + 18 h CMC 0 1.0 ± 0.0

Powdered adventi-
tious roots

150 1.5 ± 0.7
300 2.0 ± 0.0
600 1.0 ± 0.0

B(a)P 20 28.5 ± 0.7
S-9 mid (−) 24 + 0 h CMC 0 0.5 ± 0.1

Powdered adventi-
tious roots

150 1.0 ± 0.0
300 1.5 ± 0.7
600 1.0 ± 0.0

MMC 0.05 36.0 ± 2.8
S-9 mid (−) 48 + 0 h CMC 0 0.0 ± 0.0

Powdered adventi-
tious roots

150 1.0 ± 0.0
300 1.0 ± 0.4
600 0.5 ± 0.2

MMC 0.05 27.5 ± 2.1
aCMC Carobxymethylcellulose sodium salt; MMC Mitomycin C; B(a)P Benzo(a)pyrene

Table 17 Micronulceus test of powdered adventitious roots treated to male ICR mice

Test items Groups
Dose 
(mg/kg) Route

Animal 
number

Sampling 
time (h)

PCE/
(PCE+NCE)a 
(Mean ± S.D.)

MNPCEa/1000PCE 
(Mean ± S.D.)

Saline G1 0 PO 6 48 0.483 ± 0.021 0.83 ± 0.41
Powdered 

adventi-
tious 
roots

G2 500 PO 6 48 0.492 ± 0.016 0.67 ± 0.26
G3 1,000 PO 6 48 0.485 ± 0.019 0.75 ± 0.42
G4 2,000 PO 6 48 0.495 ± 0.014 0.92 ± 0.38

MMC G5 2 IP 6 24 0.493 ± 0.06 84.50 ± 6.86*

* Significantly different from mice treated with vehicle (p<0.01, by Chi-square test)
aMNPCE Micronulceated erythrocyte; PCE Polychromatic erythrocyte; NCE Normochromatic 
erythrocyte
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6 Conclusions and Future Perspectives

Extensive research work has been carried out on ginseng cell and tissue cultures, 
such as optimization of culture medium, physical conditions and strategies to 
improve flask and large scale cultures. The work also included maximizing biomass 
yield and ginsenoside contents. Ginseng adventitious root culture has been evolved 
as an alternative to cell culture, which has the advantages of higher biomass accu-
mulation and ginsenoside production. For commercialization of ginseng adventi-
tious roots, large-scale cultures have been achieved using airlift bioreactors by 
determining various factors affecting the production of root biomass and ginseno-
sides [10, 11, 30]. Elicitation of cultures with methyl jasmonates enhanced total 
ginsenoside content up to 6–8% compared to conventional cultures. Based on the 
newly developed technologies, pilot-scale (10-ton) bioreactors were established in 
CBN Biotech Company in 2002. An average production of ginseng adventitious 
roots is 45 tons (FW) per year from four 10-ton pilot-scale bioreactors. Ginseng 
adventitious roots have been manufactured into various health products, which are 
available in the market.

In addition to the production of ginseng biomass and ginsenosides, other oppor-
tunities still exist for the utilization of adventitious root cultures for the production 
of valuable ingredients such as polysaccharides, biophenols, polyacetylenes, pepti-
doglycans and various ubiquitous compounds such as fatty acids, alcohols and 
vitamins. In the light of current success, future research should be focused on devel-
opment of new bioreactor culture processes such as continuous culture, process 
monitoring, modeling and control which may be useful for further reducing the 
production cost.

A current major problem is that the adventitious roots produced in the bioreactor 
should be processed into products immediately in order to avoid deterioration. The 
deterioration of fresh ginseng is generally associated with a decline in hardness 
with browning and mold decay. Post-harvest storage of fresh ginseng adventitious 
roots has become a major concern for regulation of supply and demand for extending 
processing period. Therefore, approaches should be developed for extending storage 
life of fresh ginseng by modifying atmosphere packaging and storage. Future 
research should also be focused on developing efficient processing methods for 
extraction of ginsenosides. Furthermore, commercialization of tissue cultured gin-
seng products needs to remove psychological barriers of consumers. Adventitious 
roots are as natural as field cultivated roots which are grown in disease-free and 
pesticide-free environments. Furthermore, our tests indicated that the roots are safe 
for use by humans.
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1 Introduction

The earliest commercial application of animal cell culture started more than four 
decades ago, mainly in the production of human and veterinary vaccines, which 
accelerated the design of large-scale bioprocesses for mammalian cells [1]. With 
the advent of recombinant DNA and cell infusion technologies in the 1970s, it 
became possible to produce recombinant proteins and monoclonal antibodies as 
well as natural biologicals with genetically-engineered transformed cells or hybri-
domas which are anchorage-dependent or anchorage-independent. Since then, there 
has been a dramatic increase in the number of animal cell products and a rapid 
development of large-scale animal cell culture technology. With the develop-
ment of new technologies in mammalian cell culture and the increasing demand on 
protein drugs, recombinant protein drugs produced by mammalian cell culture have 
evoked worldwide attention .

More and more protein products from animal cell culture have been put on the 
market in the last two decades. Nowadays, more than 200 kinds of biological 
products are produced in China ranging from preventive vaccines, as the majority, 
to therapeutic and diagnostic products. About 800–900 million doses of vaccines 
are administered annually for the purpose of prophylaxis. Biologicals have played 
a critical role in the prevention of infectious diseases. Although great progress has 
been made in the field of biological products, China is adopting vigorous measures 
to strengthen basic research and improve commercial applications of original new 
products. Large-scale animal cell culture has become one of the key technologies 
in the pharmaceutical industry.

The expression of recombinant therapeutics is complex and usually requires the 
post-translational modification machinery only available in eukaryotic cells. Also, 
from the perspective of immunogenicity and glycosylation of the therapeutics, 
animal cell culture becomes a more preferable choice for the production of the 
recombinant proteins. Mammalian cell lines such as Chinese hamster ovary (CHO), 
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baby hamster kidney (BHK), human embryonic kidney (HEK-293), hybridoma 
and NS0 (murine myeloma) cells, have been widely used for the production of bio-
logical therapeutics.

In recent years, the expression level for heterologous genes in animal cells has been 
greatly improved, and recombinant antibody production has reached 5 g L−1 and more 
in CHO cell culture [2]. However, further improvement in protein productivity is 
expected, especially in some non-antibody proteins such as hepatitis B surface antigen, 
factor VIII, human chorionic gonadotropin, and so on. The researchers in the area continue 
to pay comprehensive attention to the strategies to improve the heterologous gene 
expression level in recombinant animal cells. There are many factors which influ-
ence the heterologous gene expression in recombinant animal cells. The most crucial one 
is the employment of metabolism regulation, which can modify the metabolic pathways 
and the overall cellular physiology to improve cell growth and the heterologous genes 
expression. Meantime, some additives have been found capable of stimulating the 
expression of heterologous genes. For biological safety reasons, serum-free or protein-free 
media have been more preferable in the animal cell culture. Therefore, some new recom-
binant proteins, plant-derived peptides and synthetic oligopeptides have been used to 
substitute the serum and animal-derived proteins to develop and optimize the media.

In order to reach a high cell density, many commercial bioreactors operated in 
fed-batch or draw-and-fill mode have been designed. The physical parameters, such 
as pH, pO

2
, pCO

2
, temperature, and redox, have been investigated and controlled 

for the high cell density and protein production in the bioreactor.
From different view angles, all the factors can be divided into three levels: (1) 

molecular level regulation, including DNA replication, mRNA transcription, 
protein translation and the post-translational processing and modification – all 
these factors affect the protein expression individually or synergistically; (2) cellular 
regulation, such as glucose and amino acids metabolism, lactate and ammonia 
accumulation, which will disturb the gene expression and physiology of the cells 
cultured in the bioreactor; (3) process optimization in bioreactor, namely problems 
with the aeration-agitation, oxygen and nutrients transferring, agitation and shear.

Some high value proteins and vaccines for medical and veterinary applications 
by animal cell culture have an increasing market in China. In order to meet the demands 
of large-scale productions of proteins and vaccines, animal cell culture technology 
has been widely developed. Although animal cell technology has made great 
achievements in China, a lot of basic research has to be done around the improvement 
of specific cell growth and product production. In this chapter, the main advances 
in metabolic regulation of cell and expression improvement of protein in animal 
cell culture in recent years in China are introduced.

2 Metabolic Regulation in Animal Cell Culture

Metabolic regulation means the organisms coordinate its metabolic system and 
pathways to yield metabolic products under normal conditions by it own regulation. 
The organisms have formed numerous perfect metabolic regulation mechanisms 
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during a long evolution to make sure that all the complicated biochemical reactions 
occur in an orderly way and give rapid responses to the environmental changes. 
Under the metabolic regulation, the energy utilization is economic and materials that 
are essential for cell growth and propagation are just synthesized according to needs. 
There is no redundancy. Therefore, in order to promote cell growth and product 
formation and decrease metabolic repressors, changing the inside metabolism path-
way by metabolic engineering methods will be an efficient strategy, and regulating 
cellular metabolism by changing culture conditions is another approach and is used 
more regularly in industrial practice. In this part, the latter is more focused on. At 
present, glucose and glutamine are the major energy sources for animal cell culture 
in vitro. Glucose is the most important material for cell culture as both energy and 
carbon source. The other one is glutamine which can be utilized as energy source by 
cell, especially when glucose is deficient. Meanwhile, glucose metabolism and 
glutamine metabolism are closely interacted with each other. Just for their important 
status in cell culture, the glucose and glutamine metabolic regulation in cell culture 
have been extensively investigated, and quantitative and intensive studies on the 
association of glucose and glutamine metabolic regulation with animal cell growth 
and product formation were reported. Besides, the influences of some metabolic 
by-products, including lactate, ammonia and alanine, were thoroughly investigated 
in animal cell culture.

2.1 Medium Optimization

For the large-scale production of recombinant protein, culture conditions should be 
optimized to support high density growth of animal cell. The nutritional require-
ments of cells are very important. Among the nutritional constituents of a cell 
medium, glucose and glutamine are of central importance.

Generally, both glucose and glutamine are important energy sources in animal cell 
cultures. As one of the major carbon and energy sources in animal cell culture, glucose 
is utilized either through the pentose phosphate pathway to provide nucleotides and 
reducing power for biosynthesis, or through the glycolysis pathway and the sub-
sequent tricarboxylic acids cycle to provide metabolic intermediates and energy for 
the growth and survival of cell. Glutamine is a major source of energy, carbon, and 
nitrogen for in vitro culture of animal cells. However, lactate and ammonia, as the 
major waste products of glucose and glutamine metabolism in animal cell culture, 
have an inhibitory effect on cell growth and need be controlled at a low level.

Until now, many strategies have been used to decrease the concentrations of lactate 
and ammonia in cell culture. For example, glutamate could be substituted for 
glutamine by the co-expression of glutamine synthetase in animal cell to decrease the 
production of ammonia [3], and the glucose concentration could be controlled at a 
low level in the bioreactor to decrease the production rate of lactate [4]. Moreover, the 
intracellular metabolism of animal cell in glutamate-based or low-glucose medium has 
also been investigated, and it will surely help us to further optimize the medium.
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2.1.1 Glucose Metabolism

The control of glucose concentration in medium at optimal level to limit lactate 
formation is critical for achieving high cell density and product yield. There are two 
main ways to optimize the medium for reducing byproducts accumulation. One is 
to lower the available concentration of glucose in the medium to regulate its metabolic 
flux in cell [5, 6]. This way has been extensively used in the large-scale culture of 
animal cells, and proved to be very effective to decrease lactate accumulation. The other 
way is to using the nutrients (such as galactose [7] and fructose [8]) at slow 
metabolic rates instead of glucose to decrease lactate accumulation. However, it is 
useful only for some kinds of cells since not all of the cells can use fructose or 
galactose. Besides, cells may need a very long period to adapt to the new substitution, 
which makes this way not always the best choice. As to be expected, there are other 
ways to optimize the medium for regulating glucose metabolism from aspects such 
as temperature, growth factor, vector, culture method, and so on.

Generally, the optimization of animal cell culture mainly relies on the knowledge 
of the metabolism of cultured cell line. Kinetic modeling is a good way for a better 
understanding of cell physiology and metabolism and for process control to optimize 
cell culture further. Zhou et al. [9] proposed a macrokinetic model to simulate the 
growth and metabolism of myeloma cells in batch and fed-batch cultures. In this 
model, the specific glycolysis rate was regarded as the key variable to induce the 
metabolic shift. During the modeling, they found that the production of lactate from 
pyruvate was resulted from rapid-glycolysis and the lack of activity of malate–aspartate 
shuttle to transport NADH into mitochondria. As the most distinctive point, this 
model is composed of two modes. First, a rapid-glycolysis mode describes the 
rapid-glycolysis and glutaminolysis rates to produce lactate and ammonia. Second, 
in the low-glycolysis mode, the specific glucose consumption rate and the glycolysis 
rate decline and the formation of lactate is terminated. So one can predict the 
experimental data of glucose uptake and lactate production in both batch and 
fed-batch cultures by combined macrokinetic and bioreactor models with reason-
able accuracy. However, the model is based on the essentially major features of 
the cell line concerned, and the balance for oxygen consumption and carbon 
dioxide production as well as the balance of NADPH are not taken into account due 
to the lack of data. So it needs further optimization or another way to understand 
the cell metabolism in detail.

Lu et al. [10] developed a method to separate and determine simultaneously 
the TCA cycle acids and other related substances in cultured mammalian cells by 
ion-exchange chromatography with suppressed conductivity detection. In this work, 
it was found that the concentrations of malate, citrate and cis-aconitate were distinctively 
higher than the other acids in the TCA cycle, which showed the large accumulation 
of these acids within CHO cells. What’s more, it strongly proved the hypotheses 
that a blockage existed in the TCA cycle of abnormal mammalian cells. The fact 
that no peak of isocitrate was detected indicated a very low isocitrate concentration 
or no isocitrate within CHO cells, and this further supported the hypotheses that the 
TCA cycle was blocked at the point of citrate.
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Earlier on, some analytical methods were developed to identify extracellular 
concentrations of nutrients, treating the cell as a “black box”. Reitzer et al. [11] 
reported that glucose played a key role in the anabolism of cultured HeLa cells, 
rather than in the catabolism. In contrast, Barnabé and Butler [12] considered glucose 
to be the main energy source in the culture of hybridoma cells, with only 28% ATP 
derived from glutamine. However, Fitzpatrick et al. [13] found in the culture of a 
B-lymphocyte hybridoma that glucose and glutamine had an equal effect on the 
energy supply in the exponential growth phase. However, these conclusions were 
drawn mainly from experimental results on concentrations of nutrients at the extra-
cellular level. Lu et al. [14] employed their new method to characterize the growth 
and metabolism of CHO cells at low glucose concentration in glucose pulse culture. 
It is the first time the metabolic status of CHO cells was analyzed on the basis of 
the intracellular concentrations of TCA cycle acids. It also makes it possible to gain 
an insight into the intercellular response to the varying conditions and fully under-
stand the cell metabolism behaviors in order to facilitate the further optimization of 
animal cell culture. In this work by Lu et al., the metabolism of CHO cells at low 
glucose concentration was investigated at the intracellular level by the determination 
of intracellular metabolites, including ATP, organic acids, and amino acids. They found 
that the growth of CHO cells was limited at below 1.22 mmol L−1 glucose. 
The decrease of intracellular ATP concentration with the glucose concentration 
showed that the energy shortage might be the reason for the growth limitation at 
low glucose concentration. The specific consumption rates of the majority of amino 
acids increased when the glucose concentration was below 0.54 mmol L−1, indicating 
that these amino acids were mainly utilized in cellular catabolism to replenish the 
energy deficit. The increased consumption of amino acids could not completely 
eliminate the energy shortage at low glucose concentration. In their conclusion, 
glucose was shown to be indispensable as energy supplier for CHO cell growth. 
Intracellular concentrations of organic acids changed little with the decrease of 
glucose concentration. High intracellular concentrations of malate and undetectable 
isocitrate might be the result of the citrate bypass from the TCA cycle for the 
other anabolisms.

There are two noticeable points in the work. First, the improved methods were 
used to investigate the growth and metabolism of rCHO cells on the metabolite 
concentrations at both the intracellular and extracellular levels. Second, the different 
metabolism shift of rCHO cells was found in glucose pulse culture, in contrast 
to other animal cell lines. All the results are helpful to optimize and control the 
culture process.

Most of the applied cell lines in research and production are from mammalian 
sources. Considering the different nutrition sources, Chen et al. [15] investigated 
the growth and metabolism of marine fish Chinook salmon embryo (CHSE) cells 
responding to lack of glucose and glutamine. A peculiar phenomenon that CHSE 
cells could be passaged into the medium lacking both glucose and glutamine was 
completely different from mammalian cell culture. Before the work, no cell line 
had been reported that could grow normally in a medium lacking both glucose and 
glutamine.
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To elucidate the metabolic mechanism, the metabolism parameters, key glycolytic 
and glutaminolysis enzymes, intracellular ATP and energy charge of CHSE cell were 
investigated at different glucose and glutamine concentrations. For glucose metabo-
lism in the glutamine-free culture, specific glucose consumption rate, Q

Glc
, remained 

unaltered because of the constant hexokinase activity. Meanwhile, the decrease of 
lactate dehydrogenase (LDH) activity by 20% indicated a shift away from lactate 
production, offering an explanation for the decreases of specific lactate production 
rate, Q

Lac
, and the yield of lactate to glucose, Y

Lac/Glc
, showing that lack of glutamine 

did not expedite glucose consumption but make it shift to lower lactate production 
and a more efficient energy metabolism. This result differed from pulse culture of 
baby hamster kidney (BHK) cells, whose Q

Glc
 reduced with the decrease of glutamine 

concentration. The results are useful in the design of an optimal medium and the 
establishment of a process control strategy for mass cultivation of CHSE cells. 
It provides another view of altering glutamine concentration to influence glucose 
metabolism for optimizing CHSE cell culture. Every kind of cell lines has its own 
traits, and an optimal culture method is achieved by a series of research. However, up 
to now, why this peculiar phenomenon occurred has not been explained, and there 
probably exists a different set of enzyme systems in CHSE cells.

2.1.2 Glutamine Metabolism

In animal cell culture, glutamine is the most important among all the different amino 
acids. The amount of glutamine present in commercial mammalian cell media is 
2–6 mmol L−1, ten times higher than other amino acids. Glutamine is the major 
nitrogen source in the synthesis of purine, pyrimidine and aminosaccharide. Actually 
ammonia in a culture is derived predominantly from the amide group of glutamine. 
On the other hand, glutamine decomposes to pyrrolidone-carboxylic acid and ammonia 
spontaneously even at 4 °C, limiting the shelf life of the medium.

In the last 30 years, the effects of glutamine on animal cell culture have been 
extensively investigated and the mechanisms of glutamine metabolism in various 
cell lines have gradually become more clearly understood. In animal cell culture, 
glutamine can provide 30–65% energy for the growth of cells and the synthesis of 
products. However, the cells often use excessive glutamine to produce ammonia. 
Ammonia has long been identified as one of the most important inhibitory sub-
stances for mammalian cells. High concentrations of ammonia can result in the 
decrease of specific growth rate and final cell density, the inhibition of virus prolif-
eration in cells, as well as specific alterations of protein glycosylation. Although a 
number of protocols for ammonia removal have been established [16–22], most 
reports focus on how to reduce ammonia formation in mammalian cell culture. The most 
common preventative measure is to perfuse culture medium. Despite its simplicity, 
perfusion has its drawbacks due to the large requirement for culture medium, nutri-
ents of which are less completely utilized than in batch and fed-batch systems, and 
the dilution of product which increases costs of downstream processes. Another 
method is to replace glutamine with non- or less-ammoniagenic compounds, such as 
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glutamine derivatives (dipeptides), alanine, glutamate, asparagine, a-ketoglutarate, 
and pyruvate [23]. Glutamate seems to be a suitable candidate as it has one less 
amino group than glutamine and is relatively thermo-stable and low-priced. 
However, the adaptation of various cell lines to glutamate-based media is always 
inevitable, with different durations by different cell lines, and, in general, the cell 
yields in glutamate-based media were less than in glutamine-based control.

Huang et al. [23] presented a less-ammoniagenic medium for the growth of Vero 
cells by substitution of glutamine with glutamate to reduce the ammonia production 
and investigated some limitations governing Vero cell growth in a glutamate-based 
medium. With the glutamine-free medium supplementing asparagine to a gluta-
mate-based medium, cell yield in batch culture was higher than with glutamine-
based medium. This result is very different from other research.

In this work, glutamate was supplemented to substitute for glutamine in the 
medium to formulate DMEM-glu. Cells cultured in DMEM were directly trans-
ferred to and subcultured in a DMEM-glu medium. Vero cells preferred to use 
glutamine. For the cell cultures in two kinds of media there were no remarkable 
changes in the metabolism patterns of amino acids except for glutamine, aspar-
agine, and alanine. In DMEM-glu, alanine and asparagine accumulation were 
very low. On the other hand, in DMEM, Vero cells continuously accumulated 
alanine up to 0.98 mmol L−1 at the end of the batch culture. However, in DMEM-
glu culture alanine decreased from 0.20 mmol L−1 on day 1−0.036 mmol L−1 on 
day 3 and then remained constant at a low level. Similarly, and as expected, in 
DMEM-glu culture ammonia concentration remained at a low level between 0.30 
and 0.44 mmol L−1, in comparison with 3.0 mmol L−1 at the end of the culture in 
DMEM culture.

Alanine and ammonia are the main nitrogenous end products of glutamine metabo-
lism in glutamine-based medium. In this case the sums of net alanine and ammonia 
productions were 3.29 mmol L−1 in DMEM and −0.199 mmol L−1 in DMEM-glu, 
indicating the cellular requirement for aminonitrogen in the DMEM-glu medium. 
When 4 mmol L−1 NH

4
Cl was added to DMEM-glu to formulate DMEM-glu-NH

3
, 

the growth was improved and the maximum viable cell density was significantly 
higher than that obtained without NH

4
Cl and comparable to that obtained in DMEM 

culture. During the cultivation, ammonia levels decreased gradually. In previous 
research, ammonia was a major inhibitive by-product to cell growth, but the work by 
Huang et al. found that it depended on the cell lines according to their metabolism.

Zhou et al. [24] researched the effect of glutamine concentration on the growth, 
metabolism and endostatin production of microencapsulated rCHO cells. In the 
initial glutamine concentrations from 2.69 to 9.05 mmol L−1, the maximum density 
of viable cells and multiplication ratios almost kept constant. This indicated that 
when the glutamine concentration was above 2.69 mmol L−1, the growth of micro-
encapsulated cells was independent of glutamine. This will be the basis for medium 
design. However, glutamine plays a significant role in the endostatin production. 
The endostatin concentration reached its peak of 546 ng mL−1 with the initial 
glutamine concentration of 4.97 mmol L−1. There might be an optimal glutamine 
concentration for endostatin production.
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To reduce the harmful effect of ammonia, glutamine synthetase gene was recom-
binated into the CHO cell to synthesize glutamine with glutamate and ammonia. 
Zhang et al. [25] elucidated the metabolic characteristics of CHO-GS cell (recom-
binant CHO cell harboring glutamine synthetase gene) in the medium with or 
without glutamine. In the medium without glutamine, the cells grew normally as 
those in the medium with glutamine because of the existence of glutamine 
synthetase (Table 1). Most amino acids were used more quickly in glutamate-based 
medium than in glutamine-based medium. Glutamate was a major substrate rather 
than glutamine, and glutamine became a produced amino acid. Experimental assays 
showed that there was no obvious difference in the intracellular glutamine concen-
trations in the two media, and CHO-GS cells could provide sufficient glutamine 
from glutamate in the glutamate-based medium. Meanwhile, the activities of almost 
all key enzymes of cellular glutaminolysis in the glutamate-based medium were 
higher than those in the glutamine-based medium. In the glutamate-based medium 
the cellular metabolism of amino acids became more active.

As the glutamine metabolism in fish is different from that in mammals, it is 
interesting to investigate the glutamine metabolism of fish cells. Chen et al. [26] 
found in Chinook salmon embryo (CHSE) cell culture that glutamine-free 
medium-199 could support the growth of CHSE cells as well as medium-199 with 
glutamine. The maximum cell density, 16.19 × 105 cells mL−1, was obtained at 
288 h in the culture with 0.54 mmol L−1 glutamine. This result showed that the 
glutamine was not as necessary in fish cell culture as in mammalian.

2.1.3 Interaction Between Glucose and Glutamine Metabolism

Glucose and glutamine are main nutrients of animal cells in culture. Glucose is uti-
lized in two ways, namely the pentose phosphate pathway to provide nucleotides for 
biosynthesis and the glycolysis pathway to provide metabolic intermediates and 
energy. Though a small portion of glucose enters the tricarboxylic acid (TCA) cycle, 
most of the glucose goes to the lactate production. Like glucose, glutamine can also 
be used in two ways, either as protein and peptide constituent or to be converted to 
the precursors of nucleic acids, purines and pyrimidines. However, more glutamine 
may take part in the deamination and transamination reactions. Cell viability in most 
mammalian cell lines declines immediately and rapidly once glucose is depleted. 
However, if glutamine is depleted, some cell lines find it difficult to survive but others 
can gradually adapt to the condition lacking glutamine.

Table 1 Growth and metabolism of CHO-GS cells at 96 h in glutamate- and glutamine-based 
cultures [25]

Medium
X 
(106 cells mL−1) Viability (%) QGlc (10−9 mmol cell−1 d−1)

Y
Lac/Glc

 
(mol mol−1)

Glutamate-based 1.41 ± 0.09 96.0 ± 1.27 3.2 1.70
Glutamine-based 1.12 ± 0.14 94.8 ± 1.19 2.8 1.25
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Chen et al. [15] found that in the culture of marine fish Chinook salmon embryo 
(CHSE) cells, they could be passaged into the medium lacking both glucose and 
glutamine, which was completely different from mammalian cell culture. The 
metabolism parameters of glucose and glutamine showed in their work that lack of 
glutamine did not expedite glucose consumption but made it shift to lower lactate 
production to increase energy metabolism efficiency. At the same time, hexokinase 
activity remained constant, and lactate dehydrogenase (LDH) activity decreased. 
In the glucose-free culture, the specific consumption rates of glutamine and other 
amino acids increased greatly, suggesting that lack of glucose forced the cells to 
utilize amino acids as energy sources. Simultaneous increase of glutaminase activity 
and of specific ammonia production rate suggested an increased flux into the 
glutaminolysis pathway, and increases of both glutamate dehydrogenase activity 
and yield coefficient of ammonia to glutamine showed an increased flux into 
deamination pathway. When glucose and glutamine were both lacking, the specific 
consumption rates of most of amino acids increased markedly. ATP plays an impor-
tant part in cell growth, while the metabolism of glucose and glutamine are the 
main sources of energy. Chen et al. [15] also researched the intracellular ATP under 
conditions of low glucose, glutamine or both of them. They found the ATP content 
was almost unchanged with lack of glutamine or glucose, and only decreased by 
11% even when lacking both glucose and glutamine.

As mentioned in Sect. 2.1.1, Lu et al. [14] investigated the metabolism of CHO 
cells at low glucose concentration in the pulse culture and found the relationship 
among glucose, ATP and amino acids metabolism. In the pulse culture of CHO 
cells, when the glucose concentration was less than 1.2 mmol L−1, the consumption 
rate of glutamine decreased and the intracellular ATP concentration increased with 
the increase of glucose concentration. However, when the glucose concentration 
was above 1.2 mmol L−1, the change of glucose concentration had no distinct effect 
on the glutamine metabolism and the ATP level. Glucose concentrations had a 
greater effect on intracellular ATP concentrations than did glutamine concentrations, 
which was evidence that glucose was the main energy provider for CHO cells. 
Different from glucose, when glutamine concentration was less than 1.2 mmol L−1, 
the increase of glutamine concentration could promote the utilization of glucose 
and the intracellular ATP concentration increased. When glutamine concentration 
was above 1.2 mmol L−1, further increase of its concentration would not promote 
the utilization of glucose and the intracellular ATP concentration remained 
unchanged. Lu et al. demonstrated that glutamine as well as some other amino acids 
could be utilized to make up the shortage of glucose although amino acids cannot 
completely replace glucose as the only energy source.

Sun et al. [27] researched the effects of glucose and glutamine on the growth and 
maintenance of recombinant Chinese hamster ovary (CHO) cells in batch cultures. 
In batch cultures at low glucose concentrations, viable cell densities declined in 
pace with glucose exhaustion at 108 h although glutamine was available at that 
time. However, in the cultures at high glucose concentrations, a decline of viable 
cell densities did not occur while 11 mmol L−1 glucose remained in the media at 
132 h. These indicated that cell viability rapidly declined with the depletion of 
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glucose even though glutamine was available. In the work of Sun et al., it was found 
that glucose was an obligatory nutrient for cell growth and maintenance, and was 
not limiting to cell growth when its concentration was above 6 mmol L−1. On the 
other hand, glutamine was another essential nutrient, and was not limiting when its 
concentration was above 0.26 mmol L−1. Glutamine was not critical to cell mainte-
nance since cells grew a little and cell viability was as high as 90% for 40 h after 
the depletion of glutamine provided glucose was available. rCHO cells could not 
grow or maintain themselves with the exhaustion of glucose. Glutamine could not 
substitute for glucose as the sole energy or carbon source.

2.1.4 Amino Acids Metabolism

In animal cell culture, amino acids metabolism is very critical for the cell growth 
and protein production. It contains the anabolism to form proteins, polypeptides 
and other nitrogen related active compounds, and catabolism to supply essential 
energy for supporting cell growth and survival. Because of its close coupling with 
the energy metabolism, more concern has been focused on this field to find a way 
to achieve high cell density and to improve the protein production. Thus, the control 
of amino acid metabolism is considered to be one of the most important aspects in 
animal cell culture.

Twenty kinds of amino acids constitute various proteins needed for the cell 
growth and proliferation. However, higher eukaryotic cells have lost the ability to 
synthesize some of these basic amino acids which are called essential amino acids, 
while those synthesized by cell are called non-essential. However, in fact, all these 
20 amino acids play their part in a cell culture.

In animal cell culture, the medium is often supplemented with all the above-
mentioned amino acids, and therefore the cell itself need not synthesize these so-called 
non-essential amino acids to maintain its normal proliferation, but would rather con-
veniently make use of them from the well-designed medium. So when talking about 
amino acids metabolism, we usually refer to how the catabolism occurs and the proc-
ess by which an amino acid is degraded into other compounds.

In general, there are two stages in amino acids catabolism in in vitro cell culture. 
The first stage includes the removal or transfer of ammonia, the formation of a-keto 
acids, and the synthesis of other amino acids. In vivo, the by-product ammonia can 
further be transferred and removed outside, while in in vitro animal cell culture 
ammonia accumulation is serious and so harmful that it may reduce the growth rate 
and maximal cell density in batch culture, and cause changes in metabolism and 
inhibition of protein production. The second stage is mainly about the degradation 
of a-keto acids into CO

2
 and H

2
O and the generation of energy for cell growth. In 

this stage, a-keto acids can also be transformed into polysaccharides or lipids for 
energy storage. In fact, most amino acids would be metabolized this way, resulting 
in the formation of by-products such as ammonia and alanine. The accumulation of 
ammonia has been clearly proven to be toxic for the cell proliferation while the 
alanine accumulation may be less toxic, but affect the cell behavior in a different way. 
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The effect of these by-products on mammalian cell culture will be discussed in 
detail in the following part of this review.

Most in vivo amino acids catabolism starts with the removal of ammonia. 
Generally speaking, there are about four mechanisms in this kind of reaction, 
including oxidative deamination, transamination, associated deamination, and non-
oxidative deamination.

Oxidative deamination refers to the removal of amine by oxidation. This kind of 
reaction is often catalyzed by certain oxidases. For instance, most cells possess 
glutamate dehydrogenase, which catalyzes the removal of amine from glutamate to 
form a-ketoglutarate.

Transamination means the removal of amine by transferring from one amino acid 
to another molecule, usually an a-keto acid. During the process, the former is degraded 
into an a-keto acid and a new amino acid is formed at the same time. Most of the 
20 kinds of indispensable amino acids release their ammonia by transamination 
except glycine, lysine, threonine and proline. In animal transamination reactions, the 
key enzyme is transaminase. There also exist many amine recipients, of which the 
a-ketoglutarate, pyruvate and oxaloacete are the most important. After transamination, 
they can be transformed into glutamate, alanine and aspartate respectively. Biosynthesis 
of these products is closely linked to the central intermediary metabolism.

Associated deamination describes an ammonia removal process combined with 
more than two different kinds of mechanisms. One example is the combination 
of glutamate dehydrogenase and transaminase. At first, amine is transferred to 
a-ketoglutarate to form glutamate and then, under the effect of glutamate dehydro-
genase, the ammonia of glutamate is removed and leads to the formation of a new 
a-ketoglutarate which can transfer another batch of ammonia. The whole associ-
ated transamination is reversible. Another example is related with the metabolisms 
of amino acids and nucleic acids, and ammonia is transferred between these two 
systems. Thus, the transfer of ammonia has built a sophisticated relationship among 
amino acids metabolism, glycolysis, lipid metabolism and nucleic acid metabolism 
in all.

Non-oxidative deamination occurs relatively infrequently in amino acids metabolism. 
This refers to the ammonia removal process without oxidation. For example, serine 
can be catalyzed to remove ammonia by a kind of dehydratase SDH while cysteine can 
do the same thing by desulfuration. In addition, unlike other amino acids, aspartate 
can remove its amine directly by aspartase.

After the first stage of transamination or deamination, a-keto acids metabolism 
begins. a-Keto acids are a kind of intermediate metabolism product, which can be 
transformed back to form amino acids from associated ammonification, or 
become CO

2
 and H

2
O through further degradation processes closely linked to TCA. 

Thus, it is easily deduced that amino acid is not only a nitrogen source but also a 
source of carbon.

Among all the amino acids, glutamine may be the key aspect in animal cell 
culture as mentioned above. In glutamine metabolism, many studies have proven 
that glutamine is first transformed to glutamate by glutaminase, but it is doubtful 
whether the amine is removed from glutamate by transamination or deamination in 
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the second step, which is dependent on the cell specific characteristics and 
culture environments. Many researchers are interested in the nitrogen transfer process 
here. It was showed in hybridoma cells that ammonia was removed from glutamate 
mainly by transamination, while the deamination process was nearly prohibited. 
Also, the same situation was found in HeLa and CHO cells by other researchers. 
Huang et al. [28] used 1H/15N NMR spectroscopy to investigate the ammonia 
removal process of Vero cells in glutamate metabolism. In the study, 15N-labelled 
glutamate or asparagine was added into the culture medium, and their incorporation 
into nitrogenous metabolites was monitored by heteronuclear multiple bond coher-
ence (HMBC) NMR spectroscopy. In cells incubated with l-[15N]-glutamate, the 
15N label was subsequently found in a number of metabolites including alanine, 
aspartate, proline, but no detectable 15NH

4
+ signal occurred. This indicated that the 

glutamate was utilized mainly through transamination rather than deamination. 
In cells incubated with l-[2-15N]-asparagine the 15N label was subsequently found 
in aspartate, the amine group of glutamate/glutamine, and two unidentified compounds. 
Incubation of cells with l-[4-15N]-asparagine showed that the amide nitrogen of 
asparagine was predominantly transferred to glutamine amide, and there was also 
no detectable production of 15NH

4
+, indicating that most of asparagine amide was 

transaminated by asparagine synthetase rather than deaminated by asparaginase. 
In addition, the activities of some nitrogen metabolism related enzymes were also 
investigated. In the enzymes, the activities of phosphate-activated glutaminase, 
glutamate dehydrogenase, and alanine aminotransferase decreased dramatically, 
and the activity of aspartate aminotransferase decreased slightly.

In general, during the batch culture of animal cells, certain amino acids are often 
found to decrease, including glutamine, arginine, histidine, leucine, isoleucine, 
lysine, methionine, phenylalanine, threonine, valine, aspartate and asparagine. 
Among them, arginine, leucine, isoleucine and valine are degraded quite fast. On 
the other hand, some amino acids usually accumulate in the medium, such as 
alanine, proline, glutamate and glycine. Different cell culture strategies may induce 
different amino acids metabolism characteristics. For example, alanine, the most 
common by-product during the cell culture, often accumulates in the medium, but 
its accumulation rate will decrease when glucose concentration in the medium is 
low [14]. Indubitably, the amino acids metabolism may change in different cell 
culture conditions.

2.1.5 Application in Fed-Batch Culture

In fed-batch culture the amount of one nutrient to be added depends on its 
consumption rate which, in turn, is a function of cell density, growth and 
metabolism. Through establishing the kinetics of the nutrients metabolism of 
animal cells, the viable cell density and product concentration in fed-batch cul-
ture can be greatly improved. However, the metabolisms of glucose, glutamine 
and other amino acids in animal cells are interrelated. Nutrient mixtures can be 
so complex that it is impossible to understand fully their inter-relations and too 
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time consuming to optimize each nutrient. So it is important not only to 
establish the kinetics of individual nutrient consumption but also to determine 
their relationship.

Zhang et al. [4] presented a model of cell metabolism and monoclonal antibody 
production in hybridoma cell culture and according to the model a fed-batch 
culture in serum-free medium was conducted in a bioreactor with an optimized 
feeding strategy. In the culture process, nutrient concentrations, especially glu-
cose and glutamine, were maintained at relatively constant and low levels. The 
formation of toxic by-products, such as ammonia and lactate, was greatly 
reduced in comparison with that in batch culture. The concentration of monoclonal 
antibody reached 350 mg L−1, which was seven times higher than in batch 
culture.

In the work, on the basis of the morphology of the cultivated cells, specifically 
the proportion of round, smooth, and transparent cells, an initial medium was chosen, 
and the concentrations of glucose and glutamine in the culture process were 500 mg L−1 
and 58.4 mg L−1, respectively. First, the fed-batch culture process was divided into 
many sections. The feeding volume of each nutrient added into the bioreactor in 
every section was calculated by a kinetic model based on the nutrient concentration 
in feeding medium, the specific consumption rate of the nutrient, the average culture 
volume in the section, and the viable cell density. Among the variables, the key problem 
is to estimate the specific consumption rate of the nutrient. Cells can use substrates 
to synthesize new cell materials and extra-cellular products and to supply energy. 
Taking all influential factors into account, the model of substrate utilization is an 
equation with the specific growth rate of cells and the specific production rate of 
monoclonal antibody as variables. In turn, the specific production rate is the function 
of the specific growth rate of cells. Thus, the feeding volume of concentrated feeding 
medium in one section will depend on the increment of total cell density and the 
average viable cell density in the section. At any time, cell density could be measured 
by sampling and the feeding volume of the medium in the section was estimated by 
the model. A fed-batch culture was conducted in the section. At the end of the section, 
a sample was taken to compare the measured value with the estimated value so as 
to guide the feeding in the next section.

As the result, the fed-batch culture of WuT3 hybridoma cells in a 5-L CelliGen 
bioreactor was conducted in serum-free medium with the help of the control model. 
The maxima of viable and total cell densities were 6.1 × 106 cells mL−1 and 
9.4 × 106 cells mL−1, respectively, and the maximum concentration of monoclonal 
antibody was 350 mg L−1. In the culture the nutrient concentrations in the supernatant 
were relatively steady, which demonstrated that the feeding medium was well 
formulated and that the feeding strategy was successful. Although the yields of both 
lactate to glucose and ammonia to glutamine in the culture were lower than those in 
both the batch culture and the fed-batch culture without model control (Table 2), the 
concentrations of lactate and ammonia were too high to keep the high cell viability 
for a longer period of time. The kinetic model of cell metabolism and monoclonal 
antibody production, presented by Zhang et al. [4], correctly described the relationship 
between the cellular metabolism and the cell density and growth rate.
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2.2 Effect of Metabolic By-Products on Cell Culture

Cellular metabolism of glucose and amino acids produces various kinds of by-products 
in mammalian cell culture. In China, much research has been focused on this field, 
especially on the effects of ammonia, lactate and alanine on hybridoma and CHO 
cell culture in recent years.

It is widely accepted that ammonia and lactate are two key inhibitive factors in 
the processes of cell growth, metabolism and product synthesis. As a glycolysis 
product, the accumulation of lactate seriously affects the cell growth mainly by 
changing pH and osmotic pressure of the culture environment. High concentration 
of lactate in culture medium will increase the osmotic pressure, which is considered to 
lead to the increase of cell maintenance energy. Then the pathway of cell metabolism 
will be changed, and thus the cell growth will be inhibited. Therefore, it is very 
important and necessary to control the lactate production, particularly in the high-
density cell culture. The effects of ammonia on glycometabolism are different in 
different cell lines. The accumulation of ammonia in hybridoma and CHO cell 
culture can severely inhibit the cell growth. Besides, it will affect pH regulation, 
protein glycosylation, and amino acids metabolism as well. With the development 
of gene manipulation technology, a CHO-GS cell line has been successfully 
constructed [29]. Because of its enhanced synthetic ability of glutamine from 
glutamate by foreign glutamine synthatase, CHO-GS can utilize glutamate instead 
of glutamine to decrease ammonia formation, so that it has a tremendous potential 
in the animal cell culture industry. Apart from the two key factors above, alanine 

Table 2 Comparison of parameters of batch culture and fed-batch cultures of WuT3 hybridoma 
cells with and without model control [4]

Parameter Batch culture

Fed-batch culture

Without model control With model control

Culture span, h 96 156 348
Initial glucose concentration, 

g L−1

20 2.8 2.8

Initial glutamine concentration, 
mmol L−1

4.0 1.0 0.4

Maximal viable cell density, 106 
cells mL−1

1.1 2.1 6.1

Total cell density, 106 cells mL−1 1.3 2.8 9.4
Final antibody concentration, 

mg L−1

48 119 350

Glucose consumption, mmol L−1 11.7 12.2 61.1
Lactate production, mmol L−1 21.0 14.0 63
Glutamine consumption, 

mmol L−1

3.1 3.8 10.0

Ammonia production, mmol L−1 4.0 2.5 5.0
Lactate/glucose, mmol mmol−1 1.80 1.15 1.03
Ammonia/glutamine, 
mmol mmol−1

1.29 0.66 0.50
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also plays a role in the cell metabolism which accumulated more than any other 
amino acids in culture medium. Although alanine is not critical in animal cell 
culture, the addition of alanine to a medium can inhibit the metabolism of amino 
acids, reduce the production of ammonia and certain amino acids, as well as 
increase the utilization of glucose and the production of lactate as well.

2.2.1 Lactate Effect on Cell Growth

Under anaerobic conditions, pyruvate is converted to lactate by lactate dehydroge-
nase (LDH) and the lactate is transported out of the cell into circulation. Most of 
glucose is converted to lactate via the glycolysis in the process of cell growth in 
vitro and nearly 15% glutamine is metabolized to lactate.

Sun and Zhang [30] investigated the effects of lactate and osmolarity on cell 
growth, metabolism and EPO expression of recombinant CHO cells in pulse cultures 
with different lactate concentrations and osmolarity. It was demonstrated that the 
lactate molecule itself had little effect on final cell density, metabolite accumulation, 
and EPO productivity. With the increase of sodium lactate concentration from 0 to 
69 mmol L−1, corresponding to the increase of osmolarity from 300 to 420 mOsm kg−1, 
the specific growth rate (m) of recombinant CHO cells was reduced by 33%. As 
control, the increase of NaCl concentration from 0 to 80 mmol L−1 corresponded to 
the increase of osmolarity from 300 to 420 mOsm kg−1; the specific growth rate (m) 
of recombinant CHO cells was also reduced by 33% (Table 3). It was clear that 
increased osmolarity inhibited cell growth while lactate concentration increased.

The specific consumption rates of both glucose and glutamine increased by 23% 
at 69 mmol L−1 lactate. The yields of cell growth to glucose consumption and 
glutamine consumption were reduced by 45% and 47%, respectively, and the specific 
production rates of lactate almost kept constant (Table 4). It was evident that more 
nutrients were consumed via aerobic metabolism pathway for more energy production 
to meet the increasing demand of maintaining energy of recombinant CHO cells at 
high osmolarity. The yield of ammonia production to glutamine consumption 
increased with the osmolarity while the yield of alanine decreased. It was shown that 
the flux of glutamine consumed via glutamate dehydrogenase pathway increased in 
response to the increase of osmolarity. On the other hand, EPO production rate 
decreased with the increase of osmolarity because of low specific growth rate.

In the culture of anchorage-dependent cells, the cell growth rate usually relies 
not only on the concentrations of nutrients and byproducts, but also on the availa-
bility of surface for cell growth. Under low cell density condition, cell growth rate 
mainly relies on the concentration of nutrients and by-products. In batch culture, 
the short exponential growth phase mainly results from the contact inhibition, but 
not the limitation of nutrient nor the inhibition of by-products.

Sun and Zhang [31] established a novel method to estimate recombinant CHO 
cell density in a packed-bed bioreactor by lactate production rate. The specific 
growth rate of the cells gradually decreased from 0.036 h−1 at 60 h to zero at 96 h 
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while lactate production increased corresponding to the cell growth. The lactate 
production rate equation can be obtained:

 Lac g Lac mLac
Lac m
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 are specific production rates of lactate for growing cells and 

non-growing cells, respectively, mmol cell−1 h−1; m
g
 is specific growth rate of growing 

cells. The identity of lactate productions between model calculations and experiment 
values in batch culture of rCHO cells showed that the lactate production rate 
method would be useful in tracing the cell growth in packed-bed bioreactors.

In the study by Chen et al. [32], main growth and metabolism features of 
Chinook salmon embryo (CHSE) cells were not affected at 1.1∼ 6.14 mmol L−1 
lactate, corresponding to a medium osmotic pressure of 260 ∼ 272 mOsm kg−1. 
High lactate concentrations such as 13.1∼ 41.6 mmol L−1, corresponding to a 
medium osmotic pressure of 283 ∼ 381 mOsm kg−1, inhibited CHSE cell growth 

Table 3 Effects of lactate and osmolarity on specific growth rate of recombinant CHO cells in 
pulse cultures with different lactate concentrations and osmolarity [30]

Lactate (mmol L−1) NaCl (mmol L−1) Osmolarity (mOsm kg−1) m (d−1)

0 0 300 1.41
23 0 330 1.37
46 0 370 0.99
69 0 420 0.95
92 0 470 0.83
0 0 300 1.48
0 20 330 1.37
0 40 360 1.17
0 60 390 1.01
0 80 420 0.99

Table 4 Effects of lactate and osmolarity on glucose metabolism and EPO production in pulse 
cultures with different lactate concentrations and osmolarity (data from [30])

Lactate 
(mmol  
L−1)

NaCl 
(mmol  
L−1)

Osmolarity 
(mOsm  
kg−1)

Y
X/Glc

  
(108 cell  
mmol−1)

Y
Lac/Glc

 
(mol mol−1)

Q
Glc

 (10−8 
mmol 
cell−1 d−1)

Q
lac

 (10−8 mmol  
cell−1 d−1)

Q
EPO

 (10−3 
IU cell−1 d−1)

0 0 300 1.1 2.8 1.3 3.7 1.9
23 0 330 1.0 2.5 1.4 3.5 1.7
46 0 370 0.6 2.3 1.6 3.6 1.8
69 0 420 0.6 2.3 1.6 3.7 1.7
92 0 470 0.5 2.1 1.7 3.6 1.5
0 0 300 1.2 3.0 1.2 3.6 1.9
0 20 330 1.0 2.6 1.4 3.7 1.8
0 40 360 0.8 2.5 1.5 3.7 1.6
0 60 390 0.6 2.3 1.6 3.6 1.7
0 80 420 0.6 2.5 1.5 3.7 1.6
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and changed cellular metabolism. Inhibition of CHSE cell growth by lactate was 
mainly caused by the decline of pH and the increase of osmotic pressure in medium. 
CHSE cells could bear the lactate level as high as 7 mmol L−1 and grow regularly 
under a stable and neutral pH condition.

Zhang et al. [33] reported a different result in the study of lactate influences on 
growth and metabolism of WuT3 hybridoma cells in serum-free batch culture. 
Lactate below 5.3 mmol L−1 hardly influenced cell growth, and maximum cell 
density  of 7.5 × 105 cells mL−1 was achieved, comparable to the control. The maxi-
mum cell density decreased to 6.0 × 105 cells mL−1, while lactate increased to 
10.5 mmol L−1. Lactate concentration increased to 24.8 mmol L−1, exponential phase 
of growth extended to 50 h (about twice the control). It was showed that lactate 
between 10 and 25 mmol L−1 inhibited cell growth and metabolism a little, and 
lactate above 34 mmol L−1 inhibited cell culture strongly. Viability of WuT3 cells 
corresponded well to the growth. The viability declined slowly during culture 
at lactate concentration below 24.8 mmol L−1. However, cell death was quick at a 
lactate concentration above 30 mmol L−1.

2.2.2 Production and Toxicity of Ammonia

Ammonia, one of the main by-products in animal cell culture, can seriously inhibit 
cell growth when it accumulates, albeit gradually, in the medium. Compared with 
other accumulated low- to medium-size molecular weight substances in the medium, 
such as alanine and lactate, ammonia is thought to be more damaging. Extensive 
research has shown that ammonia is very toxic to cell proliferation and protein 
expression through the reduction of growth rate and maximal cell density in batch 
culture, the change in metabolic rate, the perturbation of protein processing and so on. 
Besides, as the ammonia concentration increases, the pH of cultural environment 
changes and the normal physiology of the cell is negatively affected as well. For 
all the above-mentioned reasons, the control of ammonia accumulation is always 
regarded as a big challenge in the cell culture industry, and needs more of our 
attention.

In cell culture, ammonia is released mainly through amino acids catabolism 
which involves the utilization of 20 amino acids. Among them, glutamine is the 
most important because it is not only a main nitrogen source but also a main carbon 
source. Its metabolism can generate more ammonia than that of other amino acids. 
A successful animal cell culture process has to involve a reasonable control on the 
glutamine utilization.

In fact, the problem of ammonia accumulation has been studied for many years, 
and many strategies have been conceived to overcome it. Among them, some are 
based on environmental modification, like the substitution of glutamine by glutamate 
[20], the control of glutamine concentration at low levels [22], and some are based on 
the modification of the cell line, like the application of the rCHO-GS system [3]. 
However, the problem is so tough that no single method can resolve it completely.
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Here, attention is just focused on the study of the negative effects of ammonia 
accumulation on cell culture. Actually, much work on this point has been published 
during recent years [18, 34, 35]. For most cell lines, just 1–5 mmol L−1 ammonia in 
the medium can seriously hamper normal cell growth although different cell lines 
may show a little difference in ammonia-bearing characteristics. The phenomenon 
has triggered the interest of many scientists to investigate how and to what extent 
the accumulation of ammonia would affect the growth of different cell lines.

The effects of ammonia on the WuT3 hybridoma cells were investigated in a 
serum-free culture [36]. Only a small amount of ammonia could seriously inhibit 
the growth of WuT3 cells, just like other cell lines. The inhibition effect of ammonia 
was concentration-dependent. The lowest ammonia concentration that could influ-
ence cell growth was 0.8 mmol L−1. At that concentration, the maximum viable cell 
density was about 6.4 × 105 cells mL−1 compared with 8.5 × 105 cells mL−1 in control 
culture. Cell growth was inhibited completely at 6.5 mmol L−1 ammonia, and cells 
directly entered the death phase at 9 mmol L−1 ammonia. Cell viability was in good 
agreement with cell growth when manipulating WuT3 hybridoma cell culture in 
media with different initial ammonia concentrations. Before the cell growth reached 
its maximum density, cell viability was always very high. However, as ammonia 
concentration increased, cell viability decreased sharply.

Different cell lines have different ammonia-bearing characteristics. The effects 
of ammonia on recombinant CHO cell culture were also investigated [37]. Just like 
hybridoma cell culture, the addition of ammonia to the medium could seriously 
inhibit the growth of CHO cells. When the initial ammonia concentration was 
between 0.21 and 1.74 mmol L−1, CHO cell viability was almost the same with a 
little fluctuation. However, when the initial ammonia concentration was increased 
to 3.09 mmol L−1, 4.28 mmol L−1, and 5.66 mmol L−1, cell viability decreased 
sharply, and the cultures lasted 108 h, 84 h, and 60 h, respectively. In the analysis 
of CHO cell metabolism, it was found that, under low concentration of ammonia, 
glucose utilization was almost the same as the control. However, when the concentration 
was as high as 5.66 mmol L−1, glucose utilization slowed down. The phenomenon 
implies the change of cellular glucose metabolism in different ammonia concentra-
tions. In general, the accumulation of ammonia will influence the functions of some 
enzymes in glycolysis pathway and interfere with the normal glucose metabolism.

The effects of ammonia on rCHO-GS cells have been especially concerned 
because the cell obtains the ability to synthesize directly glutamine from glutamate 
and ammonia by gaining the foreign gene of glutamine synthetase. As an important 
feature, the cell line will utilize the ammonia of the medium and alleviate the by-product 
accumulation. Zhang et al. [38] investigated the effects of ammonia accumulation 
on rCHO-GS cell metabolism in serum-free culture. Unlike the above-mentioned 
common CHO cell lines, the rCHO-GS cell could endure much higher ammonia 
concentration. The maximum cell density of 15.6 × 106 cells mL−1 was obtained in 
the culture with 1.42 mmol L−1 ammonia. The growth of rCHO-GS cell was inhibited 
at an increased ammonia concentration. However, a cell density of 8.9 × 105 cells mL−1 
was obtained even at 12.65 mmol L−1 ammonia.
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The intracellular metabolic pathways were affected due to the decrease of the 
toxic effect of ammonia on the rCHO-GS cell [38]. With the increase of initial 
ammonia concentration from 0.36 to 12.65 mmol L−1, the yield coefficients of cell 
to glucose and lactate to glucose decreased to 66% and 84%, respectively, and the 
activities of hexokinase, pyruvate kinase, and lactate dehydrogenase increased 
by 43%, 140% and 25% respectively. This would increase the glucose utilization. 
An increased activity of glutamate-pyruvate aminotransferase showed that the 
conversation from glutamate to a-ketoglutarate was shifted to glutamate-pyruvate 
transamination pathway. The deamination pathway was inhibited due to the decreased 
activity of glutamate dehydrogenase.

Since the accumulation of ammonia is very toxic for cell culture, its negative effect 
has to be prevented efficiently, mainly to control its formation. The methods include the 
change of medium constituents, the control of glutamine concentration and so on. If the 
approaches mentioned above are not effective, then a number of ammonia removal 
systems can be tried. Anyway, the methods applied to solve the problem of ammonia 
accumulation should be on the basis of thorough understanding of the cell line.

2.2.3 Alanine Effect

Alanine is the only amino acid that is consistently found to accumulate in the 
medium of mammalian cell culture. However, the effect of alanine has rarely been 
studied systematically. Alanine can be formed by the transamination reaction 
between pyruvate and other amino acids, although lactate is the main by-product of 
the glucose metabolism [39]. On other hand, alanine can be transformed to pyruvate 
by alanine transaminase in some conditions.

The influences of alanine on cell growth and metabolism were investigated in 
the batch cultures of WuT3 hybridoma cells in serum-free medium with different 
alanine concentrations [40]. In the range of alanine concentration of 0–8.9 mmol L−1, 
alanine had little influence on cell growth and viability. However, as a by-product 
of glucose and amino acids metabolism, it brought about some changes in cell 
metabolism. Glucose consumption increased with alanine concentration, and 2.5 g L−1 
glucose was consumed during the batch culture with 8.9 mmol L−1 alanine supple-
mentation, in comparison with 1.76 g L−1 glucose consumption in the control without 
alanine supplementation. In contrast, glutamine consumption decreased in alanine 
supplementation. As the by-product of glucose metabolism, lactate production in 
different alanine concentrations corresponded to glucose consumption. Lactate 
accumulation increased to 21 mmol L−1 in 8.9 mmol L−1 alanine supplementation 
from 12 mmol L−1 without alanine supplementation. At the same time, the formations 
of ammonia and alanine decreased by alanine supplementation. In the yield of 
by-products, as alanine supplementation increased, the yields of lactate production 
to glucose consumption and ammonia production to glutamine consumption 
increased, and the yields of alanine production to glucose consumption and alanine 
production to glutamine consumption decreased. Alanine brought little effect on 
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antibody production and, combined with the little influence on cell growth, it could 
be assumed that the specific production rate of antibody was unaffected by alanine.

3 Protein Expression Improvement in Animal Cell Culture

Because of its affinity for correct post-translation modification for recombinant 
protein, the mammalian cell, compared with bacteria and yeast, is an excellent host 
cell for the production of recombinant proteins, such as erythropoietin (EPO), hepa-
titis B surface antigen (HBsAg), von Willebrand factor (vWF) and so on. However, 
the productivity of mammalian cell expression system is unsatisfactory. The process 
of protein expression by mammalian cell is much more complicated, including 
transcription, post-transcriptional process, translation, post-translational process, 
secretion and stabilization of protein. Each step may be the bottleneck limiting the 
productivity of the expression system. So the way to improve the productivity plays 
a key role in this field.

At present, many strategies have been tested to improve the expression effi-
ciency, such as the supplementation of foreign additives, the optimization of culture 
conditions, and the selection of preferable promoters. For an established cell line, 
the strategy of foreign additives supplementation is much more convenient and 
effective. Actually, there are many additives used successfully in the mammalian 
cell expression system, such as butyrate, adenosine 5′-monophosphate (AMP), 
dimethyl sulfoxide (DMSO), and chemical chaperones. On the other hand, the 
optimization of cell culture conditions is also very important because various cell 
lines differ in their cultural characteristics. According to some recent research, 
temperature and osmolarity can seriously affect the productivity of mammalian cell 
expression system.

3.1 Protein Expression Improvement by Foreign Additives

Among the strategies used to improve the productivity of animal cell expression 
systems, the supplementation of chemical agents is an effective, convenient and 
low-cost method because of their availability, convenience in use and inexpensive 
cost. The researches focus on some chemical compounds of low molecule weight. 
In China, many chemical agents have been investigated, and some of them have 
been proven to be useful to improve the protein production in animal cell culture.

Butyrate has been used to increase the production of EPO, large hepatitis delta 
antigen and monoclonal antibody in mammalian cell cultures [40–44]. Liu et al. 
[45] reported that sodium propionate and sodium pentanoate had a similar effect to 
butyrate. DMSO improved specific production rates of monoclonal antibody in 
hybridoma cells and a fusion protein in CHO cells [46, 47]. The productivity of 
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HBsAg in CHO cells was enhanced with DMSO [48]. Other additives, such as 
cysteine, adenosine 5′-monophosphate and rapamycin, are able to act as “enhanc-
ing agents” of protein production in animal cell culture [49].

The mechanisms of chemical agents to enhance protein production vary from 
different chemical agents. In recent years the mechanisms of chemical agents 
increasing protein production were also researched in China. Trichostatin A and 
sodium butyrate enhanced the human IL-5 expression by altering histone acetyla-
tion status at its promoter region [50]. Wang et al. [51] reported that the effect of 
DMSO on increasing HBsAg production was mainly due to the increase of HBsAg 
gene transcription rate.

The concentration and addition time of chemical agents are also very important 
for protein production, especially for cell growth. The most appropriate concentra-
tion and addition time of agents for certain cell lines may need to be determined by 
small scale tests. In addition, the effects of chemical agents on the protein produc-
tion have cell specificity.

3.1.1 Butyrate

Butyrate, a four-carbon fatty acid, has multiple effects on cultured mammalian cells, 
including inhibition of cell growth, induction of differentiation and cellular apoptosis. 
It also causes histone hyperacetylation by decreasing histone deacetylase activity, 
which facilitates access of the general transcription factors [52]. Thus it can be used 
for improving gene expression. Furthermore, butyrate can influence the quality of 
foreign glycoprotein, which is very important for therapeutic application.

Sodium butyrate (NaBu) has been widely used in the cultures of hybridoma cells 
and recombinant Chinese hamster ovary (rCHO) cells to enhance the productions 
of monoclonal antibodies and recombinant proteins. The effects of NaBu on anti-A 
type blood antibody expression in hybridoma cells were investigated by Yao et al. 
[53]. NaBu of 0.25 mmol L−1 or 0.5 mmol L−1 added to RPMI 1640 medium could 
significantly increase the titer and affinity of antibody. Yin et al. [54] reported the 
effects and mechanism of NaBu in the expression of human clotting factor VIII 
(hFVIII) in recombinant mouse NIH/3T3 cells. The cells were incubated in DMEM 
medium containing NaBu for 24 h. After stimulation of NaBu, the levels of hFVIII 
increased by 70% in comparison with the control without NaBu addition. They also 
showed that NaBu enhanced the transcription of cDNA which encoded the heavy 
chain of hFVIII.

The effects of NaBu on cell growth, glucose metabolism and EPO expression 
were investigated [42]. The growth of recombinant CHO cells decreased with the 
addition of NaBu in the serum-free medium CHO-S-SFMII and was entirely inhib-
ited at 2 mmol L−1 NaBu. The specific glucose consumption rate was decreased by 
30% in the presence of NaBu. In addition, EPO production was not facilitated by 
the addition of NaBu, but it may be helpful to improve EPO productivity. So it was 
suggested that NaBu was unnecessary in cell growth phase, and it could be added 
at proper time to prolong EPO production period. There are different effects of 
NaBu on the quality of recombinant glycoproteins expressed in CHO cells. The effects 
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depend on cell lines and proteins. Wu et al. [55] investigated the influences of NaBu 
on the glycosylation of EPO expressed in CHO cells. They found that NaBu signifi-
cantly decreased the content of sialic acid but slightly increased the occupancy of 
N-linked oligosaccharides. Furthermore, the type of oligosaccharides was not 
changed significantly, although their total amount decreased. The plausible cause 
for sialic acid reduction is that high specific protein productivity induced by NaBu 
makes incomplete protein glycosylation.

In conclusion, a high concentration of NaBu used in recombinant glycoprotein 
production will play not only the beneficial role in the productivity but also a detrimental 
role in cell growth and glycoprotein quality. When NaBu is chose to enhance protein 
production, its detrimental effect on protein glycosylation has to be considered.

3.1.2 AMP

In recent years, a few studies have shown the effect of extracellular nucleotides 
on enhancing protein production [56]. Luo et al. [49] found that adenosine 
5-monophosphate (AMP) can effectively enhance HBsAg production in the culture 
of rCHO cells, but it markedly inhibited cell growth. In order to increase HBsAg 
production and avoid the AMP-induced inhibition of cell growth, a culture strategy 
with periodical medium changes was established.

Luo et al. first studied the influence of different AMP concentrations on HBsAg 
production by rCHO cells. Generally, 4 mmol L−1 AMP is optimal for enhancing 
HBsAg production in the culture of rCHO cells. At concentrations above 4 mmol L−1, 
AMP was toxic to cell growth and protein production. However, the marked inhibi-
tion of cell growth was observed in the presence of 4 mmol L−1 AMP in a batch 
culture and no obvious enhancement in HBsAg production was achieved, but specific 
HBsAg production rate was still greatly enhanced. To understand the AMP-induced 
increase in productivity, the intracellular ATP pool content and its fluctuations were 
determined. In the first 24 h after AMP addition, the intracellular ATP content 
significantly increased to 14.5 × 10−6 nmol cell−1, 2.5-fold higher than that of the 
control, indicating that AMP could significantly and instantaneously increase intra-
cellular ATP level. AMP could stimulate catabolic metabolism, leading to higher 
ATP production. So the effect of AMP on energy metabolism could be one of the 
reasons for the increased HBsAg production.

To increase HBsAg production and avoid the AMP-induced inhibition of cell 
growth, cells were changed to a fresh medium containing 4 mmol L−1 AMP at 96 h 
post-inoculation and periodically carried out every 48 h afterwards. Cell growth 
inhibition by AMP was observed again. However, in the first 48 h of cultivation, no 
increase in specific productivity and HBsAg production was observed. The second 
medium change to a medium with AMP showed a sharp increase in both HBsAg 
production and specific productivity by 90% and 150%, respectively. After the third 
medium change, HBsAg concentration increased to 2.2-fold of control and specific 
productivity to 3.3-fold. These enhancements were maintained until the end of the 
culture. The results demonstrate that the application of AMP in the late exponential 
stage of cell growth could markedly enhance HBsAg production.
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3.1.3 DMSO

Dimethyl sulfoxide (DMSO), an amphipathic molecule soluble in both aqueous and 
organic media and a well-known cryoprotectant and a lipophilic solvent, has wide 
applications. However, there have been few reports about DMSO on protein pro-
duction and cell behaviors in recombinant animal cell cultures. Recently it was 
found that DMSO could regulate the protein production in gene, protein, and cell 
levels.

At gene level, DMSO may prevent cell differentiation, inhibit cell growth, and 
reduce cell apoptosis. The addition of DMSO as an antioxidant can inhibit the 
induction of DNA damage and increase the productivity of protein. Seki et al. [57] 
showed that 1% DMSO decreased the amount of human immunodeficiency virus 
type 1 (HIV-1) required to establish similar infection by 90%, and the enhanced 
infection effect of DMSO was mainly at the step of transcription of viral RNA.

Zangar et al. [58] investigated the effect of DMSO in protein level. When cyto-
chromes P450, such as CYP3A, CYP2E1 and CYP2B, were expressed, DMSO 
increased the formation of CYP3A and CYP2E1 proteins without the increase of 
their mRNA levels. It was deduced that DMSO altered the post-transcriptional 
regulation of these cytochromes P450. Neither CYP2B nor NADPH cytochrome 
P450 reductase expression was altered in response to DMSO treatment, and the 
effects of DMSO on CYP3A and CYP2E1 were selective. Also, CYP3A and 
CYP2E1 protein levels were increased ~2.5-fold at 12 h and returned to basal levels 
at 32 h, indicating that the effect of DMSO was time-dependent.

At cell level, DMSO enhances the membrane permeability. Therefore, the 
productivity of extracellular proteins increases. DMSO was recently found to 
exhibit three distinct modes of action, each over a different concentration range [59]. 
At low concentrations, membrane thinning and increased fluidity of the membrane 
hydrophobic core were induced by DMSO. At higher concentrations, transient 
water pores into the membrane were induced by DMSO. At still higher concentra-
tions, individual lipid molecules were desorbed from the membrane followed by 
disintegration of the bilayer structure. DMSO also has complex effects on cell 
physiological state. The arrest of murine erythroleukemia at G

1
 phase of growth and 

the induction to terminally differentiate by DMSO resulted in a 10- to 50-fold 
increase in the amount of adult a- and b-globins productivities [60].

Certainly, DMSO may have different effects on cell lines or proteins produced 
by one cell line. However, DMSO increases protein production in many pieces of 
research. Ling et al. [61] found that when adding 0.2% DMSO to shake flask cul-
tures at maximal viable cell density, specific monoclonal antibody production was 
increased twofold without great effects on cell density and viability. Liu et al. 
[62] cultured several rCHO cell strains to produce different recombinant proteins with 
1% DMSO addition. They found that the proliferation rates of all the cell strains 
decreased and the productivities of b-galactosidase and a fusion protein, composed 
of a B-cell surface antigen CD20 and an immunoglobulin G-Fc g4 fragment as the 
amino-terminal fusion partner, were increased by 1.4- and 1.6-fold, respectively. The 
simultaneous addition of DMSO and pentanoic acid increased fusion protein 
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 production by up to 2.8-fold. Moreover, there are two contrary roles of DMSO in 
the rCHO cell culture. DMSO enhances recombinant protein productivity, and 
however, it induces G

0
/G

1
 phase growth arrest and reduces cell growth rate. So a two-

stage process was presented in other work by Liu and Chen [63]. In the first stage, 
cells were incubated in a DMSO-free medium for a certain period to obtain a high 
cell density. In the second stage, DMSO was added to achieve high productivity. 
With the addition of 1% DMSO, volumetric productivity of macrophage colony-
stimulating factor (M-CSF) was increased by 57% compared with the control.

The effects and mechanism of DMSO on HBsAg production have been investi-
gated in recombinant CHO cells. Li et al. [64] studied CHO cell growth and HBsAg 
production at different DMSO concentrations (0.5–2.0%). They found 1.5% DMSO 
was the optimum concentration for the HBsAg production. HBsAg production and 
specific HBsAg production rate were improved by 56% and 270%, respectively, in 
the 4-day repeated medium change culture with 1.5% DMSO. Although 2.0% 
DMSO improved the specific HBsAg production rate more effectively than 1.5% 
DMSO, the HBsAg production was lower. The enhancement of HBsAg synthesis 
by DMSO was always accompanied with the inhibition of cell growth.

DMSO also alters cell metabolism. In the batch culture of recombinant CHO 
cells with 1.5% DMSO treatment, glucose consumption decreased by more than 
50% compared with the control. The average specific glucose consumption rate at 
144 h decreased over 40% compared with the control. Lactate production and its 
average specific rate in the culture with DMSO were lower than those in the control 
culture. Moreover, metabolism of amino acids was changed with the addition of 
DMSO. The consumption of many amino acids decreased, including glutamate, 
histidine, threonine, arginine, tyrosine, tryptophane, phenylalanine, and lysine. 
However, glutamate was accumulated in the culture with DMSO treatment. Also 
cystine consumption was enhanced by DMSO.

From the flow cytometer analysis of recombinant CHO cells, DMSO arrested 
cells at G

1
 phase of cell cycle. The cell percentage at G

1
 phase increased to 68.3% 

in the culture with 1.5% DMSO from 57.6% in control culture, in correspondence 
with the improvement of HBsAg production. Therefore, the improvement of 
HBsAg production by DMSO in CHO cells was connected with the arrest of cells 
at G

1
 phase. The result of the flow cytometer analysis also showed that DMSO did 

not cause cell apoptosis in the concentration range of 0–2.0%. A large quantity of 
HBsAg was found inside cells.

In order to disclose the molecular mechanism behind these phenomena, a pro-
teomic approach together with matrixassisted laser desorption/ionization-time of 
flight mass spectrometry (MALDI-TOF-MS) was applied to identify the proteins 
related to the cellular response to the DMSO presence [65]. Four enzymes related to 
glycolysis, including aldolase, triosephosphate isomerase, glyceraldehydes 3-phosphate 
dehydrogenase, and phosphoglycerate kinase, were identified to be down-regulated 
in the presence of DMSO. The redistribution of substrate metabolism flux by DMSO 
in CHO cells was believed to be contributed to the enhancement of HBsAg expres-
sion by DMSO. On the other hand, HSP70 and ERP57, two important chaperone 
proteins which play an important role in protein post-translational modification and 
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secretion, were not up-regulated by DMSO, and the unmatched protein processing 
with the increase of protein expression could result in the accumulation of HBsAg in 
cells. The post-translational modification and secretion of HBsAg potentially became 
the limiting-step in further improvement of protein expression with DMSO.

In order to investigate the mechanism of DMSO effect on HBsAg production 
improvement in gene level, Wang et al. [51] used real-time PCR to detect the 
mRNA level of HBsAg. They found HBsAg mRNA content increased by about 
1.5-fold at 1.5% DMSO. Also analysis of mRNA from cells treated with 1.5% 
DMSO and control at different culture time showed that the increase of HBsAg 
production was related to the enhanced mRNA levels. The increase of mRNA content 
could emanate from the increase of HBsAg gene copy number, the improvement of 
HBsAg mRNA stability, or the acceleration of HBsAg gene transcription. Using 
absolute quantification real-time PCR, they found that HBsAg gene copy number 
was not significantly changed in the cells stimulated with DMSO, and the HBsAg 
gene copy numbers of cells in addition of different DMSO concentrations were 
about 550 copies per cell. The half-life of HBsAg mRNA was measured by calcu-
lating the decay of RNA accumulation after transcription was blocked with actino-
mycin D. By real-time PCR, they found HBsAg mRNA stability of cells with 
DMSO treatment was also not obviously different from the control, and the mRNA 
half-life of 5.58 h in the cells at 1.5% DMSO was comparable to that of 5.36 h in 
the control culture. DMSO did not have an effect on HBsAg mRNA at the post-
transcriptional level. Using nuclear run-on assay based on real-time PCR, they 
discovered DMSO resulted in 80% increase in HBsAg gene transcription activity. 
Therefore, it could be deduced that the acceleration of HBsAg gene transcription is 
the main cause of HBsAg production improvement.

Ma et al. [66] studied the HBsAg accumulation within DMSO-stimulated rCHO 
cells. Intracellularly accumulated HBsAg was localized in the dilated areas in 
which HBsAg was assembled into virus-like particles. The markedly enhanced 
formation of dilated areas in the DMSO-stimulated rCHO cells resulted from the 
significantly increased HBsAg expression, rather than the inducement of DMSO 
itself. Furthermore, it was discovered that the failure of HBsAg virus-like particle 
assembly within cells blocked the effective secretion of HBsAg from rCHO in 
response to DMSO, thus to limit the further improvement of HBsAg production.

3.1.4 Other Additives

Methotrexate

Dihydrofolate reductase (DHFR) is a commonly used target for selection pressure in 
recombinant mammalian cell, and protein expression has been greatly improved by 
cotransfection and coamplification of dhfr and exogenous gene sequences. Exogenous 
genes could be amplified effectively when relative concentration of methotrexate 
(MTX) increased gradually. During perfusion culture in a disc reactor, the specific 
EPO production rate was improved. However, MTX might be ineffective in improving 
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the expression of some macromolecule recombinant proteins. Accordingly, MTX 
amplification shows the specificity of cell line and expressed protein.

Reductant

The expression of a secretory protein cannot be improved by increasing mRNA level 
when the secretory pathway is saturated. Correct folding in endoplasmic reticulum is 
important for protein secretion and it is necessary to optimize protein post-translational 
modification in the secretory pathway. Yoon and Ahn [67] found that secretion ability 
could be enhanced by optimizing redox environment in endoplasmic reticulum 
and raising expression level of PDI and Bip. Alberini et al. [68] reported that 
β-mercaptoethanol could improve secretion of immunoglobulin aggregation inter-
mediate by B cell and plasma cell. Further studies indicated that reductant addition 
might destroy normal redox potential gradient of the secretory pathway, so that surplus 
proteins were secreted. There were also experiments proved that changing redox 
environment interrupted the formation of disulfide bonds.

Yoon and Ahn [67] studied reductant effect on recombinant EPO expression, 
and found that the specific EPO production rate (q

EPO
) was decided by different 

concentrations and different kinds of reductant. Cysteamine was the most important 
reductant of all the experimental ones. No increase of intracellular EPO expression 
level by cysteamine also caught highly attention with the explanation that reductant 
improved EPO secretion by affecting the protein secretory pathway. In addition, 
each reductant has its own optimizing culture oxidation-reduction potential 
corresponding with the maximal q

EPO
. According to this, there is not direct relationship 

between culture oxidation-reduction potential and q
EPO

.

Chemical Chaperone

Chemical chaperones are a kind of low molecular weight compounds to stabilize 
the structure of proteins in vitro, including the organic solvent dimethyl sulfoxide 
and cellular osmolytes glycerol, glucose, and trimethylamine N-oxide. Chemical 
chaperones have been used to prevent the formation of the aggregates and the 
subsequent packaging into inclusion bodies in the process of in vitro folding. 
Sachiko et al. [69] reported that the use of chemical chaperones, including glycerol 
and trimethylamine N-oxide, could correct the defective folding of DF508 cystic 
fibrosis transmembrane conductance regulator protein (CFTR) in cystic fibrosis. 
Glycerol treatment also stabilized immature (core-glycosylated) DF508 and CFTR 
molecules that were normally degraded rapidly.

Phosphatidic Acid

Phosphatidic acid (PA) could improve growth of recombinant CHO, and also increased 
hIFN-g secretion [70]. When nonionic wetting agent Tween-80 and PA were added 
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with 0.5% concentration into serum-free medium, extracellular hIFN-g concentration 
increased by 240%, whereas the specific growth rate and the specific production rate 
did not increase. In this study, relationship between hIFN-g production and cell growth 
was not determined. So mechanism of PA improving protein expression needs further 
researches.

3.2 Effect of Culture Condition on Protein Expression

The effect of culture conditions on cell growth and protein expression is important. 
Temperature, osmolarity, pH condition, dissolved oxygen (DO), carbon and nitrogen 
source, etc. are all considered to be optimized during a culture. Several strategies 
have been addressed to improve protein production, including temperature control 
of process optimization [71–73], medium exchange (partial or total) for osmolarity 
and pH maintenance [74], specific nutrient supplementations and different feeding 
strategies [75]. Some of these approaches have been efficient for improving specific 
protein production to a certain extent.

Temperature and osmolarity are two important factors to be optimized in the 
process. On one hand, they have an effect on increasing the cell percentage in G

0
/

G
l
 phase and decreasing in G

2
/M phase obviously. On the other hand, they can slow 

down the cell growth by lowering the temperature [71]. Therefore, the protein 
production phase can be extended. Cell growth was seriously inhibited under high 
osmotic pressure as well as the expression of protein [75].

3.2.1 Temperature

Various cell lines grow in different temperatures while the mammalian cell is commonly 
cultured at 37 °C. In most cases, both higher and lower temperatures other than 
37 °C will retard cell growth. However, generally speaking, the cell can bear lower 
temperature rather than higher one. In the cell culture field, temperature has been 
widely investigated to find an optimized one for the cell growth and protein expres-
sion. For its complicated functions on cell cycle, apoptosis, metabolism and protein 
synthesis, temperature is the significant factor worth close investigation to ameliorate 
the cell culture process.

Recombinant baby hamster kidney (rBHK) cells have been widely used for 
production of recombinant proteins such as Factor VIII and von Willebrand factor 
(vWF). The effect of temperature on cell growth was investigated in the batch 
culture of rBHK cells [71]. At the lower temperature (33 °C), specific growth rate 
of rBHK cells declined, and the maximal density obviously decreased as well. 
Similarly, the cell grew slowly when the culture temperature was as high as 39 °C. 
However the cell culture at a lower temperature (33 °C) could lead to long mainte-
nance of high cell viability. In further investigations on cell growth, it was found 
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that growth retardation by temperature change was attributed mainly to the prolonging 
of lag phase, and the specific growth rate of rBHK cells was almost independent on 
the variation of temperature in exponential phase (Table 5). In the cell cycle, tem-
perature changes had little effect on the cell percentage of S phase, and the cell 
percentage of G

0
/G

l
 phase increased from 43.8% at 37 °C to 51.4% at 33 °C and 

52.5% at 39 °C while that of G
2
/M phase decreased from 15.4% at 37 °C to 9.5% 

at 33 °C and 10.0% at 39 °C. Besides, the apoptotic cells of the whole cell population 
increased with temperature. When rBHK cells were cultured for 24 h, then cultured 
at different temperatures for further 40 h after medium change, apoptotic rBHK 
cells at 37 °C was 12.0%, higher than 10.8% at 33 °C and lower than 16.0% at 39 °C.

Temperature can influence protein expression in animal cell culture too. Several 
reports showed that lower culture temperature increased the cellular productivity of 
recombinant protein in some recombinant cell lines. In the same work by Yi et al. 
[71], in order to increase the vWF productivity of rBHK cells, the expression and 
the specific production rate of vWF were compared when culturing the cell at dif-
ferent temperatures. Clearly, the specific production rate of vWF at 33 °C would 
increase by 45% compared with 37 °C. It may be partly related to the cell arrest in 
the G

0
/G

l
 phase.

3.2.2 Osmolarity

Osmotic pressure is one of the major environment factors in animal cell cultures. It can 
influence the kinetics of enzyme reactions in cells, cell metabolism, and finally cell 
growth and protein production. So far, some reports from China have been published 
about the effects of osmotic pressure on animal cell cultures.

Various cell lines are different in the tolerance for osmotic pressure. Generally 
speaking, 260–320 mOsm kg−1 is suitable for the majority of animal cells. Sun and 
Zhang [30] reported the results in the culture of recombinant CHO cell. With the 
increase of lactate concentration from 0 to 69 mmol kg−1, corresponding to the 
increase of osmolarity from 300 to 420 mOsm kg−1, the specific growth rate of 
CHO cells was reduced by 33%, and the yields of cell growth to glucose consump-
tion and glutamine consumption were reduced by 45% and 47%, respectively. Yi 
et al. [74] investigated the effect of osmotic pressure on cell growth in the batch culture 
of rBHK cells. When the osmotic pressure increased from 330 to 350 mOsm kg−1, 

Table 5 Specific growth rates of rBHK cells cultured at different 
temperatures. m

24
, m

24–48
, average specific growth rates in the batch 

cultures during 0–24 and 24–48 h, respectively; m, average specific 
growth rates in temperature pulse cultures or culture at 37 °C [71]

Temperature (°C) m
24

 (d−1) m
(24–48)

 (d−1) m (d−1)

33 0.69 1.5 1.3
37 1.2 1.5 1.5
39 0.77 1.4 1.4
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no difference in cell growth was found, showing that the rBHK cells were tolerable 
for the change of osmotic pressure up to 350 mOsm kg−1. However, when it 
increased directly to 370 mOsm kg−1, there was an obvious decrease in maximum 
cell density. At 470 mOsm kg−1, maximum cell density further declined. These results 
indicated that high osmotic pressure could inhibit rBHK cell growth, which was 
also proven by the average specific growth rates of cells at 24 h (Table 6). A similar 
phenomenon was also viewed by Chen et al. [32] in the culture of Chinook salmon 
embryo (CHSE) cells.

However, it was reported that hybridoma cells could adapt the change of 
osmolarity to a certain extent [76]. Similarly, when practicing the strategy by 
gradually increasing osmotic pressure from 330 to 370–470 mOsm kg−1, rBHK 
cells could adapt to higher osmotic pressure [74]. Noticeably, no significant 
improvement in cell growth rate was observed when the stepwise increase of 
osmotic pressure from 370 to 470 mOsm kg−1 underwent a shorter process than 
3 h in comparison with that when increasing to 470 mOsm kg−1 directly. However, 
when the stepwise increase of osmotic pressure underwent 6 h or longer, average 
specific growth rates increased by at least 40% than that when increasing to 
470 mOsm kg−1 directly.

Osmotic pressure could influence protein expression in animal cell culture. 
The enhancement of monoclonal antibody production has been widely demon-
strated when increasing osmotic pressure in the culture of hybridoma cells. 
The expression level and average specific production rate of vWF in rBHK cells 
under different osmotic pressures were investigated (Table 6) [74]. With the control 
under 330 mOsm kg−1, the vWF expression level increased by 16% and 12% under 
370 and 420 mOsm kg−1, respectively, and the average specific production rate of 
vWF increased 47% under 370 mOsm kg−1 and 44% under 420 mOsm kg−1. 
The result showed that the protein production of single rBHK cell was enhanced by 
a big margin under high osmotic pressure. The mechanism of protein production 
enhancement was found to be different from hybridoma cells. In hybridoma cells, 
low cell growth rate under high osmotic pressure resulted in an increased percent 
of cell population in G

0
/G

1
 phase of cell cycle, and average production rate of 

monoclonal antibody per cell would be higher because the cell in G
0
/G

1
 phase could 

synthesize antibody more rapidly. Yi et al. [74] found in rBHK cell culture that 
under enhanced osmotic pressure there were few changes in the cell percent in 

Table 6 Specific growth rates at 24 h in the pulse cultures (m
P
) and batch cultures (m

b
) and vWF 

productions at 96 h in rBHK cell culture under different osmotic pressures (data from [74])

Osmotic pressure 
(mOsm kg−1) m

P
 (d−1) m

b
 (d−1) vWF (IU mL−1)

Specific production rate of 
vWF (10−8 IU cell−1 h−1)

330 1.54 1.15 4.3 4.5
350 1.50 1.09 - -
370 1.41 0.7 5.0 6.6
420 1.28 0.61 4.8 6.5
470 0.76 0.51 2.2 3.6
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G
0
/G

1
 phase and an obvious increase in the cell percent in S phase. In the recombinant 

BHK cell strain, foreign vWF gene is regulated by SV40 promoter which is S-phase 
specific to control vWF gene expression. The high cell percent of S phase can 
increase the specific production rate of vWF. For the culture under 470 mOsm kg−1, 
the decrease of average specific production rate of vWF relative to that under 
420 mOsm kg−1 might be derived from the strong inhibition of hyperosmotic pressure 
on the integrated activity of rBHK cells, and vWF expression level declined largely 
because of the superposed effect of sharp decrease of cell density.

3.2.3 Other Environmental Factors

Besides temperature and osmolarity, dissolved oxygen (DO), static pressure, pH 
value, stirring, etc. can also effect the expression of recombinant protein.

Generally, the optimal DO level is 10–60% air saturation. Its effect on mammalian 
cells in culture may vary in different cell lines and different conditions. Some cell 
lines can be adapted to withstand high oxygen concentration while for some cell lines 
high oxygen concentration environment may damage the cell membranes, reduce cell 
viability and induce cell death. Expression of recombinant protein may be changed 
with the different DO levels. Hu et al. [77] showed that prourokinase (pro-UK) had 
good yield with DO level varied from 20 to 45% when CHO cells were cultured on 
porous microcarriers in a 30-L stirred tank bioreactor. From day 42 to 72, when DO 
kept 20%, pro-UK production in bioreactor was 1.7–2.5 g day−1, and when DO level 
decreased to 7–9%, the production was 0.75–1.7 g day−1. But after 72 days, when some 
new microcarriers were added and DO level was maintained between 15 and 30%, 
pro-UK production could not recover to the best yield. At the same time, the lactate 
concentration in low DO level increased greatly. They concluded that low DO levels 
could influence the expression of protein in CHO cell and lactate may be one of the 
main reasons for pro-UK production decrease in low DO level.

Static pressure may also effect the protein expression [78–80]. Yu et al. [80] 
found that high static pressure could improve hGM-CSF production in CHO cell. 
They cultured CHO cells in normal pressure (0.1 MPa) for 24 h, then transformed 
into pressure containers with static pressures of 0.15, 0.4, 0.75, 0.9 MPa, respec-
tively. After 96 h, the specific growth rate did not change nearly as much as the 
increase of the static pressure. However, the production of expression protein was 
improved from 1.23 × 10−13 mg cell−1 h−1 at 0.1 MPa to 1.62 × 10−13 mg cell−1 h−1 at 
0.9 MPa, and increased by 32%. The mRNA level of hGM-CSF was also detected. 
The expression level of hGM-CSF mRNA was 0.33 ± 0.05 in 0.1 MPa and 
0.40 ± 0.07 in 0.9 MPa. At the same time, b-actin, as the reference, did not have 
significant deviation. So, the increased production of hGM-CSF could emanate 
from the improvement of hGM-CSF mRNA level in high static pressure.

Regulation of pH value is essential for the survival of mammalian cells. The pH 
is important not only for maintaining the appropriate ion balance, but also for main-
taining the optimal function of cellular enzymes and for optimal binding of 
hormones and growth factors to cell surface receptors. Changes in pH can alter cell 
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growth conditions, and then may effect the production of recombinant protein 
(protein quantity and quality). The optimal pH of cell growth may be different from 
that of protein expression. So, the effect of culture condition should be investigated 
with different cell lines and different recombinant proteins.

All the animal cells are sensitive to the shear effect of stirring. As one of the 
regulation factors, stirring not only effects the DO level and cell growth, but also 
destroys the cells in intense stirring. When animal cell culture was scaled up, stirring 
should be designed cautiously.

4 Other Research Areas in China

4.1 Serum-Free Medium

Serum-free medium is designed to grow a specific cell type or perform a specific 
application in the absence of animal serum, but may contain serum constituents or 
substitutes. Serum-free medium represents an important tool, which allows cell 
culture to be done with a defined set of conditions. In China, the use of animal 
serum in biologicals preparation for human application is under more and more 
strict regulations. It is particularly important in industrial production where the use 
of serum presents a safety problem, especially a source of unwanted contaminations 
in the production of biopharmaceuticals.

The use of serum-free medium is common for many cell types [81–91] and 
many constituents can be obtained through a number of vendors. Nevertheless, 
there are a few drawbacks that should be considered when using serum-free medium. 
First, an accommodation time is necessary for cell adaptation to serum-free medium. 
The cells have to be weaned from serum slowly [81, 82]. Moreover, some cell lines 
may require the addition of growth factor or inorganic ion [83–85] to overcome 
deficiencies or promote growth in a certain medium. It is advisable to begin with a 
serum-free medium which has some kinds of growth factors, such as pituitary 
extract, which can be incrementally removed if necessary.

An extracellular matrix on the growth culture is essential for attachment-dependent 
cell lines. Serum provides some components playing the role as this matrix. Therefore, 
when using serum-free medium, the substratum (plastic dishes) should be pre-coated 
with fibronectin [86], laminin [87, 88] and so on.

To overcome these obstacles, efforts have been made to develop new kinds of 
serum-free medium for different demands [89–91]. Methods commonly used are 
cultivation process analysis, molecular biotechnology and statistical experiment.

In the work by Zhang et al. [90], MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) assay was used to screen for potential nutritional 
factors in bringing about a growth medium for primary cell culture of Suberites 
domuncula. Ferric iron and pyruvate were found to significantly improve cell 
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viability in a dose-dependent manner, while silicon and glutamine showed limited 
improvements at certain concentrations. Therefore, several improved media 
could be formulated to maintain high cell viability in a short-term culture of 
primary sponge cells.

In 2004, Yi et al. [89] formulated a new serum-free medium named SFMA using 
HADAMARD statistical design for the cultivation of rBHK cells and the expression 
of rec-vWF. In SFMA, the growth of rBHK cells and the expression of rec-vWF 
were higher than those in serum-supplemented culture.

Using factorial design combined with the steepest ascent method, Liu et al. [91] 
systematically built up a serum-free medium for recombinant CHO cell growth and 
fusion protein expression. The optimal composition of serum replacement for 
specific fusion protein production was 1% SITE (selenium, insulin, transferrin, 
ethanolamine), 0.3 g L−1 yeast extract, and 0.09% linoleic acid-BSA. These serum 
substitutes could also promote CHO cell growth and fusion protein production in 
nine kinds of commercial media.

4.2 Fed-Batch and Perfusion Cultures

The main techniques for mass cultivation of animal cells are fed-batch and perfusion 
cultures in stirred tank bioreactor. The models based to analysis of cell metabolism 
can facilitate the performance of fed-batch and perfusion cultures. Zhang et al. [4] 
presented a model of cell metabolism and monoclonal antibody production in 
hybridoma cell culture to conduct a fed-batch culture in serum-free medium in a 
bioreactor with an optimized feeding strategy. The concentration of monoclonal 
antibody reached 350 mg L−1, seven times greater than that in a batch culture. Feng 
et al. [92] executed a fed-batch process in chemically defined protein-free medium 
with a glucose uptake coupled feeding of balanced amino acids together with 
groups of nutrients and a feeding of CaCl

2
 and MgCl

2
 concentrate. The maximal 

monoclonal antibody concentration achieved was approximately eight times that in 
serum supplemented batch culture. As for perfusion, factors such as temperature 
and cell aggregation are of vital importance to cell culture performance and need 
further investigation. Chen et al. [93] examined the potential of temperature shift as 
a tool in the optimization of the perfusion culture of CL-11G cells for the production 
of pro-urokinase. The specific pro-urokinase productivity of CL-11G cells increased 
by 74% at 34 °C compared with controls at 37 °C in batch cultures. Liu et al. [94] 
observed the perfusion culture of HEK 293 cells grown as suspended aggregates in 
a 7.5-L stirred tank bioreactor, and a maximum viable cell density of 1.2 × 107 cells mL−1 
was achieved in 17 days culture. No significant difference in cell performance was 
found between HEK 293 cell populations grown as suspended aggregates and those 
grown as anchored monolayer. Their results demonstrate the feasibility and proof-of-
concept for using aggregates as an immobilization system in the perfusion culture 
in large-scale stirred bioreactors.
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4.3 Cell Damage by Shear Stress

Hydrodynamic shear stress has been known as an important factor influencing cell 
phenotype and function in animal cell or tissue cultures. For the cells adhering to 
microcarriers, it is the diameter of the microcarrier that is of major importance. 
When turbulent eddies are smaller than or the same size as the microcarrier, cells 
can be damaged. The smallest size of these eddies can be estimated using the 
Kolmogoroff eddy-length scale. Shear-induced death of animal cells is supposed 
to relate to a range of parameters including shear stress, shear time, power dissipa-
tion and the growth phase of the cells. On the other hand, for suspended animal 
cells, the important differences in liquid flow (pressure and momentum) are those 
that occur on the scale of cells. The death of cells caused by shear forces is related 
to the way of oxygen supply which could damage cell, influence cell morphology, 
cell aggregation, cell viability, in addition, escape the volatilizing gas from culture 
medium. The use of Pluronic F68, a component to protect cells against sparging 
damage, and the minimization of sparging-gas flow in reactor with a low 
superficial velocity could reduce the damage caused by bubble. Liu et al. [95] 
described the use of hydrodynamic shear stress derived from the proper agitation 
in controlling the formation and size distribution of HEK293 cell aggregates and 
providing sufficient mass transfer to support the normal growth and metabolism 
of HEK293 cells in suspended aggregates. Qiao et al. [96] also related shear 
stress to cell apoptosis. When reaching 15 dyn cm−2, shear stress could inhibit 
LPS-induced apoptosis, which was supposed to inhibit the flow of signal transfer 
of LPS-induced apoptosis.

4.4 Bioreactors for Animal Cell Culture

Bioreactors play a key role in achieving the large-scale culture of animal cells. A few 
studies on the design of new type bioreactor and the performance improvement of 
bioreactor were conducted in China. The stirred-tank bioreactor is the most commonly 
used one. This bioreactor was combined with microcarriers or porous micro-spheres 
techniques for the production of u-PA [97]. The air-lift bioreactor was also applied 
in animal cell culture. In an airlift bioreactor, a novel perfusion system with a setting 
tank and a flat settler was designed. With the application of the system to hybridoma 
cell cultures, the maximum viable cell density, monoclonal antibody concentration 
and average productivity were improved [98]. A novel method for the scale-up 
culture of CHO cells in a packed-bed bioreactor was developed wherein microcar-
riers attached with CHO cells were inoculated directly into the packed-bed bioreactor 
[99]. The method provides a new technique for decreasing the labor cost and ensuring 
the safety of operation. Recently, a new cell-detaching reactor was developed for 
inoculation of anchorage-dependent cells between stepwise-expanded bioreactors 
[100]. The equipment consisted of a trypsinization zone and a separation zone. After 
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the cells have been trypsinized and detached from microcarriers, a 200-mesh 
screen only allowed the cells to pass through to the next bioreactor. The operating 
feasibility of the cell-detaching reactor was tested with anchorage-dependent rCHO 
and Vero cells. rCHO and Vero cells were first cultured in a small microcarrier 
bioreactor, and then inoculated via the cell-detaching reactor into either a packed-bed 
bioreactor (rCHO) or a larger microcarrier bioreactor (Vero). For rCHO cells, the 
cell density reached 1.3 × 107 cells mL−1 in a perfusion culture, and Vero cells 
reached 1.3 × 106 cells mL−1 in a batch culture.

4.5 Stem Cell Culture

The studies on stem cells have been hot in recent years because of their high 
self-renewal ability and extensive characteristics of proliferation in vitro. Both the 
embryonic stem cells and the adult stem cells can be used as seed cells for recon-
struction of tissues and organs. The Chinese government has paid much attention 
to the stem cell researches in National Basic Research Program of China (973 
Program) and Hi-Tech Research and Development Program of China (863 
Program). In 2002, the first Chinese ESC line was established by He et al. [101].

It is necessary to expand stem cells in vitro for the increased demand in treatment 
and research because of the limited amount of stem cells itself. The medium 
requirements of stem cells are different from those of most mammalian cell lines 
and have to be balanced to keep the cells from differentiation. This purpose can be 
achieved by adding suitable cytokine. Li et al. [102] gained high purified neural 
stem cells by culturing the brain cells in the present of bFGF. In addition, cell 
differentiation inhibition factor is important and necessary. There are three popular 
methods to keep stem cells from differentiation, namely co-incubation with 
mesenchymal cells, using conditioned medium (CM) which is added extrinsic cell 
differentiation inhibition factor and using CM prepared by cells capable of secreting 
cell differentiation inhibition factor. Wang et al. [103] showed that human umbilical 
cord blood mesenchymal stem cells co-incubated with the supernatant of human 
marrow mesenchymal stem cells could promote the culture and proliferation of 
umbilical cord blood mesenchymal stem cells in vitro.

Expanding stem cells in vitro while keeping their undifferentiation state is not a 
simple process; strict culture conditions are often necessary. Wang et al. [104] 
found that it was very important for proper culture conditions such as inoculum 
density and culture medium to cultivate successfully human umbilical cord blood 
mesenchymal stem cells in vitro. Ouyang et al. [105] investigated the effect of low 
oxygen tension (LOT) on the in vitro life span of mouse epidermal keratinocytes, 
and the results showed that a longer replicate life span was achieved under the 
reduced oxygen conditions. As some stem cells is difficult to survive when exposed 
to a shear stress environment, microcapsule technology has been used. Li et al. 
[106] first explored the feasibility of expanding neural stem cells in three-dimensional 
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calcium alginate beads (Ca-Alg-Bs), and the results demonstrated the feasibility of 
NSC expansion within Ca-Alg-Bs and provided further possibilities for NSC 
expansion in a bioreactor with the scale of clinical relevance.

Recently, the expansion of stem cells in vitro has being researched in molecular 
level. To investigate underlying mechanisms for functional changes of expanded 
CD34+ hematopoietic stem and progenitor cells (HSPCs), Li et al. [107] systemati-
cally examined gene expression of cultured and fresh CD34+ HSPCs using SMART-PCR 
and cDNA array. In cultured CD34+ HSPCs 20 genes were up-regulated while 25 
genes were down-regulated. The cues implicated in differentially expressed genes 
gave some useful insights into understanding biological behaviors of cultured CD34+ 
cells. In addition, to understand the genetic changes provoked by culture microenvi-
ronments, the gene expression profiles of CD34+ HSPCs grown in static and stirred 
culture systems were also compared using SMART-PCR and cDNA arrays [108]. 
The results revealed that 103 and 99 genes were significantly expressed in CD34+ 
cells from static and stirred systems, respectively, 91 with similar levels of expression, 
while 12 showed different transcription levels, which would give new insights into 
optimizing culture strategies to produce hematopoietic cells.

5 Conclusions

With the development of biotechnology, more and more recombinant proteins 
have been expressed in animal cells. The optimization and scale-up of animal cell 
culture processes are very important issues for the commercial production of the 
recombinant proteins. In recent years, several aspects of the research advances on 
animal cell culture process development have been accomplished in China. The 
understanding of the metabolic regulation, including glucose and glutamine 
metabolism and effects of metabolic by-products (lactate and ammonia) on cell 
culture, lays a foundation for medium optimization and process design. Strategies 
for protein expression improvement in animal cell culture were proved effective 
and implemented in the cultures of different cell lines, mainly concerning addi-
tives (AMP, DMSO, reductant, chemical chaperone, phophatidic acid) and culture 
conditions (osmolarity, temperature, DO, static pressure, pH value, stirring). 
Moreover, some researches were conducted in other areas, such as serum-free 
medium, fed-bath and perfusion cultures, cell damage by shear stress, bioreactor 
for animal cell culture, and stem cell culture. From all these achievements, a prom-
ising development of the animal cell culture technology in China can be expected. 
By animal cell culture, the large-mass production of vaccine, antibody and other 
recombinant proteins is a rapidly ascending industry in China. To meet it, the 
medium design and process optimization based on cell metabolism regulation and 
protein expression improvement will play an important role.
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Approaches to High-Performance Preparative 
Chromatography of Proteins

Yan Sun, Fu-Feng Liu, and Qing-Hong Shi

Abstract Preparative liquid chromatography is widely used for the purification of 
chemical and biological substances. Different from high-performance liquid chroma-
tography for the analysis of many different components at minimized sample loading, 
high-performance preparative chromatography is of much larger scale and should be 
of high resolution and high capacity at high operation speed and low to moderate 
pressure drop. There are various approaches to this end. For biochemical engineers, 
the traditional way is to model and optimize a purification process to make it exert 
its maximum capability. For high-performance separations, however, we need to 
improve chromatographic technology itself. We herein discuss four approaches in this 
review, mainly based on the recent studies in our group. The first is the development 
of high-performance matrices, because packing material is the central component of 
chromatography. Progress in the fabrication of superporous materials in both beaded 
and monolithic forms are reviewed. The second topic is the discovery and design of 
affinity ligands for proteins. In most chromatographic methods, proteins are separated 
based on their interactions with the ligands attached to the surface of porous media. 
A target-specific ligand can offer selective purification of desired proteins. Third, 
electrochromatography is discussed. An electric field applied to a chromatographic 
column can induce additional separation mechanisms besides chromatography, and 
result in electrokinetic transport of protein molecules and/or the fluid inside pores, 
thus leading to high-performance separations. Finally, expanded-bed adsorption is 
described for process integration to reduce separation steps and process time.
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1 Introduction

Over the past three decades, bioscience and biotechnology have developed rapidly 
as marked by the advances in genetic engineering and cell fusion techniques. These 
have made it possible to produce various biological macromolecules such as proteins 
in sufficient quantities for therapeutic and diagnostic uses. Therefore, bioseparation 
sciences and technology have also developed remarkably to meet the requirement 
of large scale production of biologically active substances [1, 2]. On the other hand, 
progress in the separation and purification technology of biomolecules has been a 
prerequisite for many of the advances made in bioscience and biotechnology. As we 
move into the twenty-first century of the postgenome era, the correlation between 
advances in biotechnology and breakthroughs in separation science has strength-
ened. One distinct example is that the studies of systems biology and biotechnology 
such as proteomics and metabolomics are becoming more dependent on the 
progresses of bioseparation technology [3, 4].

It is notable that chromatographic technology has played the most important role 
in the separation and purification of biomolecules [5]. More importantly, chroma-
tography is a separation methodology of great diversity; it is based on various 
interactions of a target solute with a ligand coupled to solid surface (except size 
exclusion chromatography), and also links to various other separation methods such 
as adsorption, membrane separation, liquid–liquid extraction and centrifugation. 
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Hence, chromatographic separations can be operated at many different modes 
based on different interactions and separation mechanisms [5–7]. As a result, the 
technology is so powerful that various substances, including small molecules, 
biopolymers and particulate materials such as viruses and whole cells, can be puri-
fied by the methodology. For this reason, chromatography has been the most widely 
used separation technique in the studies of systems biology and biotechnology. In 
the postgenome era it is expected that more and more functional proteins will be 
discovered and identified by proteomics studies, which requires more powerful 
chromatographic separation and purification in their identification and towards 
their applications. Hence, it is essential to improve continuously chromatographic 
technology for both academic studies and industrial production of biological 
substances. In this review we will focus on the development of preparative chroma-
tography towards high-performance separation of biomacromolecules. Proteins are 
the primary products of discussion, whereas other biological macromolecules and 
particulates such as plasmid DNA and viruses will also be mentioned.

To begin with, we need to clarify the term ‘high-performance preparative chroma-
tography (HPPC)’ that we focus on. We all know high-performance liquid chromatog-
raphy (HPLC). HPLC is definitely a powerful tool for the analysis of liquid samples 
containing many different components, so it is indispensable for the technology to 
show high-resolution in the separation of many components by a single chromato-
graphic run. Namely, HPLC for analytical applications should have high column effi-
ciency (large plate number or small value of height equivalent to a theoretical plate, 
HETP) [6, 7] and peak capacity [8] at minimized sample loading. For preparative sepa-
ration, however, the major objective of chromatography is to reach maximal loading 
and fastest operation while maintaining defined resolution or selectivity for a single 
product. Hence, the so-called HPPC herein means high feedstock loading capacity and 
high resolution or selectivity of a target product while operating at a flow rate as high 
as possible. This is the goal of preparative chromatography, but how to get it?

2 Approaches to HPPC of Proteins

For biochemical engineers, the conventional method for improving chromatographic 
separation of proteins is to model and optimize a purification process to make it exert 
its maximum capability. To this end, the fundamentals of chromatographic processes 
such as equilibria and mass transport kinetics should be well elucidated. Since the last 
decade, there have been significant advances in the fundamental studies of protein 
chromatography, including modeling of protein adsorption equilibria [9–17] as well 
as characterization of protein adsorption equilibrium [18–22] and mass transfer kinet-
ics [23–29]. Based on fundamental theories, process modeling can be realized for the 
analysis and optimization of protein chromatography [30–35]. In recent years, confo-
cal laser scanning microscopy (CLSM) has been widely employed for the direct and 
noninvasive measurement and characterization of intraparticle concentration distribu-
tions of proteins on a single bead scale due to its outstanding depth-discriminating 
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capability in detecting the property of specific structures or molecules inside a speci-
men [36–40]. With the help of CLSM, the microscopic phenomena of protein adsorp-
tion inside porous particles in a chromatographic process, including the competitive 
adsorption of multicomponent proteins [37], can be quantitatively depicted. With the 
intraparticle concentration profiles obtained by direct visualization, mass transport 
models can be evaluated for their suitability for description of protein adsorption 
dynamics [41, 42]. Thus, the technique can offer a better understanding of protein 
chromatography, helping matrix design and establishment of more sophisticated 
equilibrium and kinetic models for process analysis and optimization.

Besides the fundamental studies aiming at optimization of protein chromatography 
towards high-performance purification of desired products, the most direct way to 
HPPC of proteins is the development of novel materials and methods with enhanced 
separation performance. The first approach we can think of is definitely the develop-
ment of novel matrices because packing material is the central component of chroma-
tography. To meet the demand of high-performance, the matrices should have high 
specific surface area that are readily accessible for target molecules, so high loading 
capacity is available while operating at high flow rate. In almost all chromatographic 
methods, proteins are separated based on their interactions with the ligands attached to 
the surface of solid media. A target-specific ligand can result in the selective separation 
of desired proteins. Hence, the second approach to HPPC of proteins is considered as 
the design or discovery of affinity ligands for proteins. With a highly specific affinity 
ligand, the target solute can be purified even though the solid medium is not of high 
performance. Third, besides the medium and ligand composing a chromatographic 
stationary phase, we can also develop methods for process intensification towards the 
objectives of high-performance separation. It is well recognized that diffusive mass 
transfer in porous materials is the rate-limiting step of chromatographic separations. 
To facilitate mass transport in porous media, external electric field can be applied to a 
chromatographic column, resulting in electrokinetic transport of protein molecules 
and/or the fluid inside pores. This is a separation method called electrochromatogra-
phy that we will discuss as the third approach. Finally, process integration is effective 
to reduce separation steps and process time of the purification train for a target solute. 
Since the 1990s, expanded bed adsorption has been well studied as a promising 
approach to this end, and we will introduce it as the fourth approach. In this review 
chapter we will discuss the above four approaches to HPPC of proteins.

3 Innovation of Solid Matrices

3.1  Diffusive Mass Transfer in Porous Chromatographic 
Matrices

It is known that the diffusivity of a small solute in liquid phase (e.g., water) is about 
four orders of magnitude lower than that in gas phase (e.g., air) under normal 
temperature and atmosphere because of the much higher viscosity and density of 
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an aqueous phase compared to a gas phase. This implies that the mass transfer rate 
in aqueous solutions is much lower than in gas. Therefore, biochemical processes 
involving liquid phase often suffer from mass transfer limitations. For the biomac-
romolecules such as proteins, plasmid DNA and viruses, they have much smaller 
diffusivities than small molecules (Table 1) [2, 43, 44], so the problem becomes 
even more serious. Furthermore, in chromatography with a porous stationary phase, 
the intraparticle diffusion of macromolecules is significantly hindered [25–29, 45], 
so the intraparticle diffusivity is much lower than in bulk liquid phase and decreases 
more with increasing molecular size [26, 46]. Hence it is widely recognized that 
intraparticle diffusive mass transport is the rate-limiting step in chromatographic 
processes of biomacromolecules. To offer high adsorption capacity, however, solid 
matrices for preparative chromatography must be made of porous structure to 
provide sufficient surface area for the accommodation (binding) of biomolecules. 
This leads to low column efficiency and in turn reduced dynamic binding capacity 
due to the intraparticle mass transfer limitation, as described by the van Deemter 
equation [7, 47] for packed-bed chromatography:
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diffusivity of solute in the solid particles. Consequently, it is necessary to reduce 
particle size to increase the column efficiency, which is the basic idea of HPLC.

As illustrated in Fig. 1, however, the decrease in particle size would result in the 
decrease of bed permeability or the increase of back pressure as described by the 
Darcy’s law in a laminar flow region [48]:
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Table 1 Molecular size and diffusion coefficients (or order of magnitude) of representative 
biomolecules (20 °C) [2, 43, 44]

Biomolecule Molecular mass
Characteristic 
length (nm) Diffusivity (m2 s−1)

Small molecule <1,000 – 0.5 × 10−9–2 × 10−9

Lysozymea 14,300 1.5 11.8 × 10−10

Serum albumin, bovinea 66,000 3.0 5.93 × 10−11

g-Globulin, human seruma 153,100 7.0 4.0 × 10−11

Fibrinogena 390,000 14.2 1.86 × 10−11

Virus – ~50b ~10−12c

Plasmid DNA 2 × 106–13.2 × 106 
(3–20 kbp)

150–250b 10−12–10−13c

aData from [43], the characteristic length represents radius of gyration  
bData from [2]  
cData from [44]
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where ∆ is the column pressure-drop, L the column length, and h is the viscosity of 
mobile phase. The flow rate must therefore be kept at a low level due to pressure-
drop limitation. This in turn results in the decrease of overall productivity. 
Moreover, because of the lengthening of separation time at low flow rate, more 
denaturation or conformational changes of the bioproduct would occur during the 
separation process, leading to the lowering of product quality. So, the effort made 
to enhance loading capacity has finally resulted in the decrease of chromatographic 
productivity and separation performance. This is a conflict caused by diffusive 
mass transfer resistance within particles, which is often encountered in conven-
tional chromatography with porous media. Thus, there is often a trade-off between 
resolution/capacity and flow rate in conventional chromatography.

Therefore, chromatographic matrices need evolution to overcome this problem. 
Since the conflict comes from the intraparticle mass transfer limitation, the primary 
way to be considered should be elimination or at least alleviation of the diffusive 
mass transfer resistance. In the past 20 years, various efforts were made to reduce 
mass transfer limitations and to realize HPPC of biomacromolecules.

3.2 Superporous Microspheres

A direct way to the goal of elimination or alleviation of intraparticle diffusive mass 
transfer resistance is to open convective flow channels at sizes of submicron to 

High loading capacity of stationary phase 

Porous structure with large surface area  

Increased intraparticle mass transfer 
resistance

Decrease particle size  

Decrease in bed permeability or increase in pressure drop  

Low column efficiency and low 
dynamic capacity 

High column efficiency 

Decrease of flow rate, of operation 
time 

Low productivity and product 
quality 

Fig. 1 The effort to high loading capacity results in low productivity: a conflict encountered in 
conventional chromatography
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microns in porous particles (Fig. 2). The mobile phase can flow through the chan-
nels in chromatographic operations, so intraparticle mass transport is greatly 
enhanced due to a shortened diffusive path. This kind of chromatography is called 
flow-through chromatography or perfusion chromatography and the materials with 
intraparticle convection is called flow-through or perfusion medium [49, 50]. As 
compared to the diffusive pores of conventional media (usually, 10–200 nm [51–
54]), the flow-through pores are over 600 nm in size, one to two orders of magnitude 
larger the diffusive pores. So, the wide pores that the mobile phase can flow through 
can also be called superpores or gigapores, and the corresponding particles are called 
superporous (or gigaporous) microspheres. Moreover, one characteristic of the mate-
rial is the bimodal pore size distribution, so this kind of microsphere is also called 
biporous bead or bidisperse porous bead. The micropores (i.e., diffusive pores) of 
10–200 nm offer large specific surface area for protein binding, so high adsorption 
capacity can be maintained in the adsorbents based on the biporous geometry.

There have been various biporous media available [50], and well-known is that 
produced by poly(styrene-co-divinylbenzene) copolymer with the commercial 
name of POROS (Applied Biosystems, CA, USA). In the particles, superpores of 
600–800 nm are connected to each other by diffusive pores with a path length 
<1  mm, so high resolution and dynamic binding capacity can be obtained at flow 
velocity higher than 300 cm h−1 [55, 56]. The high column efficiency is definitely 
caused by the intraparticle convection that eliminates diffusion limitation to large 
extent. According to the simple model derived by Afeyan et al. [55], the intraparticle 
convection can be dominant for mass transfer, leading to the independence of column 
efficiency on flow velocity in a broad range (e.g., 500–5,000 cm h−1).

In recent years, continuous efforts have been made to develop different superpo-
rous media. One excellent example is the superporous agarose gel prepared by a 
double emulsification [(oil-in-water) in oil, (o/w)/o] protocol [57]. Using this 
method, superpores created by the interior oil phase could be of microns to tens of 

Interparticle flow
Intraparticle flow

Diffusive pores –
main binding zone

Fig. 2 Illustration of biporous bead for chromatography: convective flow and diffusive mass 
transfer
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microns. Since its invention, the material has been extensively characterized for 
various applications such as immobilization of human red blood cells [58] and 
plasmid isolation [59]. Inspired by the research of superporous agarose, Sun et al. 
introduced the double emulsification technique to fabricate rigid polymeric bipo-
rous medium using glycidyl methacrylate (GMA) and ethylene glycol dimethacr-
ylate (EDMA) as monomers and benzoin ethyl ether (BEE) as initiator [60]. 
Because the monomers are oil-soluble, the biporous polymer bead was fabricated 
by (w/o)/w emulsification and subsequent radical suspension photo-polymerization 
by ultraviolet irradiation (Fig. 3). The biporous bead of 43 mm in mean size had a 
bimodal pore distribution, i.e., micropores (20–100 nm) and superpores (300–
4,000 nm). The convective flow of mobile phase through the superpores lowered 
the backpressure by about 70%, at a flow velocity up to 3,000 cm h−1, and the HETP 
value was only about 40% that of the column packed with microporous beads at this 
high flow velocity. After modification with diethylamine to prepare anion exchang-
ers, frontal analysis with bovine serum albumin (BSA) was carried out. It proved 
that the dynamic binding capacity of the biporous anion exchanger column changed 
less and was 1.6–2.4 times higher than that of the microporous anion exchanger 
column at flow velocity range as high as 1,200–3,000 cm h−1. Moreover, the bipo-
rous anion exchanger column offered better separation of protein mixtures 
(myoglobin and BSA) at mobile phase velocities up to 3,000 cm h−1, indicating that 
it was promising for high-speed protein chromatography.

In addition to the double emulsification procedure, Sun and coworkers have 
developed a novel porogenic mode to create superpores of high connectivity in 
rigid polymeric microspheres [61]. The method involves application of superfine 
salt granules (0.5–5 mm) such as sodium sulfate crystals and calcium carbonate as 
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Fig. 3 Fabrication procedure of biporous polymer beads of GMA and EDMA by (w/o)/w double 
emulsification and photo-polymerization
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solid template to produce superporous beads by suspension–polymerization. After 
polymerization reaction, removal of solid granules by dissolving them in water (for 
sodium sulfate) or in dilute hydrochloric acid (for calcium carbonate) created wide 
pores interconnected inside a particle. Consequently, by cooperation of superfine 
salt granules as solid porogen and a mixture of solvent as liquid porogen, biporous 
microspheres for high-speed chromatography of biomolecules were fabricated 
[62–65]. Figure 4 shows the pictures of biporous and microporous beads of poly 
(GMA–EDMA) observed by scanning electron microscopy (SEM) [64]. In the 
preparation of microporous particles, a mixture of cyclohexanol and dodecanol 
(90/10 in v %) was used as liquid porogen, with a volume ratio of 60/40 with 
respect to the monomers (GMA and EDMA). In the fabrication of biporous beads, 
however, calcium carbonate granules of 0.8 mm in mean size were introduced to 
the liquid phase at a volume ratio of 40/50/10 (monomers/solvent/solid granules). 
The matrix was modified with diethylamine to afford ionizable weak base 1-N,N-
diethylamino-2-hydeoxypropy functionalities that are required for ion exchange 
chromatography. Results from the SEM pictures and mercury intrusion porosimetry 
measurements revealed that the biporous matrix contained two families of pores, 
that is, micropores (10–90 nm) and superpores (180–4,000 nm). Because of the 

Fig. 4 a–d SEM photographs of biporous bead (a,b) and microporous bead (c,d) at different 
magnifications. Figure from [64]



226 Y. Sun et al.

presence of the superpores that offered convective flow channels for the mobile 
phase, the backpressure of the biporous bead column was only about one fifth that 
of the microporous bead column. The convective flow of the mobile phase pro-
moted intraparticle mass transfer, so, as shown in Fig. 5, the HETP value of the 
biporous beads remained nearly unchanged in the flow velocity range of 300–
3,000 cm h−1, while that of the microporous beads increased linearly, in good agree-
ment with the van Deemter equation (1) that depicts HETP as linearly proportional 
to flow rate in conventional chromatography [7, 47]. Moreover, the dynamic 
adsorption capacity of a 2-mL biporous bead column for BSA was found to be as 
high as 35 mg mL−1 bed at 300 cm h−1, over 60% of its static capacity. It was much 
higher than that of the column packed with microporous anion exchanger 
(7 mg mL−1 bed). Moreover, as displayed in Fig. 6, the dynamic capacity decreased 
only slightly with increasing flow velocity up to 3,000 cm h−1. The results indicated 
that the biporous structure of the media offered enhanced intraparticle mass transfer 
that led to the high-performance of protein chromatography at high flow rate. 
Recent studies proved that this kind of biporous material was suitable for high-
speed purification of proteins [65] and plasmid DNA [66, 67].

Using calcium carbonate granules as a porogenic agent, we have also developed 
a superporous agarose (SA) gel by water-in-oil emulsification with 5 vol.% calcium 
carbonate granules suspended in 6% agarose solution [68]. After cross-linking, the 
solid granules were removed by dissolving in hydrochloric acid. Then the gel was 
modified with diethylaminoethyl (DEAE) groups to produce an anion exchanger, 
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SA-DEAE. A homogeneous agarose (HA) gel was also prepared and modified with 
DEAE for comparison. Optical microscopic observation revealed that the beads 
entrapping calcium carbonate were opaque due to the presence of calcium carbonate 
granules. After removal of the solid granules, the gel became transparent, but not 
yet as homogeneous and bright as the HA gel: gray craters were visible in the SA 
gel. It is considered to be the superpores left by the calcium carbonate granules. 
To compare further the difference between SA-DEAE and HA-DEAE, fluorescein 
isothiocyanate labeled immunoglobulin G (FITC-IgG) was adsorbed to the ion 
exchangers by batch adsorption for 24 h and the beads were observed by CLSM. 
Figure 7 shows the two-dimensional images of the two ion exchangers in an in-focus 
plane around the central cross-sections perpendicular to optical axis. From the 
picture, we can see many bright spots inside the SA-DEAE, which shows the clusters 
of adsorbed FITC-IgG. The bright spots were distributed in the whole cross section 
(or in other words, in the whole particle) (Fig. 7a). Moreover, it can be seen that the 
sizes of such spots are uneven, which is considered to be due to the size distribution 
of the calcium carbonate granules used for creating the superpores. In contrast to 
the SA-DEAE, a relatively uniform halo can be seen for the HA-DEAE (Fig. 7b). 
The fluorescence intensity of the labeled protein in the images shown in Fig. 7 was 
analyzed and the results along particle diameter are exhibited in Fig. 8. It is evident 
that there exist drastic fluctuations of the fluorescence intensity in the SA-DEAE, 
while a relative smooth distribution along the radial direction is present in the 
HA-DEAE. The results indicated the high adsorption capacity and fast mass transfer 
kinetics in the SA-DEAE, which was further demonstrated by adsorption equilibrium 
and dynamic experiments. Due to the presence of the wide pores, more channels 
were available for protein transport and, furthermore, more diffusive pores in the 
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agarose network were accessible for the protein approach from different directions. 
This led to 40% higher protein capacity and twice as high effective pore diffusivity 
in the SA-DEAE than in HA-DEAE. Moreover, an increase of the efficiency of the 
SA-DEAE column up to a flow velocity of 300 cm h−1 and independence of the 
column efficiency at flow velocities from 300 to 1,070 cm h−1 were found, indicat-
ing that intraparticle mass transfer was intensified by convective flow at elevated 
flow rates. Therefore, the chromatographic resolution of IgG and BSA was little 
affected up to a flow velocity of 1,070 cm h−1. The results indicated that the super-
porous agarose medium was favorable for high-speed protein chromatography. 
Recently, the method was extended to produce superporous cellulose beads for 
application in protein chromatography [69, 70].

Fig. 7 a,b CLSM images of SA-DEAE 
(a) and HA-DEAE (b) with adsorbed 
FITC- IgG. Figure from [68]
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3.3 Membranes and Monoliths

To maximize chromatographic throughput, mass transfer limitations need to be 
eliminated for the fast uptake of target substance, and the flow rate should be as 
high as possible at a given pressure drop across the bed. This leads to the efforts to 
design short bed of large diameter and other column configurations such as radial-
flow chromatography. To this end, it is obvious that an ideal chromatography column 
is a piece of filter because a porous membrane with thickness in the 100-m range 
is the shortest bed available in reality [71]. Microfiltration membranes primarily 
contain flow-through pores, so the main feature of membrane-based chromatography 
is the absence of pore diffusion, which is the main transport resistance in conven-
tional packed-bed chromatography using porous particles. In membrane chroma-
tography, the target solute binds to the ligands attached to the inner surface of the 
through-pores when it flows through the pores with feedstock, so only the surface 
film diffusion resistance is left [72]. For this reason, membrane chromatography 
can be operated at high flow rate and low pressure drop at maximum efficiency of 
ligand utilization, so membrane chromatography offers high-speed purification of 
biomacromolecules such as proteins and plasmid DNA [44], and now it is particu-
larly popular for antibody purification [73, 74].

However, a drawback of membrane chromatography is its low chromatographic 
efficiency (small plate number) resulting from low ‘bed height’. So it can be claimed 
that membrane chromatography is primarily suitable for affinity-based adsorption 
because the high-selective adsorption relies less on plate number. In addition, membrane 
chromatography often suffers from low binding capacity for proteins due to the lack 
of ‘diffusive pores’ as in conventional porous particles, although it shows high 
capacity for larger biomolecules such as DNA [44, 75]. These have limited its wide 
application in protein chromatography.

A solution to the low efficiency of membrane chromatography is using a disc 
membrane stack packed in a column, but it would certainly compromise the advan-
tage of low flow resistance of membrane chromatography. Hence, use of a monolithic 
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column or continuous bed instead of a membrane stack would be more straightforward. 
A monolith can be regarded as a piece of very ‘thick’ membrane. Besides a larger 
plate number than membrane chromatography, a monolithic column can offer 
higher binding capacity than membrane because it can be made to contain both 
through pores and diffusive pores [76]. As compared to a packed bed of porous 
particles, moreover, monolithic columns have the following advantages. First, the 
volume fraction of through pore in a monolith can be much less than a packed bed 
(usually 0.3–0.5), so a monolith provides a higher fraction of stationary phase for 
solute binding, and in turn higher binding capability. Second, in a packed bed of 
biporous beads, the convection through the superpores accounts for less than 5%. 
In a continuous bed, however, there is relatively even flow rate distribution because 
the flow-through pores can be controlled in a narrow range. So, with a controlled 
pore structure, a monolith can offer lower mass transfer limitation in protein chro-
matography. Because of these advantages, monolithic materials have been widely 
studied for diverse applications, especially for the analytical and preparative 
chromatography of biomolecules such as proteins and DNA [76–78].

The first step to a successful monolith preparation is to reduce flow resistance 
and in turn to obtain a high flow rate [79]. In the synthesis of rigid polymeric 
continuous rod, this can be realized by adjusting some key variables such as reaction 
temperature, composition of the pore-forming solvent mixture and the content of 
cross-linker [76]. At the same time, a monolith should have plenty of micropores 
connecting the through pores for high binding capability for use in preparative 
chromatography. Zhang and Sun have synthesized an anion exchange monolith 
with GMA as a monomer, triallyl isocyanurate (TAIC) and divinylbenzene (DVB) 
as cross-linkers, and a mixture of toluene and heptane as porogen [80]. The capacity 
of the anion exchanger reached 76 mg g−1 for BSA and the resolution of proteins 
was not compromised up to 900 cm h−1. However, the hydrodynamic property was 
not as good as expected; the backpressure was over 9 MPa at 720 cm h−1. Recently, 
Sun and coworkers introduced the coporogens of sodium sulfate granules and 
organic solvent mixtures described above to monolith preparation [81]. The experi-
mental conditions and the main results are listed in Table 2. In the table, B

0
 is the 

hydraulic permeability of the monolith defined by Darcy’s law [48] [see also (2)]
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By adjusting the volume ratio of dodecanol (DoOH) and cyclohexanol (CyOH), the 
back pressure of the column (MLs) can be readily decreased, as shown in Fig. 9, 
leading to an increase of the column permeability (Table 2). By introducing sodium 
sulfate granules, the bed permeability was further increased to 7.8–8.8 × 10−14 m2. 
It is interesting to see that in the three monoliths produced with solid porogen 
(MLSs), the bed permeabilities were similar, regardless of the difference in the 
compositions of pore-forming solvents. The result indicated that the solid porogen 
played the main role in creating through pores in the monoliths. It is notable that 
the change in the mechanical strength of the monolithic column prepared by using 
the solid porogen was not observed. Moreover, the dynamic binding capacities of 
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the anion exchanger MLSs were not significantly compromised by the introduction 
of through pores using solid crystals, and it was found that with the increase of flow 
rate, the DBC of MLS-3 decreased slightly at the beginning, and then changed little 

Fig. 9 Effect of porogen composition on the back pressure as a function of flow velocity for 
monoliths MLs and MLSs (see Table 2). Conditions: column 50 × 4.6 mm I.D.; mobile phase, 
distilled water. Figure from [81]

Table 2  Effect of porogen composition on the permeability B
0
 and DBC of the Poly(GMA-

EDMA) monoliths prepared at different condition (data from [81])a

a Reaction condition: GMA, 26 vol.%; EDMA, 14 vol.%; organic porogenic solvent, 60 vol.%; 
benzoyl peroxide (BPO), 1 wt% with respect to GMA monomer; temperature, 55 °C; polym-
erization time, 24 h; column, stainless-steel tube of 50 × 4.6 mm I.D
b Volume ratio of dodecanol (DoOH) and cyclohexanol (CyOH)) in the polymerization mixture
c Na

2
SO

4
 crystal was 0.7–1.5 mm

d The monoliths were derivatized to anion exchangers by modification with diethylamine. Dynamic 
binding capacity (DBC) was measured by frontal analysis at 50% breakthrough at 360 cm h−1 

Monolith
DoOH/CyOHb 
(v/v)

Na
2
SO

4
c 

granules (g) B
0
 (10−14 m2)

DBCd 
(mg mL−1) Graft

ML-1 1/9 0 1.8 33.4 No
ML-2 6/19 0 4.2 29.3 No
ML-3 ½ 0 5.0 27.5 No
MLS-1 1/9 0.25 7.8 26.4 No
MLS-2 6/19 0.25 8.1 26.0 No
MLS-3 ½ 0.25 8.8 23.9 No
MLS-3T ½ 0.25 7.2 74.7 Yes
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in the flow velocity of 500–3,600 cm h−1 [81]. Then poly(glycidyl methacrylate-
diethylamine) tentacles were grafted onto the pore surface of MLS-3 monolith to 
prepare MLS-3T. The DBC of BSA for the MLS-3T was about three times higher 
than the MLS-3 (Table 2). Moreover, the column efficiency (HETP value) of the 
MLS-3 or MLS-3T was independent of flow velocity up to over 3,000 cm h−1. Thus, 
monolithic columns of high column permeability, high binding capacity and high 
column efficiency can be produced by the cooperative porogenic method with solid 
granules and solvent mixture.

3.4 Perspectives

Mass transfer resistance is a barrier on the way to high-speed chromatography of 
biomacromolecules such as proteins, DNA, polysaccharides and viruses. The barrier 
cannot be completely removed, but can be lowered to some extent by the efforts 
made to fabricate new types of solid materials mentioned above. In addition, for 
preparative applications at maximized throughput, the materials need to be made to 
offer a capacity for the biomacromolecules as high as possible. For this objective, 
the materials must be of porous structure with high specific surface area that is 
accessible for the biomolecules. Namely, the pore size should be properly control-
led to offer both large surface area and accessibility for the target molecule. So, we 
would like to emphasize that chromatographic media need to be customized 
according to the properties of the target molecule and its existing environment. 
Otherwise, various media should be provided for users’ selection.

However, current media available for preparative chromatography have never 
fulfilled the requirement of HPPC at high loading capacity, high resolution and low 
pressure drop while operating at high flow rate. Herein, we suggest an ideal chro-
matographic medium as illustrated in Fig. 10. It is a monolith with straightforward 
and evenly distributed uniform through pores (flow channels). The through pores 
look like a honey comb supported by a skeleton full of diffusive pores of proper size 
that provide a large surface area accessible for target solute molecules. The straightfor-
ward through pores offer low flow resistance as predicted by the Poiseuille equation 
for laminar flow in a tube:
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where D
c
 is the diameter of through pores (1–5 mm) and e

D
 the volume fraction of 

the flow channels. As compared to (2) for packed beds, the pressure drop in a 
straightforward tube is one to two orders of magnitude lower. Moreover, the short 
distance between the flow channels (1–5 mm) permits fast approach of the target 
molecule to the binding sites. Thus, this chromatography can really fulfill the 
requirement of HPPC. Creation of this ideal medium for diverse applications may 
require a great effort from chemists and materials scientists.
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4 Discovery and Design of Affinity Ligands

4.1 Advances in Affinity Ligand Studies

Affinity chromatography is considered the most selective method for protein puri-
fication from complex mixtures. It relies on the molecular recognition, that is, the 
ability of affinity ligand to form specific and reversible complex with the target 
protein [82]. Due to its high selectivity and purification power, affinity chromatog-
raphy has become one of the best ways to separate biomacromolecules [83]. 
However, the difficulty in the use of affinity chromatography is the lack of specific 
ligands for most proteins. One solution to this problem is to screen and discover 
affinity ligands from combinatorial libraries [84, 85]. Currently, there are two common 
methods to construct large combinatorial libraries, synthetic and phage surface 
display techniques. Using combinatorial synthesis, a large number of structurally 
distinct molecules are synthesized at a time, which can provide a great many novel 
compounds for random screening. Several laboratories have recently reported the 
application of combinatorial methods to select affinity ligands from the libraries 
based on substituted triazine [86] and peptides [87]. Phage surface display has also 
rapidly developed and evolved as a tool for discovering high affinity ligands for 
affinity chromatography [88]. However, these approaches often suffer from several 
drawbacks, such as pseudo-positives, high screening cost and long screening time. 
Moreover, a limitation of phage display is that peptides often function only when 
the peptide is an integral part of the phage coat protein but not when immobilized 
to a chromatographic matrix.

Rational design is another approach to discover affinity ligands. The method 
uses the information of the structure of natural ligands or its target protein to 
upgrade or create a new ligand. Now, some software packages have been developed 
to calculate, visualize, formulate and hypothesize about the energy and orientation 
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skeleton and straightforward 
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of candidate ligands in the pocket of a target protein. Since Lowe et al. [89] applied 
rational design to upgrade dyes to enhance its affinity, a great number of ligands for 
affinity chromatography have been successfully selected by this approach. With the 
rapid advance in computational tools and the availability of more three-dimensional 
structures of proteins obtained by X-ray crystallography or NMR technology, 
rational design of affinity ligands has become faster, more feasible and powerful. 
This method has also been extended to peptides and their derivatives [90].

There are two distinct rational design methods: structural template approach and 
functional approach [91]. The first is based on the knowledge of the protein struc-
ture and the interactions between the target protein and its natural ligands or coun-
terparts. The natural ligand–protein complex is investigated, and the conformation 
of the bound molecule is used as a template to design a new ligand. For example, 
Platis et al. [92] applied the lock-and-key motif to design affinity ligands for human 
antiHIV monoclonal antibody 2F5. The second is employed when insufficient 
structural data are available for the target protein and a reliable protein model cannot 
be build by homology modeling methods. The approach is based on preexisting 
knowledge for the interaction of the protein with functional groups, moieties and 
molecular shapes on natural ligands, e.g., substrates and inhibitors of enzymes. The 
ligand can be designed either by exploiting a recognizable molecular shape and 
properties, such as hydrophobicity and electrostatic potential [93, 94], or by intro-
ducing a specific functional group. For example, the benzamidine group is often 
used as a ligand for trypsin-like proteases [95].

Recently, the combination of rational design and combinatorial library technique 
emerged as a new and promising approach for ligand selection [96]. The method 
involves the following steps: (1) selection of an appropriate site on the target 
biomolecule, (2) design of a complementary ligand compatible with the candidate 
pocket using modeling techniques, (3) synthesis of a limited ligand library of struc-
tures resembling the rational designed lead ligand, and (4) screening of the library 
against the target protein. The method has already led to the development of a series 
of triazine scaffolded molecules with affinity to different proteins [97]. In addition, 
Melissis et al. [98, 99] have applied the combination of molecular modeling and 
combinatorial approach for designing nucleotide-mimetic ligand for Pfu DNA 
polymerase and Taq DNA polymerase.

4.2 Rational Design of Peptide Ligands by Molecular Simulation

Small peptides are completely biocompatible and are considered as better ligand 
candidates for affinity chromatography, as compared to antibodies, because they are 
composed of only a few amino acids, which are not likely to cause any immune 
response in case of leakage into the product. Moreover, peptide ligands are more 
stable and less expensive than antibody ligands. Therefore, peptide ligands have 
been a research focus in recent years [87].

Recently, Sun and coworkers have focused on the discovery of peptide ligands 
based on the rational design approach. An example is the rational design of affinity 
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peptide ligand by flexible docking simulation [100]. There are two key parts in any 
docking programs, namely searching of the conformation and the scoring function. 
The evaluation and ranking of predicted ligand conformations is a crucial aspect 
during docking. Even when the binding conformations are correctly predicted, the 
calculations may not ultimately succeed if they cannot differentiate correct poses 
from incorrect ones, and thus appropriate ligands will not be identified. So, the selec-
tion of reliable scoring functions is of fundamental importance. There are many 
scoring functions in current application: Dscore, Gscore, Chemscore and PMFscore 
[101]. In order to decide which scoring function should be used to evaluate the affin-
ity between the candidate ligand and the target protein, the heptapeptides screened 
from phage display library with lysozyme [102] and insulin [103] were used to give 
an evaluation. The results showed that the values of Dscore [104], a function of the 
charge and van der Waals interactions between the protein and the ligand, could 
denote the affinity between a ligand and its target protein. Molecular surface analysis 
with the MOLCAD program further validated that the Dscore could be used as an 
index of the affinity between a ligand and its target protein. Therefore, the Dscore 
was used as a measure to evaluate the affinity of a peptide for the target protein in 
the docking simulation to find a small peptide ligand of α-amylase [100].

The structure of α-amylase complex with a substrate (arabinose) was obtained from 
the Protein Data Bank (PDB) (http://www.rcsb.org/pdb/home/home.do) [105]. The 
candidate pocket of α-amylase was identified on the basis of the substrate. It comprises 
aromatic amino acid residues, including two tryptophan residues and one phenyla-
lanine residue. Aromatic p–p stacking interactions were considered to contribute to the 
affinity between the ligand and the target protein. So, tryptophan and phenylalanine 
residues were selected. As we know, hydrogen bonds (H-bonds) play a key role in the 
interactions between ligand and the target protein. Thus, three amino acids (histidine, 
glutamic acid, and asparagine) which can readily donate or accept protons were chosen. 
Finally, the five amino acids were used to build manually a library of 120 peptides.

An attempt was made to dock all the peptides into the candidate pocket of 
α-amylase using FlexX [106]. The result showed that 101 of the peptides were 
successfully docked into the candidate pocket. The FHENW peptide showing the 
highest absolute Dscore value (−253.96) was selected for further analysis. However, 
analysis with the MOLCAD program showed that the C-terminal of FHENW was 
embedded in the candidate pocket, which would greatly weaken its affinity for 
α-amylase when the peptide was coupled to a solid matrix. So, serine was linked to 
the C-terminal in order to elongate the ligand, improve flexibility and enhance specific 
interactions. According to the analysis by the MOLCAD program, the affinity 
interactions between this peptide to α-amylase were mainly electrostatic interactions 
(including 10 H-bonds) and van der Waals forces. Chromatographic experiments 
with the immobilized peptide gave further evidence for this observation. Adsorption 
equilibrium studies with the affinity adsorbent showed that the respective peptide–
enzyme complex had a moderately strong binding affinity (dissociation con-
stant = 4.0×10−6 mol L−1), falling within the range of desired affinity interactions 
applicable to affinity chromatographic separation of proteins (10−4–10−8 mol L−1). 
Finally, affinity chromatography with the peptide ligand was successfully applied to 
purify α-amylase from the fermentation broth of Bacillus subtilis.
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Although high throughput screening using docking programs is useful as a 
fundamental rational design tool, there are three drawbacks of the docking methods, 
i.e., the oversimplification of the docking process (e.g., rigid proteins, single con-
formation of ligands), low predictive accuracy of the scoring functions, and explicit 
solvent effects. Therefore, a possible strategy that could include both the solvent 
effects and the flexibility of both partners is the use of molecular dynamics (MD) 
simulations with an accurate force field. Unfortunately, such calculations are appli-
cable only to a few ligand–protein systems because of the large computational cost. 
So, their use is usually restricted to a few selected ligand candidates.

Liu et al. [107] recently proposed the combination of docking and MD simulations 
for the rational design of affinity ligand, and the method was demonstrated in the 
design of a peptide ligand for affinity chromatography of tissue-type plasminogen 
activator (t-PA). First of all, the crystal structure of t-PA was obtained from the PDB 
and its active site was divided into three parts, the interior site, the middle site, and the 
exterior site [108]. An attempt was made to dock each of the 20 amino acids into the 
candidate pocket of t-PA, and Dscore was used to evaluate the affinities. As a result, it 
was found that arginine, asparagine, glutamine (Q), histidine, phenylalanine, tryp-
tophan and tyrosine had favorable interactions with the interior pocket site, glycine and 
aspartic acid (D) with the middle site, and glutamate (E) with the exterior site.

A peptide library with 14 (=7 × 2 × 1) tetrapeptides with serine (S) linked to the 
C-terminal of each peptide was built from the above ten amino acids. Here serine 
was linked to the C-terminal to lengthen the peptides. Molecular docking led to the 
selection of six tetrapeptides which have Dscore values lower than −200 and 
C-terminals outside the candidate pocket. Because a selected peptide ligand would 
be coupled to EAH Sepharose 4B through a spacer arm [-NH(CH

2
)

6
NH

2
] for affin-

ity chromatography, the molecular group of the spacer arm was linked to the 
C-terminal of the six tetrapeptides for further docking simulation. As a result, the 
QDES linked with the spacer arm showed the highest absolute Dscore value 
(−227.42). Molecular surface analysis suggested that charge interactions would 
occur in the affinity binding. In addition, inspecting its best conformation and 
orientation with respect to the candidate pocket, it was confirmed that the ligand 
forms nine H-bonds with t-PA.

The QDES peptide and t-PA complex obtained by docking was then solvated 
and analyzed by MD simulations. First, the movement of the protein and ligand was 
investigated in order to examine whether the structures of the peptide-t-PA complex 
remained stable. The results showed that the conformations of the candidate pocket 
of t-PA and the peptide changed smaller than the overall conformation of the 
protein during the MD simulations, indicating the stability of the candidate pocket 
and the peptide. Second, the interactions between the tetrapeptide and the candidate 
pocket were analyzed. The MD simulation confirmed that all of the nine H-bond 
interactions observed in the docking, and that six of them were very stable and 
existed during most of the whole MD simulations. Third, the bridging interactions 
of water molecules were studied. It was found that three water molecules were 
involved in the H-bonds interactions between the peptide and the candidate pocket 
of t-PA. Therefore, it can be concluded that water molecules played an important 
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role in the protein–ligand interactions. Docking, molecular surface analysis and 
MD simulations have all revealed that QDES would be a candidate of high-affinity 
ligands of t-PA. Finally, high binding affinity and specificity of the peptide ligand 
were confirmed by the purification of t-PA from crude porcine heart extract using 
the immobilized-ligand column for affinity chromatography. The present work 
indicates that the combination of docking and MD simulations are promising for 
the rational design of affinity peptide ligands on the basis of the target protein 
structure. Docking can be used first to screen ligands from a large library. Once a 
few potential ligands have been identified, their complexes can be submitted to MD 
simulations for further analysis and validation to discover high-affinity ligands.

4.3 Perspectives

The importance of protein flexibility and solvent effects for accurate modeling of 
ligand–protein interactions is now well known. As most docking algorithms do not 
take into account the receptor flexibility or the effect of explicit water molecules, MD 
simulations can be used to verify, complement and improve a docking protocol. In the 
initial stage, MD simulations can be used to refine or explore the conformation of the 
target protein. The exact conformation of the target protein is expected to provide 
more realistic representation of the behavior of the protein in solution. In addition, 
MD simulations can be used to calculate the binding free energy, which is expected 
to provide much better ranking than the simple algorithms used in docking. In future, 
the increase in computer power and improved algorithms will allow the use of more 
realistic representations of protein systems with improved boundary conditions, and 
application of MD simulation to the docking of flexible ligands into the mobile can-
didate pocket of the target protein in aqueous environments. Therefore, versatility of 
the rational design approach can evolve into a routine method for the discovery of 
affinity ligands of various proteins.

5 Preparative Electrochromatography

5.1 Electrokinetic Phenomena in Electrochromatography

Section 3 of this chapter has described innovation of matrices to achieve enhanced 
mass transfer. Another way to lowering the barrier of mass transfer resistance is to 
use an external field that introduces additional mass transport mechanisms. 
Electrochromatography is an example of such an effect. In a typical electrochroma-
tography, two electrodes are located at the two ends of a chromatographic column, so 
electric field is applied at the longitudinal direction of the column. Therein, charged 
solutes flow through packed columns or open tubes via three possible modes, i.e., 
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convection, electrophoresis and electroosmosis. Except for convection of bulk liquid 
phase driven by pressure, the latter two electrokinetic migrations are driven by exter-
nal electric field (eEF) [109]. Both electrophoresis and electroosmosis in an electric 
field can promote mass transfer, thus resulting in the increase of chromatographic 
performance.

In capillary and packed column electrochromatography used for analyses and 
separations, eEF is usually applied in the longitudinal direction of the column, 
thereby providing an additive driving force along the liquid phase streamline. Driven 
by combined hydraulic and electrokinetic flow, solutes can pass through bulk liquid 
phase onto the surface of porous media with hierarchically structured pores, and then 
transport through the pore space. In the process of electrochromatography, electric 
field strength, ionic strength of liquid phase, and the inherent structural heterogene-
ity of porous matrix affect electrokinetic velocity and its distribution [110]. Thus, the 
contribution of the electrophoresis and electroosmosis to mass transport in a packed 
column is rather complex. Based on the Nernst–Planck equation, the total mass 
transfer flux of a solute can be expressed as the summation of electrically induced 
mass flux (J

E
) and diffusion–convection flux (J

D+C
) as follows [111, 112]
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where u, m, c, D and E are flow velocity, electrophoretic mobility, concentration and 
diffusivity of solute, and electric field strength, respectively. Under the influence of 
eEF, mass transfer flux in bulk liquid phase is larger than intraparticle mass transfer 
flux [112–114] due to the effect of diffusional resistance, size exclusion and net 
charge of solute. Such a difference of flux in bulk liquid phase and porous matrix 
can lead to more solute deposit on the surface of porous matrix, leading to electri-
cally induced concentration polarization (CP). CP was first confirmed in protein 
electrochromatography by Cole and Cabezas Jr [113]. Systematic studies revealed 
that electrically induced CP originated from the charge-selective transport within 
the porous domains in a matrix [110, 111, 114]. Besides ion-permselectivity of 
particles, the selectivity of pore space to solutes also depends on the size-exclusion 
effect for charged proteins of high molecular weights [112, 115, 116]. Thus, CP 
may provide a new way to modulate the retention behavior of charged solutes in 
electrochromatography with porous media.

Another phenomenon needed to be taken into account in electrochromatography 
is the occurrence of intraparticle pore flow. It is known that intraparticle mass trans-
fer could be significantly augmented even by a rather small pore flow [117]. Section 3 
of this chapter has described pressure-driven pore flow in superporous matrices. 
Compared with pressure-driven pore flow, the introduction of eEF into chromatog-
raphy packed with porous beads is also a feasible approach to obtaining relatively 
high pore flow. Much evidence from experimental data and theoretical analysis has 
shown that an electrically induced pore flow in particle can significantly increase 
intraparticle mass transfer, eliminating mass-transfer resistance, and increasing 
column efficiency [112, 118–121].
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Thus, eEF can introduce additional electrokinetic mass transfer and solute reten-
tion mechanisms in electrochromatography, which can be employed to enhance the 
separation performance of preparative chromatography of proteins.

5.2 Electrochromatography with Transverse Electric Field

Electrochromatography has been studied for the preparative purification of biomol-
ecules such as proteins and plasmid DNA [115, 116, 122–124], and most of the 
electrochromatography is established by applying an eEF in the longitudinal direc-
tion of a packed bed. It is noted that some overwhelming challenges have to be 
faced in the scaling-up of preparative electrochromatography, particularly in the 
generation of Joule heat and electrolysis gases [122]. It is well documented that 
Joule heat generated in electrochromatography is proportional to the cross sectional 
area and the square of applied voltage. In the scaling-up of electrochromatography, 
an increase in column height requires a high voltage to maintain suitable electric 
field strength, and an increase in diameter results in the increase of the  cross-sectional 
area of column. When the Joule heating exceeds the heat dissipation, overheating 
and temperature rise in the column are inevitable. On the other hand, the applica-
tion of a high voltage means that more electrolysis gases would form at the 
electrodes, which would decrease the stability of an electrochromatographic opera-
tion. Therefore, efficient removal of Joule heat and electrolysis gases becomes 
more important for a successful preparative electrochromatography [113, 122]. 
To resolve these problems often encountered in conventional electrochromatogra-
phy with applied axial electric field, Sun and coworkers [112, 125] proposed a 
mode of electrochromatography with an oscillatory transverse column low-voltage 
electric field. That is, the electric field is perpendicular to liquid phase streamline 
in the electrochromatography. The column was designed with three compartments 
[112]. The central compartment was packed with chromatographic particles while 
in the two side compartments electrodes were mounted with circulating coolant 
(electrode solution). They were separated from the gel compartment by two 
porous ceramic plates filled with polyacrylamide gel. In electrochromatography 
operation, an oscillatory direct current with equal duration of positive and nega-
tive polarities was applied in the direction perpendicular to the mobile phase flow 
as in normal liquid chromatography. Therefore, a charged solute would pass 
through the column in a zigzag trajectory in a separation process under transverse 
electric field (Fig. 11). There are some distinct advantages of this electrochroma-
tography. First, the electrolytic gases formed at the electrodes can be readily kept 
out from the packed-bed and removed by circulating electrode solutions. Second, 
the Joule heat generated in the packed-bed is relatively low and can be readily 
removed by the cooled mobile phase flowing through the column in a pressure-
driven mode. Third, the relatively short distance between the two electrodes can 
create high electric field strength with a low-voltage power applied [112, 125]. 
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With these advantages, the problems in preparative chromatography can be elimi-
nated or alleviated to some extent.

The electrochromatography with an oscillatory low-voltage electric field 
perpendicular to liquid phase streamline was first applied to size-exclusion electro-
chromatography (SEEC) of proteins [112]. The retention behavior of proteins was 
extensively investigated under various conditions. As shown in Fig. 12, the partition 
coefficient of charged protein increased significantly with increasing the current 
strength as well as the difference between its isoelectric point and pH. For the 
gel-excluded protein like BSA, the CP on gel surface induced by the protein 
electromigration was the main reason for the increased retention. For a gel-perme-
able protein like myoglobin (Myo), both the CP and electrophoretic migration in 
the solid phase contributed to its increased retention. The method was compared 
with normal size-exclusion chromatography (SEC) in the separation of protein 
mixtures [112, 126]. Figure 13 [129] shows the separation of ovalbumin (Oval) and 
Myo at different sample loadings with and without an applied electric field. These 
two proteins could be partially separated by SEC because of their different molecu-
lar weights. However, it was obvious that the resolution by SEC decreased with 
increasing the sample size, and the separation became impossible when the sample 
loading size increased to 1.0 mL (14% of the bed volume) (see bottom panels in 
Fig. 13a–c). Upon application of the oscillatory transverse electric field, however, 
the resolution significantly increased and was little affected by increasing the sample 
size. In this case, both SEC and electromigration had positive effects on the resolution 
by the SEEC, so the resolution was improved greatly at increased sample loading. 
It should be noted that the SEEC resolution was very high at this high protein loading by 
considering that the column was only 12 cm long with a total packed volume of 
7.2 mL Sephadex G75 gel.

Positive field

Negative field

Flow

Electrokinetic transport

Electrokinetic transport

Recycle

Oscillatory

electric field

Electrode solution
Electrode solution

Pressure-driven flow

Pressure-driven flow

Pressure-driven transport

Pressure-driven transport

Recycle

Solute transport
in the column

Fig. 11 Schematic diagram of the electrochromatography with an oscillatory low-voltage electric 
field perpendicular to the liquid phase streamline. The transport of a charged solute in chromato-
graphic process is given on the right. Figure from [112]
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Electrochromatography with an oscillatory transverse column electric field has 
also been demonstrated in adsorption chromatography such as ion exchange [125, 
126] and dye-ligand affinity chromatography [130]. Tan et al. [125] examined the 
effect of electric field strength on the dynamic binding capacity (DBC) of ion 
exchange electrochromatography (IEEC) in packed beds of DEAE Sepharose FF. As 
shown in Fig. 14, the DBC at 10% breakthrough (Q

10
) in IEEC increased linearly 

with increasing electric field strength. For example, with a packed-bed height of 
15 mm and electric potential gradient of 38 V cm−1, Q

10
 increased four times over 

that in normal ion-exchange chromatography. So, the transverse electric field has 
created significant electro-kinetic mass transports (electroosmosis and electrophore-
sis) that intensified exterior liquid-film and intraparticle mass transfers, leading to 
the increased protein binding capacity. Due to the increased capacity in the IEEC, 
separation of BSA and immunoglobulin under an overload condition (32 mL protein 
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Fig. 13 a–c Separation of 
ovalbumin (Oval, pI = 5.08) 
and Myo by SEC and SEEC 
at different protein loadings. 
Mobile phase was 8.0 mmol 
L−1 acetate buffer (pH 4.9, 
conductivity = 0.47 mS cm−1) 
at a linear flow velocity of 20 
cm h−1. Samples containing 
0.5 mg mL−1 Myo and 0.5 mg 
mL−1 BSA were loaded at 
volumes of 0.2 mL (a), 0.5 
mL (b), and 1.0 mL (c). 
Figure from [129]
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solution containing 1.0 mg mL−1 BSA and 1.0 mg mL−1 immunoglobulin by 1.8-mL 
DEAE Sepharose FF column) was realized without any process optimization [125]. 
Moreover, in the purification of ovatransferrin and ovalbumin from crude hen 
egg-white solutions, the loading capacity of feedstock was increased 2.3 times with 
an oscillatory transverse column electric current of 30 mA at 1/20 Hz, as compared 
to IEC [126]. The results have revealed that an electric potential gradient of 
20 V cm−1 was enough to enhance greatly the DBC in the IEEC, and when necessary, 
high electric field strength can be realized with a low applied voltage because the 
side distance of the column is usually an order of magnitude smaller than its height. 
The use of low voltage to carry out electrochromatography is a significant advantage 
over conventional electrochromatography with an axial electric field.

5.3 Perspectives

The most intriguing feature in protein electrochromatography is the occurrence of 
increased protein retention and intraparticle mass transport with an increase in 
electric field strength. These are attributed to the electrically induced CP and elec-
trokinetic phenomena under the superimposed electric field. The experimental data 
and analysis presented in this chapter exhibits the importance of electrically 
induced phenomena on size-exclusion and adsorption chromatography. Up to now, 
however, much still remains unclear in the mechanisms of electrically induced CP 
and intraparticle electroosmotic flow in relation to the structure of porous media, 

Fig. 14 Dependence of the ratio of dynamic binding capacity (Q
10

) and static adsorption capacity 
(Q

S
) on electric field strength at two different mobile-phase conductivities. The central compart-

ment (12.0 × 0.5 × 1.2 cm) was packed with 0.85 mL DEAE Sepharose FF gel. Frontal analysis 
was carried out by loading 2 mg mL−1 BSA solution at 80 cm h−1. The current cycle was kept 
constant at 20 s. Figure from [125]
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even though both of them have been considered as the principle basis in the 
improvement of the separation efficiency in capillary and packed-bed electrochro-
matography. Regarding the utmost importance, a comprehensive insight and theo-
retical remark should be developed by further investigating the phenomena of the 
migration and retention of proteins in the electrochromatography. Moreover, the 
preferred architecture in the removal of Joule heating and electrolysis gases should 
be investigated in more detail for its capability of scale-up for HPPC of proteins and 
other biological macromolecules.

6 Expanded-Bed Adsorption

6.1 Process Integration by Expanded-Bed Adsorption

Biological products such as proteins produced by microbial fermentation or cell 
culture are usually of low content and highly contaminated by diverse soluble 
substances (e.g., other proteins, nucleic acids, lipids and polysaccharides) and even 
particulates (e.g., cells and cell debris). The cells or cell debris need removal by 
solid–liquid separation operations, and the soluble impurities have to be separated 
based on the differences of properties with the target protein. Consequently, the 
recovery and purification of proteins involve exclusively multistep processes 
including filtration, centrifugation, precipitation, adsorption and some chromatographic 
methods. The long separation train often results in low product recovery and qual-
ity, because more or less of the product is lost in each step, and a long-time expo-
sure to a separation process can lead to conformational changes or even denaturation 
of proteins. Hence, it is necessary to increase the separation performance of each 
step by process optimization and/or separation material innovations as described 
above. Moreover, if some of the separation steps can be combined into a single one, 
the total step number can be significantly lowered, leading to the reduction of proc-
ess time and the increase of product recovery as well as product quality. This 
approach is called process integration. Expanded bed adsorption (EBA) is such a 
technology that can combine solid–liquid separation and soluble product adsorp-
tion into a single step.

An expanded bed is a stable liquid–solid fluidized bed in which the stationary 
phase with controlled particle size and/or density distribution is fluidized in a liquid 
stream directed upward. Compared to conventional fluidized bed, there is a stable 
particle size and/or density classification in the axial direction, so expanded bed is a 
low-mixing fluidized bed with little solid phase mobility and reduced axial mixing of 
liquid phase. Hence, the chromatographic performance of an expanded bed can be 
comparable to a packed bed [131]. Since the increase in the upward flow velocity 
leads to the bed expansion and bed-voidage increase, thus allowing particulates in a 
liquid stream to pass through the bed, EBA is particularly suitable for application in 
the primary isolation of bioproducts from crude feedstock containing particulate 
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materials such as whole cells and/or cell debris [131, 132]. It was claimed that the use 
of EBA reduced the cell concentration in the eluted fraction by a factor of 104–105 
[133], which was at least one to two orders of magnitude higher than that achieved in 
an industrial centrifuge. Moreover, it has been demonstrated that EBA could be inte-
grated with cell disruption and batch fermentation for direct product sequestration 
[134]. Hence, using the EBA technology a reduction in the number of process steps 
is achieved with particular advantages in terms of processing time and product yield, 
thus facilitating the establishment of a cost-effective bioseparation process.

Currently, EBA has been extensively studied in various aspects such as matrix 
development, column design, as well as process fundamentals and applications. 
Lots of review articles have been published on the different aspects of EBA [e.g., 
131, 132], and a comprehensive one was recently reported by Hubbuch et al. [135]. 
Herein, we focus on the contributions of our group at the fabrication of solid matri-
ces and solid phase classification studies.

6.2 Solid Matrices for EBA of Proteins

The terminal velocity of fluidized bed of slid particles can be calculated from the 
Stokes’ equation:
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where U
t
 is the terminal velocity, r

S
 the r

L
 solid and liquid densities, respectively, 

D the particle diameter, and g the gravitational constant. At a flow velocity higher 
than U

t
, the solid phase would be elutriated from the bed, so the operation must be 

carried out at a flow velocity much lower than U
t
, usually 10–20% of the U

t
 value 

to obtain a stable two- to threefold bed expansion. Towards high-performance EBA, 
we wish to increase the operational flow rate while keeping the process at high 
column efficiency. According to (1), small-sized adsorbent offers high column 
efficiency while (6) indicates that dense particles have high terminal velocity that 
permits operation at high flow. This implies that small-sized dense matrices can 
give better compromise between high flow rate and high column efficiency.

Hence, it is essential to develop small-sized dense matrices for stable EBA opera-
tion for particulates removal and target product adsorption [135, 136]. Moreover, to 
minimize the path length for product diffusion, an assembly of pellicular matrix is 
desired [134–139]. This particle design is characterized by a porous skin (or pellicle) 
of biocompatible polymer (e.g., agarose gel) cast upon a dense core (e.g., steel or 
glass beads). This design provides for the manufacture of a particle characterized by 
relatively large particle diameter and density to ensure a limited bed expansion 
response to rapidly flowing viscous feedstocks [139], while the thin porous layer 
offers rapid mass transfer to the binding sites. Sun and coworkers developed pellicular 
adsorbents comprising a 10–30 mm skin of agarose cast upon a zirconia-silica (ZS) 
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core (density, 3.8 g cm−3; particle size range, 63–125 mm, mean diameter, 99 mm) 
[138]. The pellicular beads were prepared by a water-in-oil emulsification with 4% 
agarose–ZS slurry. The particles were characterized with a mean particle diameter of 
136 mm and a mean density of 2.39 g cm−3. Derivatized with a dye ligand (Cibacron 
blue F3GA, CB), the pellicular particles were characterized by improved qualities of 
chromatographic behavior, particularly with respect to a threefold increase in the 
apparent effective diffusivity of lysozyme. The material was later successfully applied 
to the direct recovery of enzyme from yeast homogenates [134].

Sun and coworkers have also fabricated pellicular composite agarose–glass 
beads by coating 4% agarose gel onto glass beads by the water-in-oil emulsification 
method [140]. As listed in Table 3, two kinds of pellicular matrices, namely agar-
ose-coated small glass beads (AG-S) and agarose-coated large glass beads (AG-L), 
were prepared (Fig. 15). The densities of AG-S and AG-L were as high as 1.77 and 
1.98 g mL−1, respectively, and the average depth of the agarose pellicle was estimated 
to be 20–30 mm. The matrices were modified with CB and lysozyme adsorption 
equilibrium and kinetic properties of the dye–ligand adsorbents were evaluated 
with the Langmuir isotherm and pore diffusion model, respectively. Stability of the 
matrices in basic solution and in recycled use was confirmed. It was found that the 
apparent pore diffusion coefficient of lysozyme in the pellicular beads was over 
twice as high as that in a homogeneous matrix due to their pellicular assembly. At 
nearly the same liquid velocity, the expanded bed of AG-S had an approximately 
twofold higher plate number than that of AG-L, so the expanded bed of the former 
was more efficient than that of the latter. Moreover, due to the rapid mass transfer 
property of the pellicular adsorbent CB-AG-S, its expanded bed showed a dynamic 
capacity over twice that of a commercial homogeneous medium designed for 
expanded bed application.

Besides expanded bed operation, a fluidized bed can be stabilized in a magnetic 
field by using magnetically susceptible matrices as the stationary phase. This kind 
of fluidized bed is called magnetically stabilized fluidized bed (MSFB) [140, 141]. 
With the stabilization effect of a magnetic field, the solid particles can be made in 
smaller size, while keeping the operation at higher flow rate. Hence, MSFB with 
small-sized dense magnetic adsorbents can offer better adsorption behavior for 
proteins than a normal expanded bed [141, 142].

Table 3 Physical properties of the pellicular composite agarose–glass matrices [140]

aInner core mean diameter in the pellicular particles (i.e., mean diameter of glass beads) 
bAgarose volume fraction in the pellicular particles

Matrix Size range (mm) d
p
 (mm) d

i
a (mm) fb (−)

Mean density 
(g cm−3)

AG-S 70–190 120 61 0.45 1.77
AG-L 130–280 200 158 0.30 1.98
Small glass beads 35–85 61 0 0 2.40
Large glass beads 110–210 158 0 0 2.40
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6.3 Solid Phase Classification in Expanded Bed

EBA matrices are manufactured with controlled particle size and/or density distri-
bution. The distribution of particle size and/or density within expanded bed system 
results in a distribution of terminal velocities, leading to a solid phase classification 
within the expanded bed. The particles with larger settling velocities are found at 
the bottom of the bed while those with smaller settling velocities are at the top end 
[131, 143]. Thus, lower liquid dispersion level is obtained in expanded bed because 
this classification can reduce the mobility of the adsorbents.

Sun and coworkers [127] investigated the size and density distributions of two 
EBA media, that is, Streamline quartz base matrix (Amersham Pharmacia 
Biotech, Uppsala, Sweden) and 6% agarose coated steel beads (6AS, UpFront 
Chromatography A/S, Copenhagen, Denmark), in an expanded bed system with 
a glass column (26 mm I.D.) modified by side ports. The Streamline particles 
were measured to show a broad size distribution (80–500 mm; volume-weighted 
mean diameter = 210 mm) but a relatively uniform density (1.135 g cm−3), while 
the 6AS beads have both broad size (60–250 mm, volume-weighted mean 
diameter = 127 mm) and density distributions (about 1.5–4 g cm−3, mean den-
sity = 2.843 g cm−3). The effect of liquid-phase flow velocity, liquid viscosity and 
settled bed height on the particle size and density classifications was system-
atically investigated. It was found that the radial mean particle size and density 
of the two matrices were uniform, while axial classifications were obvious in the 
expanded beds. The volume-weighted mean particle size of Streamline decreased 
linearly with increasing the expanded bed height, as well correlated by the fol-
lowing equation:

 0

1.21 0.46 ,
D h

D H
= −

 
(7)

Fig. 15 a,b Pellicular agarose-glass beads of AG-S (a) and AG-L (b) observed by optical micro-
scopy. Properties of the beads are listed in Table 3. Figure from [140]
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where D is the volume-weighed mean diameter at different axial positions, D
0
 

the mean diameter of bulk particles, h the sampling position height from bed 
bottom, and H the expanded bed height. It is notable that the correlation was 
achieved with the experimental data measured at different liquid flow velocities, 
expanded bed heights, settled bed heights, and liquid phase viscosities (water, 
and 20 and 40 vol.% glycerol solutions). Moreover, the experimental data 
obtained by Bruce and Chase [143] could also be expressed by the correlation. 
Xue et al. [144] have established a polydisperse model to describe local particle 
size distributions and axial classification of solid particles like the Streamline of 
relatively uniform density.

In contrast to the Streamline particles, no axial particle size classification was 
observed for the dense 6AS beads. Instead, it was found that the mean particle 
density decreased exponentially with the increase of bed height, and correlated by 
(8) [127]: 

 

0.42

0

0.61 ,
h

H

r
r

−
 =     

(8)

where r is the local mean solid density at different axial positions, and r
0
 the mean 

solid density of bulk particles (2.843 g cm−3). The results indicated that density 
classification was dominant for the high-density particles with broad density and 
size distributions.

Zhou et al. [128] have studied the axial classification of the two dense 
pellicular agarose-glass matrices (AG-S and AG-L, see Table 3). Different from 
the Streamline and 6AS described above, it was found that the two AG particles 
showed both particle size and density classifications along the column axis. 
That is, both the size and density of each matrix decreased with increasing the 
axial bed height. However, the particle size classification of AG-L was less 
significant than AG-S, while the density classification of AG-L was more sig-
nificant than AG-S. The phenomena were due to the density difference in AG-L 
and AG-S, as given in Table 3. AG-L was denser than AG-S, so the density 
classification of AG-L was more obvious than AG-S. The results suggest that 
axial density classification of solid phase becomes more significant as the solid 
phase density increases, and it becomes dominant when the particle density is 
extremely high, as in the case of 6AS, for which no axial particle size distribution 
was observed [127].

In terms of the Stokes’ equation (6), the terminal velocity of a solid particle is 
proportional to D2(r

S 
– r

L
). So Zhou et al. proposed a parameter to correlate axial 

mean particle size and density distributions as follows:
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Then, the parameter was related to the dimensionless bed height in the following 
form: 
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 a b ,
h

S
H

= +  (10)

where a and b are constants. By fitting the experimental data obtained with AG-S 
and AG-L [128] and those of Streamline and 6AS [127] to this equation, the coef-
ficients were estimated to be a = 1.5 and b = −1.2. Figure 16 shows a comparison 
between the experimental data and the correlation with these coefficients [128]. 
A standard deviation (SD) of 0.11 between the experimental data and the correlation 
was obtained. This indicated that the correlation could express the axial classifications 
of the four matrices of different sizes and densities fairly well.

Based on the correlation for axial particle size distribution described by (7), 
Tong et al. [145] established a mathematical model for expanded bed protein 
adsorption by taking into account the axial size classification of Streamline DEAE 
(Amersham Pharmacia Biotech, Uppsala, Sweden) under various operating condi-
tions, such as different feed protein concentrations, liquid velocities and liquid 
viscosities. Using independently determined model parameters, the model was 
found to fit the experimental breakthrough curves more precisely than that without 
considering the axial particle size distribution. Moreover, the correlation incorpo-
rating local particle size distribution was found useful for the analysis of break-
through profiles [146, 147]; it was concluded that replacement of axial voidage 
distribution [146] and local particle size distribution [147] by their mean values 
resulted in little influence on the calculated breakthrough curves.

In EBA processes, there are often bed height changes during feed loading and 
washing processes due to the variations in solid and liquid properties. Using 
Streamline AC as the solid phase, Yang and Sun [148] studied the changes of local 
particle size distribution and bed voidage by changing mobile phase from water to 
10 wt% glycerol solution or vice versa. It was found that the transient changes of 

0
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Fig. 16 Correlation of S as a 
function of h/H for the matrices 
of AG-S (open squares), AG-L 
(open triangles), 6AS (open cir-
cle) (H

0
 = 18 cm, H = 36 cm) 

[127] and Streamline (filled 
diamonds) (H

0
 = 15 cm, H = 31 

cm) [127]. The solid lines are 
calculated from (10) with a = 
1.5 and b = −1.2, and the dotted 
lines represent S±2 SD (SD = 
0.11). H

0
 represents settled bed 

height. Figure from [128]
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bed voidage at different axial positions were not unidirectional. That is, by chang-
ing the mobile phase to the high-viscosity glycerol solution, a constant increase of 
the bed voidage was observed in the bed bottom, while a distinct decrease of the 
bed voidage before its increase was involved at the middle and top positions. The 
phenomenon was caused by the compression effect of the upward movement of the 
lower part particles. The informaiton would be useful for the control of expanded 
bed during EBA processes.

6.4 Perspectives

EBA for single-step purification of proteins has made great progresses in 
recent years, and the technology is expected to find more applications in other 
areas such as recovery of nanoparticles (e.g., plasmid DNA and viruses) and 
protein refolding. Hence, as the principal pillar supporting the development of 
the EBA technology, diversity of matrices is required to meet various needs in 
different applications. It is essential to design small-sized dense microspheres 
of appropriate size distribution, hopefully in a pellicular structure to reduce 
mass transfer resistance. Moreover, EBA matrices should be designed to mini-
mize the interactions with particulate contaminants such as cells and cell 
debris in biological feedstreams. The efforts would offer more robust adsorb-
ents for selection in the purification of different biomolecules in repeated use, 
making the integrative separation technology more sophisticated for wide-
spread applications.

7 Concluding Remarks

Chromatography of biomolecules is a major area of bioseparation research activi-
ties, and new achievements have been reported continuously. It is expected that 
chromatographic theory and technology will further develop to meet the demands 
in the research and development of biotechnology. In this process, more input needs 
to be offered to the innovation of solid matrices and the design and discovery of 
new types of ligands that have high affinity for proteins or can capture desired 
proteins under unfavorable feedstock conditions (e.g., extremely unneutral pH or 
moderate ionic strength). Moreover, a direct way is considered as the combination 
of the different approaches into the practice of chromatographic separation, real-
izing the objective of high-performance preparative chromatography of proteins: 
maximized feedstock loading and high separation selectivity of target products 
when operated at high flow rate. This can lead to reduced separation steps and process 
time, thus increasing the product quality and throughput, and in turn the process 
economics.
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Abbreviations

2-HBP 2-Hydroxybiphenyl
4,6-DM-DBT  4,6-Dimethyl DBT
BDS Biodesulfurization
BTH Benzothiophene
CA Carbazole
DBT Dibenzothiophene
DMSO Dimethylsulfoxide
DPS Diphenylsulfide
EOR Enhanced oil recovery
FCC Fluid catalytic cracking
FGD Flue gas desulfurization
GC-AED Gas chromatographic atomic emission detection
GC-FID Gas chromatographic flame ionization detection
HBPSi 2¢-Hydroxybiphenyl 2-sulfinic acid
HDS Hydrodesulfurization
MAM Modification of A medium
PASHs Polycyclic aromatic sulfur heterocycles
SR Straight-run
TH Thiophene
VHb vitreoscilla hemoglobin

1 Introduction

China will displace the US as the largest energy consumer by 2010 based on current 
trends. Combustion of sulfur-containing compounds in fossil fuels leads to the 
emission of sulfur oxides, which can cause adverse effects on health, environment 
and economy. Today, China is the largest emitter of SO

2
, and about 25.9 million 

tons of SO
2
 were emitted in 2006 (http://www.zhb.gov.cn/ztbd/sjhjr/2007hjr/

tpbd56/200706/P020070625532626111313.pdf). The implementation of the revised 
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laws of clean air in the USA and China has brought stricter limitation on sulfur 
content in petroleum products. The maximum allowable sulfur for diesel in USA is 
currently 15 ppm, with 10 ppm sulfur by 2010 [1]. It is expected that SO

2
 emission 

in China will be controlled to be within 23 million tons in 2010, while the rapid 
growth rate of economy is expected to continue. Although the growth rate of SO

2
 

emission has decreased in 2006, as shown in Fig. 1, it is still a big challenge for 
China to control SO

2
 emission over the next few years.

Sulfur is the third most abundant element in crude oil, in which the content can 
vary from 0.05 to 10%. In addition to elemental sulfur, sulfate, sulfite, thiosulfate, 
and sulfide, more than 200 sulfur-containing organic compounds have been identi-
fied in crude oils. These include sulfides, thiols, thiophenes, substituted benzo- and 
dibenzothiophenes, benzonaphthothiophene and many considerably more complex 
molecules [2]. The condensed thiophenes are the most common form in which 
sulfur is present [3]. Dibenzothiophene (DBT) and substituted DBTs are the major 
sulfur-containing aromatic compounds in fuels, accounting for up to 70% of the 
sulfur content (Fig. 2) [4].

Some techniques of desulfurization have been used or studied to meet the stricter 
limitation on sulfur content in China. Hydrodesulfurization (HDS), oxidative 
desulfurization [5, 6], and biodesulfurization (BDS), have all been studied. In this 
review we summarize the recent progress – mostly in China – in petroleum 
desulfurization by microbial technologies.

Fig. 2 The sulfur heteroaromatic compounds found in petroleum
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Fig. 1 The emission of sulfur oxides in China. The data was received from the website of the 
State Environmental Protection Administration of China (http://www.zhb.gov.cn)
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2  Model Sulfur Compounds and Their Pathways  
of Biodesulfurization

At the present time, petroleum refining is mainly based on the use of physicochemical 
processes such as distillation and chemical catalysis that operate under extreme 
conditions, i.e., high temperatures and pressures. Such processes are energetically 
costly and cause high contamination. “Biorefining” operates at ambient tempera-
ture and pressure and is endowed with a high selectively, resulting in decreased 
energetic costs, low emissions and no generation of undesirable by-products; it is 
thought to be an interesting alternative or complement for development of new 
petroleum refining processes [7]. The derivatives of DBT and benzothiophene 
(BTH), as well as other polycyclic aromatic sulfur heterocycles (PASHs), are the 
most abundant heterocyclic compounds in petroleum, some of which have been 
reported to be difficult to remove by conventional HDS processes. Alkyl DBTs and 
alkyl BTHs are highly recalcitrant to chemical catalysts, especially when alkylated 
at the carbon 4 and 6 positions [3]. Much effort has been put into the investigation 
of biological desulfurization systems using DBT or alkylated DBTs as model 
compounds, and the metabolic pathway of desulfurization was proposed as the 
so-called “4S” pathway (Fig. 3) [1, 8–10].

In this pathway, DBT was first converted to DBT sulfoxide, then DBT sulfone, and 
then 2¢-hydroxybiphenyl 2-sulfinic acid (HBPSi), and finally 2-hydroxybiphenyl 
(2-HBP), releasing sulfate into the medium. This process is called the “4S” pathway 
due to the four sulfur-containing compounds present. Isotopic labeling experiments 
have shown that the oxygen atom of the hydroxyl group of 2-HBP originates from 
molecular oxygen, implicating a role for an oxygenase or oxygenases in the pathway 
[11]. BDS processes using this strain will be ideal. In a BDS process the end product, 
2-HBP and its derivatives, would partition back into the oil, thus preserving the fuel 
value. This technique has been the focus of BDS for the last decade. In summarizing 
the research of Gray et al. [12] and Oldfield et al. [11], the complete metabolism of 
DBT by R. erythropolis IGTS8 and the enzymes involved in the process are clarified 

Fig. 3a–e  Sulfur specific pathway for DBT desulfurization. DszC, DBT monooxygenase; DszA, 
DBT sulfone monooxygenase; DszB, HBPSi desulfinase; DszD, flavin reductase. a DBT. b DBT 
sulfoxide. c DBT sulfone. d 2-Hydroxybiphenyl-2-sulfinate. e 2-Hydroxybiphenyl
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as follows: DszC catalyses the stepwise S-oxidation of DBT, first to DBT sulfoxide 
(DBTO) and then to DBT sulfone (DBTO

2
); DszA catalyses the conversion of 

DBTO
2
 to HBPSi and DszB catalyses the desulfurization of HBPSi to give HBP and 

sulfate. Studies with cell-free extracts show that DszA and DszC, but not DszB, 
require FMNH

2
 for activity which appears to be supplied by the fourth enzyme DszD. 

18O
2
-labeling studies show that DszC is a monooxygenase, and DszA is an apparently 

unique enzyme which catalyses the reductive hydroxylation of DBTO
2
 leading to the 

cleavage of the thiophene ring, and DszB is an aromatic sulfuric acid hydrolase. The 
structure of the dsz operon is shown in Fig. 4. The genes dszA, dszB, and dszC are 
arranged in sequence [13]. The forth gene, dszD, was not on the dsz operon.

2.1 Microorganisms

Many microorganisms such as Mycobacterium [14–17], Rhodococcus [18–21], 
Microbacterium [22], Gordonia [23], and Pseudomonas [24, 25] were found to degrade 
DBT at different sites in China. It is interesting to find that all of the microorganisms 
have the same or similar pathway to degrade DBT to 2-HBP, even though these micro-
organisms do not belong to the same genus. Horizontal gene transfer was assumed 
because the dszABC genes are transcribed as an operon located on a large plasmid. 
Rhodococcus predominates in the desulfurization strains. R. erythropolis XP [19, 20], R. 
erythropolis DS-3 [21, 26], R. erythropolis 1awq [18, 27], R. erythropolis LSSE8-1 [28], and 
R. erythropolis FSD-2 [29] were isolated and studied. All of these microorganisms have 
the ability to degrade DBT to 2-HBP and show different degrees of excellence.

Mycobacterium sp. ZD-19 can utilize a wide range of organic sulfur compounds 
as sole sulfur source. Thiophene (TH), BTH, diphenylsulfide (DPS), DBT, and 
4,6-dimethyl DBT (4,6-DM-DBT) can all be degraded by Mycobacterium ZD-19 
[16]. TH and BTH can be removed completely by strain ZD-19 within 42 h, and 
100% of DBT and 4,6-DM-DBT was degraded within 56 h. About 80% of the DPS 
was degraded by strain ZD-19 after 90 h. Mycobacterium goodii X7B can degrade 
DBT, BTH and their alkyl derivatives below 45 °C [14, 17]. HDS-treated diesel oil, 
gasoline, and crude oil can all be desulfurized by M. goodii X7B and R. erythropolis 
XP [14, 15, 17, 19, 20]. Gordonia sp. ZD-7 grows well in aqueous/oil system and 
the biodesulfurization could be repeatedly performed for more than 193 h [23].

Fig. 4 The dsz operon of R. erythropolis IGTS8 [13]. The initiation codon and the termination 
codon are in bold type
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2.2 Degradation Pathway

The degradation pathways of DBT by Mycobacterium goodii X7B and Micro-
bacterium sp. ZD-M2 have been described in detail [17, 22]. As for M. goodii X7B, 
the intermediate metabolite of DBT degradation, DBTO

2
 and 2-HBP were both 

detected by mass spectroscopy. Furthermore, in the broth of M. goodii X7B, 
2-methoxybiphenyl (2-MBP) was identified. When 4,6-DM-DBT served as the 
sulfur source, the corresponding methoxy biphenyl was also detected [17]. 
Therefore, an extended “4S” pathway was revealed. The desulfurization pathway of 
DBT was as follows: DBT is degraded to 2-HBP in the initial steps as shown in Fig. 3, 
and then 2-HBP is converted to 2-MBP. It is interesting to note that Microbacterium 
sp. ZD-M2 can further produce biphenyl in addition to 2-MBP from 2-HBP or from 
the intermediate metabolite HBPSi [22]. 2-HBP has been used as a fungicide to 
control postharvest diseases of fruits [30]. Inhibition of desulfurization activity and 
cell growth occurred at high concentration of 2-HBP [31]. Therefore, the production 
of 2-MBP and biphenyl has the advantage of partially eliminating the enzyme 
inhibitory effect of 2-HBP.

In contrast to DBT-desulfurizing bacteria, little is known about bacteria that can 
desulfurize BTH. BTH predominates in gasoline. Oil contamination may impact 
the organisms that live in contaminated ecosystems because some of theses compounds, 
such as benzothiophene derivatives, have been reported to be mutagenic and 
carcinogenic [3]. Therefore the degradation pathway of BTH was also studied. 
M. goodii X7B can grow in modification of A medium (MAM) with BTH as the 
sole source of sulfur. The broth was extracted with ethyl acetate and then ana-
lyzed. The mass spectral data reviewed that o-hydroxystyrene and benzo(c)(1,2)
oxathiin S,S-dioxide should be the intermediate metabolite [14]. A degradation 
pathway was proposed as shown in Fig. 5. The purified enzymes involved in BTH 
degradation by strain X7B would provide a detailed explanation for the degradation 
of both BTH and DBT by a single bacterial strain.

R. erythropolis XP was capable of growing on 3-methyl-benzothiophene 
(3-M-BTH) as sole sulfur source. Resting cells of R. erythropolis XP were also used 

Fig. 5a–h The desulfurization pathway of BTH. a BTH. b BTH sulfoxide. c BTH sulfone. d Benzo(e)
(1,2)oxathiin S-oxide. e o-Hydroxystyrene. f  Benzo(c)(1,2)oxathiin S,S-dioxide. g 2-(2'-Hydroxyphenyl)
ethan-1-al. h Benzofuran [14]
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for degradation of 3-M-BTH. 3-M-BTH (0.5 mM) can be degraded completely in 
the aqueous phase. High concentrations of 3-M-BTH in n-octane were also 
degraded by resting cells of XP strain, and about 44% of 3-M-BTH was degraded 
in 22 h [19]. The degradation of BTH and its derivative by strains M. goodii X7B 
and R. erythropolis XP implied their capability for gasoline biodesulfurization.

3  Enhancement of Biodesulfurization  
by Recombinant Bacteria

The use of specific bacteria to remove sulfur pollutants from petroleum will reduce the 
amount of sulfur oxides released and therefore lessen the serious environmental 
 pollution. However, genetic modifications to improve sulfur removal efficiencies are 
needed before a practical biorefining process for the removal of sulfur compounds 
from petroleum can be developed. Genetically engineered microorganisms are required to 
remove the sulfur compounds with higher activities in practical systems. Cultures with 
improved substrate ranges are also needed to address better the complicated mixture 
of chemicals present in petroleum. Some progress was also made in China.

3.1 Rearranging the dsz Gene Cluster

The expressional characteristics of the dsz operon of R. erythropolis DS-3 were 
investigated. The translation levels of desulfurization enzymes decreased according 
to their positions in the operon, and the ratio of mRNA quantity of dszA, dszB, and 
dszC was determined to be 11:3.3:1. However, the expression level of DszC was far 
higher than that of DszB, because there is an overlapped region of the termination 
codon for dszA and the initiation codon for dszB. Therefore, the expression level of 
dszB was determined both by its location on the dsz operon and by the baffled 
structure before the initiation codon of dszB. When the expression level of dszB 
was increased by removing the baffled structure, the DBT desulfurization rate was 
five times faster than that for the native dsz operon [26].

The catalytic capabilities of the Dsz enzymes were approximately 25:1:5 
(DszA:DszB:DszC). Hence, the dsz operon was rearranged according to the 
catalytic capabilities of the enzymes. The expression levels of dszB and dszC were 
improved by rearranging the order of the dsz genes to generate operon dszBCA, 
which contained dszB, dszC, and dszA in tandem. The desulfurization rate of the 
recombinant strain containing the rearranged dsz operon was 12 times faster than 
that for the native dsz operon. The maximum desulfurization rate was only 
about 26 mmol DBT/g DCW/h for the strain contained the native dsz operon. After 
removing the baffled structure before the initiation codon of dszB, the rate was 
120 mmol DBT/g DCW/h. The recombinant strain containing the rearranged dsz 
operon showed the highest desulfurization rate, about 320 mmol DBT/g DCW/h. 
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Therefore, the enhanced expression levels of DszC and DszB increase the desul-
furization rate of the recombinant strain [32].

Feng et al. found that the function of surfactant Tween 80 in the desulfurization 
was to decrease the product concentration associated with the cells, reducing 
product inhibition [27]. The dsz genes of R. erythropolis DS-3 were also integrated 
into the chromosome of Bacillus subtilis ATCC 21332, which can secrete biosurfactant, 
yielding the recombinant strain B. subtilis M29, which has higher desulfurization 
efficiency than R. erythropolis DS-3 and showed no product inhibition. The selective 
desulfurization efficiency of R. erythropolis DS-3 at 36 h was 13.1 mg DBT L−1 h−1, 
while the efficiency of B. subtilis M29 was 16.2 mg DBT L−1 h−1 [21]. It should be 
noted that the biosurfactant secreted from B. subtilis M29 significantly varied the 
interfacial tension of the supernatant. The biosurfactant therefore has an important 
function in the degradation of DBT.

3.2 Introducing the Vgb Gene

A significant oxygen pressure is necessary during bioconversion because the 
Michaelis constant (Km) of the oxygenase for oxygen is relatively high. Vitreoscilla 
hemoglobin (VHb) can be used to improve the supply, transfer, and store of oxygen 
in vivo. The vgb gene (encoding VHb) was introduced into a specific desulfurization 
bacterium, R. erythropolis LSSE8-1. The DBT desulfurization ratios of recombinant 
strain and LSSE8-1 were 37.5% and 20.5%, respectively [28].

3.3 Construction of a Solvent-Tolerant Desulfurizing Bacterium

Most organic solvents are toxic to microorganisms even at low concentrations (e.g., 
0.1 vol.%). Fuel oil is similar to organic solvents regarding toxicity to microorganisms. 
Microorganisms with a high tolerance to organic solvents are useful and important 
in many biotechnological fields such as biodesulfurization. Considering the 
difficulty of isolating strains that have both solvent tolerance and the desired 
catalytic activity from the environment, it might be preferable to combine 
solvent-tolerance with unique catalytic characteristics using the methods of genetic 
engineering. Tao et al. constructed a solvent-tolerant desulfurizing bacterium, 
Pseudomonas putida A4, by introducing the biodesulfurization gene cluster dszABCD 
from R. erythropolis XP into the solvent-tolerant strain P. putida Idaho [33]. 
The genes dszA, dszB, dszC, and dszD were amplified from the genome of desul-
furizing bacterium R. erythropolis XP, separately, and inserted into the broad host 
plasmid pMMB66EH, resulting recombinant plasmid pMMABCD, as shown in 
Fig. 6. This plasmid was constructed and introduced into P. putida Idaho by the tri-
parental mating method. The introduction and the screening method are shown in 
Fig. 7. The result strain was named P. putida A4.
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P. putida A4 could degrade dibenzothiophene in the presence of 10 vol.% 
p-xylene, heptanol, styrene, ethylbenzene, cyclohexane, o-dichlorobenzene, diphe-
nylether, isooctane, and n-dodecane. In the initial 6 h, 86% of the DBT was 
degraded by P. putida A4 in the presence of 10 vol.% p-xylene, while no DBT 
decrease was observed in the reactions performed by R. erythropolis XP [33].

3.4  Combination of Sulfur and Nitrogen  
Removal in One Biocatalyst

Carbazole (CA) and its derivatives are also common components of fossil fuels and 
their products, and have been detected in atmospheric samples, soil and groundwater 
at sites contaminated with petroleum, wood-preserving wastes and coal-processing 
residues. Importantly, the presence of nitrogen compounds can lead to significant 
poisoning of refining catalysts, resulting in a decrease in yield. So the removal of 
aromatic-nitrogen contaminants from petroleum is important.

CA is a heterocyclic compound shared the similar structure with DBT and is 
the most abundant nitrogen containing compound in many petroleum samples. 
The whole operon for the degradation of CA is shown in Fig. 8. The first step of 
CA degradation is catalyzed by CA dioxygenase. Yu et al. introduced the CA 
dioxygenase gene into the DBT degrader R. erythropolis XP, and the recombinant 
was designated SN8. The resting cells of SN8 could degrade 98% of DBT 
(92 mg L−1) and 100% of CA (100 mg L−1) within 6 h. The CA dioxygenase of SN8 
can convert DBT to dibenzothiophene dihydrodiol and monohydroxy-dibenzothi-
ophene, but the amount of both compounds was too little to have a significant effect 

Fig. 6 Map of recombinant plasmid pMMABCD. The arrows indicate the direction of transcrip-
tion of the genes. Only parts of restriction sites are shown (EcoRI, XbaI, HindIII, AccI). bla 
ampicillin resistance gene; lacIQ the Lac repressor gene; Ptac promoter; ori sequence encoding 
the origin of replication for duplex DNA
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Fig. 7 Schematic map of tri-parental mate. The donor, helper, and receptor strains are E. coli 
HB101 containing plasmid pMMABCD, E. coli HB101 containing pRK2013, and P. putida Idaho, 
respectively. They were cultured in liquid LB and harvested and washed separately, with a subse-
quential mixture and filtration. Then the film was detached from the filter and put on a LB plate 
for an incubation at 37 °C for 10 h, then 30 °C for another 10 h. Finally the film was washed with 
sterile NaCl solution and spread on selection plate

Fig. 8 The car operon from Pseudomonas resinovorans CA10. Functional analysis revealed that 
CarAa served as terminal oxygenase, CarAc as ferredoxin, and CarAd as ferredoxin reductase 
components [34]
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on DBT degradation. When FS4800 crude oil was treated by SN8, most of alkylated 
derivatives, including methyl-, dimethyl-, and trimethyl-CA were removed [35]. 
Therefore, the recombinant SN8 can be used to remove recalcitrant nitrogen and 
sulfur compounds from petroleum.

The degradation of CA was also studied [34, 36, 37] and the pathway is shown 
in Fig. 9. The whole carABC operon which encoded the enzymes involved in the 
CA degradation pathway was also introduced into R. erythropolis XP, and the 
recombinant was designated XPDN. DBT can be transformed to benzoic acid, CA 
to anthranilic acid, and dibenzofuran to salicylic acid simultaneously by the recom-
binant strain XPDN. The recombinant strain XPDN has the ability to remove 100% 
of the DBT (92 mg L−1), 82.9% of the CA (200 mg L−1), and 69.8% (200 mg L−1) 
of dibenzofuran within 33 h. Therefore, the strain XPDN was suitable for the 
bioremediation to convert poisonous S, N, and O heterocycles in addition to 
 petroleum biotreatment applications [38].

Fig. 9a–f The degradation pathway of CA. a CA. b 2¢-Aminobiphenyl-2,3-diol. c 2-Hydrixy-6-
oxo-6-(2¢amino-phenyl)hexa-2,4-dienoic acid. d 2-Hydroxy-4-pentenoate. e Anthranilic acid. 
f 2,6-Dioxo-6-(2¢-aminophenyl)-hexa-4-enoic-acid [34, 36, 37]
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3.5 Getting Valuable Intermediates

In the “4S” pathway, the intermediate HBPSi should be noted because this compound 
can be used as substrate in the synthesis of surfactant (Fig. 10), which can decrease 
the interfacial tension, and can be used in enhanced oil recovery (EOR).

Studies are under way to knock out the dszB gene, which encodes 2-hydroxybi-
phenyl-2-sulfinate sulfinolyase so that HBPSi can be accumulated in our group. 
Yu et al. have eliminated the dszB gene using the recombinant PCR method in 
E. coli strains. The recombinant containing dszA and dszC could efficiently 
 transform DBT and its alkyl derivatives into HBPSi and its corresponding alkylated 
derivatives [39]. It should be noted that HBPSi could cyclize under acidic  conditions 
[40], as shown in Fig. 11. Therefore, a sultine would be recovered in the extraction 
of the culture supernatant incubation with DBT.

Fig. 10 Conversion of the BDS intermediate Cx-HBPS to value-added surfactants
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4  Biodesulfurization of Petroleum by Free-Cell 
Microorganisms

The feasibility of petroleum biodesulfurization was also investigated. Gas chroma-
tographic flame ionization detection (GC-FID) and gas chromatographic atomic 
emission detection (GC-AED) analysis were used to evaluate the effects of biodes-
ulfurization of petroleum, including gasoline, diesel and crude oils. GC-FID was 
generally used to study the desulfurization of model oils, while GC-AED was used 
specifically for the study of changes of sulfur contained compounds in oils. The 
typical GC-AED chromatogram of diesel oil is shown in Fig. 12.

The results on biodesulfurization of different kinds of oils acquired in China are 
summarized in Table 1.

M. goodii X7B was used in the biodesulfurization of diesel oil. When HDS-
treated diesel oil was desulfurized by strain X7B, the total sulfur content was 
decreased from 535 to 72 ppm, corresponding to a reduction of 86%. The resting 
cells of R. erythropolis FSD-2 were used to desulfurize two kinds of diesel oils. 
After the biotreatment, 84% of the sulfur content of distillation diesel oil, from 
666 to 105 ppm, and 94% of that of HDS-treated diesel oil, from 198 to 11 ppm, 
was removed in two consecutive reactions [29]. This result is interesting because 
the ultra-low sulfur content diesel oil required by current environmental regula-
tions was obtained. The effect of surfactant on biodesulfurization of diesel oils was 
also investigated. The desulfurization rate was increased by 35% when 0.5% 

Fig. 12 GC-AED chromatography of diesel oil. The HDS-treated diesel oil was kindly provided 
by Fushun Research Institute of Sino Petroleum and Chemical Corporation, SINOPEC. The diesel 
oil was treated by R. erythropolis 1awq. The biocatalyst was suspended in 0.1 M phosphate buffer 
(pH 7.0) to reach a concentration of 8 g (of dry cells) L−1 and supplemented with hydrodesulfurized 
diesel oils (oil-to-water ratio of 1:9). The culture was given 2% glucose as carbon and energy 
sources and shaken at 30 °C for 48 h
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Table 1 The biodesulfurization of fossil fuels

Tween 80 was added. When HDS-treated diesel oils FHD406 and KHD168 were 
biodesulfurized in the presence of Tween 80, the effectiveness of desulfurization 
were 78.1% and 65%, respectively, compared to 56.6% and 52.9% without Tween 
80 [27]. As for the strain R. erythropolis XP, the sulfur content of diesel oil was 
reduced by 94.5%, from 259 to 14 ppm [20]. These results were more noteworthy 
because the diesel oil had previously been treated by HDS so that only organosulfur 
compounds that were relatively recalcitrant to HDS remained. R. erythropolis XP 
was also adopted to desulfurize fluid catalytic cracking (FCC) and straight-run 
(SR) gasoline oils. About 29% of the total sulfur of Jilian FCC gasoline (from 495 
to 338 ppm) and 32% of that of Qilu FCC gasoline (from 1,200 to 850 ppm) were 
removed, respectively. About 85% of the sulfur content of SR gasoline (from 50.2 
to 7.5 ppm) was removed [19]. It is the first publication on the biodesulfurization 
of gasoline by free whole cells.

Biodesulfurization of crude oil was also investigated by strain R. erythropolis 
XP. After treated by resting cells, 62.3% of the total sulfur content in Fushun crude 
oil and 47.2% of that in Sudanese crude oil were removed. The initial total sulfur 

Microbial  
culture Fossil fuels

Initial sulfur 
content (ppm)

Biodesulfurization 
treated sulfur  
content (ppm)

Effectiveness of 
biodesulfuriza-
tion (%) References

Mycobacterium 
goodii X7B

HDS-treated 
diesel oil

535 72 86 [17]

Crude oil 3,600 1478 59 [15]
SR gasoline 227 71a 69 [14]
SR gasoline 275 54a,b 80 [14]

Rhodococcus 
erythropolis 
XP

Crude oil 3,210 1695 47.2 [20]
Crude oil 1,237 466 62.3 [20]
HDS-treated 

diesel oil
259 14 94.5 [20]

FCC gasoline 495.3 338 29 [19]
FCC gasoline 1,200 850 32 [19]
SR gasoline 50.2 7.5 85 [19]

Rhodococcus 
erythropolis 
FSD-2

Distillation 
diesel oil

666 105 84 [29]

HDS-treated 
diesel oil

198 11b 94 [29]

Rhodococcus 
erythropolis 
1awq

HDS-treated 
diesel oil

406 176 56.6 [27]

HDS-treated 
diesel oil

168 79 52.9 [27]

HDS-treated 
diesel oil

406 89c 78.1 [27]

HDS-treated 
diesel oil

168 59c 65 [27]

a The oil was treated by the immobilized cells
b The oil was treated by the two consecutive bioprocess
c The oil was treated by the culture with 0.5% Tween 80
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contents were 3,210 and 1,237 ppm, respectively. When Liaoning crude oil was 
treated by M. goodii X7B, 59% of the total sulfur content was removed, from 3,600 
to 1,478 ppm. Biotreatments of petroleum, especially biodesulfurization of derived 
fractions of petroleum such as diesel oil, light gas oil and gasoline, all face the same 
problem that the ratio of water to oil is high which will significantly increase the 
reaction volume and make practical operation less advisable. In addition, techniques, 
including water flooding, were used to increase oil recovery in the oilfields. It is 
reported that up to 87% of the Chinese oilfields are flooded [41], and therefore a 
high content of water exists in the recovered crude oil. In old Chinese oilfields, 
there is more than 85% water in the recovered crude oil [42]. It would be more 
practical to incubate microorganisms having the capability to desulfurize crude oil 
in this water/oil system before the water is removed.

The methods for the preparation of a biodesulfurization biocatalyst were also 
investigated to reduce the biodesulfurization cost. Sulfur sources including DBT, 
dimethylsulfoxide (DMSO), sodium sulfate and mixed sulfur sources were used to 
study the cost of biocatalyst production. DMSO was selected as the sulfur source, 
because the desulfurization activity of the bacteria incubated in medium with 
DMSO as the sole sulfur source was shown to be similar to that with DBT as the 
sole sulfur source, and the price of DMSO was lower than that of DBT [18].

5  Biodesulfurization of Petroleum or Model Oils  
by Immobilized Microorganisms

The use of immobilized microorganisms rather than free cells in biodesulfurization 
can be advantageous to enhance the stability of the biocatalyst and the efficiency of 
catalysis, and to facilitate its recovery and reuse. Some researchers investigate the 
use of immobilized cells in biodesulfurization. The immobilized technologies 
include magnetic immobilization, adsorption, and assembling g-Al

2
O

3
 nanosorbent, 

which have all been used in biodesulfurization.
Alginate was used for cell adsorption frequently. The process of immobilization 

could also minimize the toxicity of gasoline to the biocatalyst. Therefore, the 
immobilization of M. goodii X7B was used to treat different gasoline. When two 
kinds of Dushanzi straight-run gasoline were treated with immobilized cells of 
strain X7B, the total sulfur content decreased from 227 to 71 ppm, and from 275 to 
54 ppm in two consecutive reactions [14]. Considering that benzothiophenes pre-
dominate in gasoline, and the toxicity of gasoline to bacterial cells, the biodesul-
furization of gasoline is a significant achievement.

The immobilization of P. delafieldii R-8 in magnetic polyvinyl alcohol (PVA) 
beads has been studied. Compared with the immobilized cells in non-magnetic PVA 
beads, the magnetic immobilized cells’ desulfurizing activity increased slightly from 
8.7 to 9 mmol sulfur kg−1 (dry cell) h−1. However, the magnetic immobilized cells 
maintained a high desulfurization activity after seven times repeated use, while only 
five times were repeated usages for non-magnetic immobilized cells [24]. The cells 
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coated with magnetic Fe
3
O

4
 nanoparticles (10–15 nm) were also studied. The Fe

3
O

4
 

nanoparticles were strongly absorbed by the surfaces of the cells and coated the 
cells. The coated cells had the same desulfurizing activity as free cells, and can 
be reused more than five times [43]. Furthermore, the magnetic immobilized cells 
have its intrinsic excellence in separation from the biodesulfurization reactor.

The immobilization of P. delafieldii R-8 in calcium alginate beads was also 
studied, and it was found that the specific desulfurization rate of 1.5 mm diameter 
beads was 1.4-fold higher than that of 4.0 mm. The desulfurization rate was  
also increased by the addition of 0.5% Span 80, about 1.8-fold compared with that 
of the untreated beads [44]. These results suggested that the rate of mass transfer 
of substrate to gel matrix could be the limited step of biodesulfurization. Therefore, 
assembling g-Al

2
O

3
 nanosorbent onto the surfaces of cells was developed as a 

novel biodesulfurization technology leading to selective adsorption DBT from  
the organic phase. The rate of adsorption was far higher than that of biodesulfurization, 
and thus the transfer rate of DBT was improved in this system. The desulfurization 
rate of the cells assembled with nanosorbents was about twice as high as that  
of the free cells [45]. The technology of assembling g-Al

2
O

3
 nanosorbent on  

the surfaces of cells could also be used in other biotransformation reactions 
performed in aqueous or biphasic systems when the mass transfer of substrate was 
the limited step.

A process of biodesulfurization was proposed based on the achievements of 
strains and the recombinant bacteria, the method of immobilized cells, and the 
technologies of fuels desulfurization. The processes of desulfurization, denitro-
genation, and heavy metal removal could be performed by the same bacteria. 
The schematic diagram of the process is shown in Fig. 13.

6 Biodesulfurization of Flue Gas

The NO
x
 and SO

2
 of flue gas from power plants can pollute the environment. Metal 

chelate was successfully used in the removal of SO
2
 and NO

x
. Fe(II)EDTA can 

promote the solubility of NO by the formation of Fe(II)EDTA-NO. The bound NO 
reacts with sulfite/bisulfite ions which are formed by the dissolution of SO

2
, and 

then N
2
O and nitrogen-sulfur compounds were produced [46]. Although Fe(II)

EDTA has a high efficiency in flue gas desulfurization (FGD), it is also a secondary 
cause of pollution. Thus, a chelate compound of Fe(II) with citrate (Fe(II)Cit) was 
selected as the substitute. At all events, Fe(II)EDTA or Fe(II)Cit should be regene-
rated in time, and therefore the reaction can be continued. However, there are some 
drawbacks in the system, such as the oxidization of Fe(II) by oxygen to form 
Fe(III), and the low regeneration rate of Fe(II). In order to keep the concentration 
of Fe(II), bacteria were added to the system. The denitrifying bacteria can reduce 
bound NO to nitrogen under anaerobic conditions. In addition, some microorgan-
isms can use O

2
, NO

3
−, Fe(III) and S0 as terminal electron acceptors, and therefore 

the addition of microorganisms can help to keep a low level of dissolved oxygen in 
the solution, and can reduce Fe(III) to Fe(II) directly. The sulfite/sulfate can also be 
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Fig. 13 A schematic diagram of petroleum biodesulfurization

Fig. 14 A schematic diagram for the removal of NO and SO
2
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reduced to H
2
S by the microorganisms, which then reacts with excess SO

2
. These 

processes can be expressed as follows:

→

→

→
→

microorganisms
2

microorganisms

microorganisms2- 2-
3 4 2

2 2 2

Fe(II) -NO+electdron donor N +Fe(II)

Fe(III)+electdron donor Fe(II)

SO /So +electron donor H S

SO +2H S 3S+2H O

When only the Fe(II)Cit solution was used, the NO removal efficiency was 
decreased quickly for the hindrance of Fe(II)Cit regeneration, and the removal effi-
ciency was decreased to about 8% after 5 h of absorption. In contrast, when the 
microorganisms were added, the NO removal efficiency was kept at about 48% 
[47]. When Fe(II)EDTA was used in the system, almost 99% of SO

2
 was removed 

during the operation, and the NO removal efficiency was not influenced signifi-
cantly even changing the SO

2
 concentration [46]. Therefore, the approaches 

combined with the FGD process have the potential for simultaneous removal of NO 
and SO

2
. The schematic diagram of the set-up for the removal of NO and SO

2
 of 

flue gas is shown in Fig. 14.

7 Concluding Remarks and Perspectives

Our understanding of how microorganisms metabolize sulfur heterocyclic com-
pounds in petroleum has increased rapidly. All the studies outlined above are 
significant steps to explore the biotechnological potential for developing an 
efficient biodesulfurization process. However, these technologies have not yet 
been available for large-scale applications. We still need a far better under-
standing of all aspects of this pathway and its biotechnological process to turn 
it into a commercial process. Any progress that provides the possibility to 
remove sulfur in crude oil at higher temperature, with higher rate, or longer 
stability of desulfurization activity is considered to be a significant step toward 
industry level biodesulfurization. Microorganisms with a wider substrate range 
and higher substrate affinity in biphasic reaction containing toxic solvents or 
higher biodesulfurization activities could be engineered if the biocatalysts were 
to be used for petroleum treatment or the production of bio-derived compounds. 
The genomes of Rhodococcus sp. strain RHA1 and Mycobacterium smegmatis 
mc2155 have been sequenced and published. The availability of the genome 
sequences will make it possible to regulate the metabolism of biodesulfuriza-
tion genome-wide.
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Characterization, Modeling and Application  
of Aerobic Granular Sludge for Wastewater 
Treatment

Xian-Wei Liu, Han-Qing Yu, Bing-Jie Ni, and Guo-Ping Sheng

Abstract Recently extensive studies have been carried out to cultivate aerobic granular 
sludge worldwide, including in China. Aerobic granules, compared with conventional 
activated sludge flocs, are well known for their regular, dense, and strong microbial 
structure, good settling ability, high biomass retention, and great ability to withstand 
shock loadings. Studies have shown that the aerobic granules could be applied for 
the treatment of low- or high-strength wastewaters, simultaneous removal of organic 
carbon, nitrogen and phosphorus, and decomposition of toxic wastewaters. Thus, this 
new form of activate sludge, like anaerobic granular sludge, could be employed for the 
treatment of municipal and industrial wastewaters in near future. This chapter attempts 
to provide an up-to-date review on the definition, cultivation, characterization, mod-
eling and application of aerobic granular sludge for biological wastewater treatment. 
This review outlines some important discoveries with regard to the factors affecting 
the formation of aerobic granular sludge, their physicochemical characteristics, as 
well as their microbial structure and diversity. It also summarizes the modeling of 
aerobic granule formation. Finally, this chapter highlights the applications of aerobic 
granulation technology in the biological wastewater treatment. It is concluded that the 
knowledge regarding aerobic granular sludge is far from complete. Although previous 
studies in this field have undoubtedly improved our understanding on aerobic granular 
sludge, it is clear that much remains to be learned about the process and that many 
unanswered questions still remain. One of the challenges appears to be the integration 
of the existing and growing scientific knowledge base with the observations and appli-
cations in practice, which this paper hopes to partially achieve.
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1 Introduction

In the last decade, intensive research has demonstrated that aerobic granular sludge 
technology is a novel and promising development in the field of biological waste-
water treatment [1–7]. This process is based on sequencing batch reactors (SBRs), 
with a cycle configuration chosen such that a strict selection for fast settling aerobic 
granules and a frequent repetition of distinct feast and famine conditions occur. 
This leads to the growth of stable and dense granules [4, 5]. Compared to the con-
ventional activated sludge systems, an aerobic-granular-sludge-based system has 
several advantages. An outstanding feature is the excellent settling ability (high 

Keywords Aerobic granule, Biodegradation, Model parameters, Wastewater 
treatment 
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settling velocity) which is a prerequisite to handle high liquid flows. Moreover, 
granular sludge provides a high and stable rate of metabolism, resilience to shocks 
and toxins due to the protection by a matrix of extracellular polymeric substances 
(EPS), long biomass residence times, biomass immobilization inside the granules, 
and therefore, the possibility for bioaugmentation [6–10]. In this sense, aerobic 
granular sludge technology will play an important role as an innovative technology 
alternative for activated sludge process in industrial and municipal wastewater 
treatment in the near future.

To facilitate and promote its practical application in wastewater treatment, 
researchers worldwide have excessively investigated the fundamentals of aerobic 
granulation. Several theories about aerobic granule formation have been proposed. 
Analysis of the great body of literature published in the last decade shows that the 
properties of aerobic granules formed in SBRs are influenced by many factors, 
including substrate composition, organic loading, hydrodynamic shear force, feast-
famine regime, feeding strategy, dissolved oxygen (DO), reactor configuration, solids 
retention time, cycle time, settling time and volume exchange ratio. The knowledge 
of granule formation and critical process conditions were reviewed by Liu and Tay 
[11] and by de Kreuk et al. [12, 13].

The objective of this chapter is to discuss recent research advances in aerobic 
granular sludge. This review focuses on the factors affecting the formation of aero-
bic granular sludge, physicochemical characteristics, microbial structure and diver-
sity of aerobic granules, modeling of aerobic granule, and practical applications of 
this technology. The current state of the art will be summarized and the future 
research will be addressed.

2 Definition of Aerobic Granular Sludge

Aerobic granules are dense spherical self-immobilized aggregates of micro-organ-
isms with a strong compact structure and excellent settling ability. They have a 
well-defined appearance and are visible as separate entities larger than 0.1 mm in 
diameter after settling. However, a general definition of aerobic granular sludge had 
not been made until the first aerobic granular workshop was held in 2004 [12]. 
After a long discussion in this workshop, aerobic granule was defined as:

Granules making up aerobic granular activated sludge are to be understood as 
aggregates of microbial origin, which do not coagulate under reduced hydrody-
namic shear, and which settle significantly faster than activated sludge flocs.

In the second aerobic granular workshop in 2006, a further explanation of the 
definition was discussed, regarding aggregates of microbial origin, no coagulation 
under reduced hydrodynamic shear, settling faster than activated sludge flocs, mini-
mum size, method of harvesting [13]. When an aggregate fulfils all characteristics 
as described above, it can be called aerobic granular sludge. This simplifies the 
interpretation of experimental results and clarifies when to speak about aerobic 
granular sludge, activated sludge or biofilms.



278 X.W. Liu

3 Factors Affecting the Formation of Aerobic Granular Sludge

3.1 Substrate Composition and Organic Loading Rate

Aerobic granules have been cultivated with a wide variety of wastewater, as shown in 
Table 1. Generally aerobic granulation is independent of type of substrate. However, 
the morphology and microstructure of aerobic granules are highly dependent on the 
composition of the wastewater they were grown on. As an example, the structural 
instabilities of aerobic granules occurred due to filamentous outgrowth in the treatment 
of dairy wastewater [19]. The outgrowth of filamentous organisms was related to the 
fact that, in the dairy wastewater, easily biodegradable substances were slowly released 
at a low concentration due to slow hydrolysis of the initial polymeric substrates.

It is recognized that carbohydrates in wastewater and a low DO level lead to 
flocculation, due to the favored growth of filamentous microorganisms [23, 24]. 
Glucose-grown aerobic granules exhibited a filamentous structure, while acetate-grown 
aerobic granules had a nonfilamentous and very compact bacterial structure in which 
a rod-like species predominated [4]. At a high potential growth rate on certain sub-
strates, it is more difficult to cultivate aerobic granules. It is easier to obtain a compact 
granule structure on methanol than on acetate because of the different growth rates of 
the microorganisms on the two substrates. The only observed exception was the 
growth of granular sludge on glucose. Usually, microorganisms have a high growth 
rate on glucose, but in biofilm and granule systems, populations are found to have a 
low growth rate on glucose and therefore dense and smooth structures are formed. 

Table 1 Types of substrate used for cultivation of aerobic granules

Substrate

Organic loading 
rate (kg COD m−3 
day)

Cultivation 
time (days)

Filamentous 
outgrowth Size (mm) Ref.

Molasses 0.42–1.20 70 Yes 2.35 [1]
Ethanol 2.5–7.5 63 Yes 3.2 ± 0.9 [2]
Glucose 6.0 21 Yes 2.4 [4]
Acetate 2.5 37 No 2.5 [5]
Soybean-processing 

wastewater
6.0 60 No 1.22 ± 0.85 [6]

Sucrose 3.75 60 No 1.0 [14]
Phenol 3.6 33 No 0.5–0.6 [15]
p-Nitrophenol/glucose 2.5 79 No 0.386 ± 0.016 [16]
2,4-Dichlorophenol/

glucose
2.8 39 No 1.0–2.0 [17]

Chloroanilines/ 
glucose/acetate

1.0–3.6 100 No 0.45–2.0 [18]

Dairy wastewater 2.4 105 Yes 2.0–3.0 [19]
Brewery wastewater 3.0 63 No 2.0–7.0 [20]
Domestic wastewater 1.0–1.6 36 Yes 0.5–2.0 [21]
Abattoir wastewater 2.6 76 No 1.7 [22]
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[12] Aerobic nitrifying granules were also cultivated with an inorganic carbon source 
[25, 26]. The nitrifying granules showed excellent nitrification ability.

Accumulated evidence suggests that aerobic granules can form across a very 
wide range of organic loading rate (OLR) from 0.4 to 15 kg COD m−3 day [1, 11, 27]. 
This indicates that the formation of aerobic granule in an SBR is substrate-
concentration-independent. However, it was reported that kinetic behavior and 
morphology of aerobic granules were also related to applied substrate loading [27, 28]. 
The mean size of aerobic granules increased from 1.6 to 1.9 mm with an increase 
in OLR from 3 to 9 kg COD m−3 day [11]. Furthermore, OLR could affect the stabi-
lity of aerobic granules. Zheng et al. [28] reported that bacteria-dominated aerobic 
granules with a mean diameter of 1 mm could be cultivated in an SBR at a high 
OLR of 6 kg COD m−3 day in 30 days. However, under such high loading condi-
tions, the bacteria-dominated granules were unstable and readily transited into 
large-sized filamentous ones. The instability of aerobic granules may be attributed 
to the mass transfer limitation and possible presence of anaerobes in the large-sized 
aerobic granules.

3.2 Seed Sludge

In most studies regarding aerobic granular sludge, SBRs were seeded with conven-
tional activated sludge flocs. The important factors governing the quality of seed 
sludge for aerobic granulation appear to include the macroscopic characteristics, 
settling ability, surface properties, and microbial activity [11]. Little information on 
the role of seed sludge in aerobic granulation is available. Hu et al. [29] cultivated 
aerobic granules in SBRs by seeding anaerobic granular sludge using acetate-based 
synthetic wastewater. In their experiments, the inoculated anaerobic granules expe-
rienced a process of disintegration – recombination – growing up. The disintegrated 
anaerobic sludge might play a role of nucleus for the aerobic granulation. The bac-
terial community residing in seed sludge is important for aerobic granulation process, 
as the hydrophilic bacteria would be less likely to attach to sludge flocs compared 
with the hydrophobic counterpart, which constitutes the majority of free bacteria in 
the effluent from full-scale treatment plants. A greater number of hydrophobic 
bacteria in the seed sludge would result in a more rapid aerobic granulation with 
excellent settling ability.

3.3 Reactor Configuration

Reactor configuration influences the flow pattern of liquid and microbial aggregates 
in reactors [2, 30]. Until now, all aerobic granules were cultivated in pneumatically 
agitated reactors, including bubble column and airlift reactors with sequencing 
batch operation. An important operation factor in aerobic granulation and reactor 
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operation is superficial air velocity. It exerts an influence on aerobic granules 
through oxygen supply and hydrodynamic shear stress. The effect of hydrodynamic 
shear stress on aerobic granules will be discussed in detail in Sect. 3.4. In a column-
type upflow reactor a higher ratio of reactor height to diameter (H/D) can ensure a 
longer circular flow trajectory, which in turn provides a more effective hydraulic 
attrition to aerobic granules. However, with a higher H/D, the aerobic granules at 
the top face a low shear stress, and will grow out more readily with filametous and/
or finger-type structure. In this case, no granules will be formed [12].

Shear stress provided by aeration rate depends on reactor configuration as well 
as reactor scale. Beun et al. [31] reported that much denser granules with a smaller 
diameter were obtained in an airlift reactor at the same substrate loading rate com-
pared to a bubble column. To reduce aeration rate to a reasonable value, Liu et al. 
[32] designed a novel airlift loop reactor with divided draft tubes for aerobic 
granulation.

3.4 Operational Parameters of Reactor

3.4.1 Aeration Intensity

The positive role of a high hydrodynamic shear force provided a great aeration rate 
in the stable operation of biofilm and aerobic granule systems has been widely 
recognized [30]. Chen et al. [33] found that at shear forces of 2.4 and 3.2 cm s−1, 
granules could maintain a robust and stable structure. Granules developed in low 
shear forces of 0.8 and 1.6 cm s−1 deteriorated to large-sized filamentous ones with 
irregular shape and loose structure, and resulted in poor performance and operation 
instability. Granules cultivated under high shear forces of 2.4 and 3.2 cm s−1 stabi-
lized with clear morphology, dense and compact structure, and good performance 
in 120-day operation. In most studies on aerobic granulation, the upflow air super-
ficial velocity in reactors was much higher than 1.2 cm s−1. However, a high aera-
tion rate means a high energy consumption.

Adav et al. [34] reported that the production of extracellular polysaccharides 
was closely associated with the shear force and the stability of aerobic granules. 
The extracellular polysaccharides content increased with the increasing shear force 
estimated in terms of superficial upflow air velocity. Thus, a high shear force stimu-
lated bacteria to secrete more extracellular polysaccharides [35].

3.4.2 Cycle Time

The cyclic operation of an SBR consists of influent filling, aeration, settling and 
effluent removal. The settling time and exchange ratio of liquid volumes at the end 
of each cycle presents the main screening step to remove nongranular biomass from 
the reactor. A shorter cycle time results in a shorter hydraulic retention time (HRT), 
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which provides a stronger selective pressure. Sludge loss was observed through 
hydraulic washout at a short cycle time because bacterial growth was unable to 
compensate [36]. Liu et al. [37] reported the influence of cycle time on the kinetic 
behavior of aerobic granules. The observed specific biomass growth rate of aerobic 
granules decreased from 0.266 to 0.031 L per day, while the observed biomass 
growth yield of granular sludge decreased from 0.316 to 0.063 g VSS g−1 COD 
when the cycle time was increased from 1.5 to 8 h.

The settling time acts as a major hydraulic selection pressure on microbial com-
munity in SBRs. A short settling time preferentially selects for the growth of rapid 
settling bacteria and the sludge with a poor settling ability is washed out. It is rec-
ognized that the selection pressure imposed by short settling time should be more 
important in fully aerobic granule systems, but in anaerobic–aerobic alternative 
systems with phosphate accumulating organisms (PAOs), the settling time seemed 
to be less important because of the inherent tendency of PAOs to aggregates [12]; 
meanwhile Meyer et al. [38] cultivated aerobic granules containing glycogen accu-
mulating organisms at a settling time of 25 min.

3.4.3 Feeding Strategy

The unique feature of an SBR over a continuous activated sludge reactor is its cycle 
operation, which in turn results in a periodical starvation phase during the operation. 
It is proposed that such a periodical starvation would be somehow important to 
the aerobic granulation [4]. Although starvation was proposed not to be a prerequi-
site for aerobic granulation [39], increases in hydrophobicity on carbon-starvation 
have been reported [40].

McSwain et al. [41] enhanced aerobic granulation by intermittent feeding. In fact, 
pulse feeding to the SBR contributed to compact aerobic granules. Li et al. [42] 
observed that the aerobic granulation process was initiated by starvation and cooper-
ated by shear force and anaerobic metabolism. A shorter starvation time resulted in 
a faster granulation [43].

3.4.4 Dissolved Oxygen, Temperature and pH

Aerobic granules were successfully cultivated at a DO concentration above 
2 mg L−1 [34, 44]. However, Peng et al. [45] observed that small granules (diameter 
of 0.3–0.5 mm) were agglomerated into big flocs during settling in an SBR at a DO 
level of 1 mg O

2
 L−1. Mosquera-Corral et al. [46] reported that reducing the oxygen 

saturation to 40% caused deterioration, a decreased density and finally breaking of 
the granules. Based on the literature available, DO concentration is not a dominat-
ing factor for aerobic granulation.

The rates of biological processes depend on temperature. Most research on aerobic 
granular sludge was carried out at room temperatures (20–25 °C). In an investiga-
tion into the effect of temperature changes on the conversion processes and the 
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stability of aerobic granular sludge, de Kreuk et al. [47] found that temperature change 
could affect the performance of an aerobic granular sludge reactor to a large extent. 
The start-up of a reactor at low temperatures led to the presence of organic COD 
in the aeration phase, deterioration of granule stability and even biomass washout. 
Once a reactor was started up at a higher temperature it was possible to operate a 
stable aerobic granular sludge system at a lower temperature. Thus, they concluded 
that start-up should take place preferentially during warm summer periods, and that 
decreased temperatures during winter periods should not be a problem for granule 
stability and pollutant removal in a granular sludge system [47].

In microbial growth pH is an important environmental factor. However, informa-
tion regarding the effect of pH on species selection and aerobic granulation is still 
limited. Yang et al. [48] evaluated the effect of feeding alkalinity and pH on the 
formation of aerobic sludge granules. In an SBR with a low alkalinity of 28.7 mg 
CaCO

3
 L−1 in the influent and a reactor pH of 3.0, rapid formation of fungi-domi-

nating granules was achieved in 1 week. In another SBR with a high alkalinity of 
301 mg CaCO

3
 L−1 and a reactor pH of 8.1, formation of bacteria-dominating gran-

ules was achieved after 4 weeks of operation. These results suggest that microbial 
communities and structural features of aerobic granules could be formed through 
controlling the feeding alkalinity and reactor pH.

4 Physicochemical Characteristics of Aerobic Granular Sludge

4.1 Morphology

The definition of aerobic granules doesn’t refer to the morphology, which varies 
substantially, depending on substrate types and cultivation conditions [12]. 
However, many studies confirm that the morphology of aerobic granules is com-
pletely different from that of sludge flocs [1–6]. Aerobic granules have a well-
defined appearance and are visible as separate entities larger than 0.1 mm in 
diameter after settling, as shown in Fig. 1 [48]. The granule size is an important 
parameter in the characterization of aerobic granulation. The average diameter of 
aerobic granules varies in a range of 0.2–5 mm. For the quantitative differentiation 
of the structure characteristic and morphology of aerobic granules, Su and Yu [6] 
used fractal geometry to describe their characteristics. The matured aerobic gran-
ules had a fractal nature with a fractal dimension of 1.87 ± 0.34.

4.2 Settling Properties

An evident advantage of aerobic granules over conventional activated sludge 
flocs is their excellent settling properties [1–4], which determine the efficiency of 
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solid–liquid separation and are essential to the stable operation of wastewater treat-
ment systems. The sludge volume index (SVI) of aerobic granules can be lower 
than 50 mL g−1, which is much lower than that of conventional sludge flocs. The 
settling velocity of aerobic granules is associated with granule size and structure, 
and is as high as 30–100 m h−1, while that of flocs is usually lower than 9 m h−1 [14, 
20]. Liu et al. [49] developed a new model to describe the settling velocity of aero-
bic granules. In this model the settling velocity of aerobic granules is the function 
of SVI, mean size of granules and granule concentration. The established model 
could satisfactorily match the experimental results obtained in the course of aerobic 
granulation under different conditions. When the granule size is sufficiently small, 
the model is changed into the well-known Vesilind equation in the form of

 ,kX
S OV V e−=  (1)

where V
S
 is the settling velocity, V

O
 is the initial settling velocity, and k is the 

empirical settling parameter.

4.3 Strength

The strength of aerobic granules is essential for their stability and for solid/liquid 
separation of effluent from reactors. The granules with a high physical strength 
could withstand compression and high shear (abrasion). Zheng [50] characterized 

Fig. 1 Image of aerobic granules cultivated with glucose as carbon source from [48].  
Scale bar = 10 mm
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the compressive strength of aerobic granules with a diameter range from 1 to 4 mm 
using a novel device. They found that the aerobic granules with a diameter of 2 mm 
exhibited the best compressive properties and could withstand the compressive 
strength of 24 N cm−2. The abrasion experimental results demonstrated that an 
increase in size enhanced the erosion of primary particles at a certain shear rate and 
this had a significantly negative effect on the solid/liquid separation process.

4.4 Extracellular Polymetric Substances (EPS)

EPS produced by bacteria are a rich matrix of polymers, including polysaccharides, 
proteins, glycoproteins, nucleic acids, phospholipids, and humic acids [51]. EPS 
are crucial in the formation of a gel-like network that keeps bacteria together in 
biofilms, cause the adherence of microorganisms to surfaces, and protect them 
against noxious environmental conditions. Because EPS are a major component of 
cell flocs and biofilms, they are hypothesized to play a central role in all types of 
biofilm formation, including flocculation and granulation [51].

4.4.1 Role of EPS

Aerobic granule stability governs the feasibility of long term granulation process 
[52]. Tay et al. [53] reported that an increased aeration rate in an SBR resulted 
in an increased polysaccharide content and that granules became disintegrated 
when polysaccharides were lost from the granules. Aerobic granules could not 
be formed in reactors with a reduced aeration rate [25, 54]. It is concluded that 
hydrodynamic shear force increases the production of cellular polysaccharides, 
which aid in the formation and stability of aerobic granules. An overview of the 
effects of EPS on the formation and stability of granules has been given by Liu 
et al. [52].

Wang et al. [55] and McSwain et al. [56] reported that EPS had a significant 
contribution to the granule stability. Wang et al. [55] determined that nonsoluble 
b-polysaccharide formed of the outer shell of aerobic granules and provided granule 
strength. Conversely, McSwain et al. [56] and Zhang et al. [57] argued that a non-
cellular protein core in aerobic granules provided stability. Thus, controversial 
information exists regarding the roles of different components of EPS in the struc-
tural stability of aerobic granules. Recently, Adav et al. [58] demonstrated that the 
selective enzymatic hydrolysis of proteins, lipids, and a-polysaccharides had a 
minimal effect on the three-dimensional structural integrity of granules. Conversely, 
selective hydrolysis of b-polysaccharides fragmented the granules. The b-polysac-
charides were expected to form the backbone of a network-like outer layer with 
embedded proteins, lipids, a-polysaccharides, and cells to support the mechanical 
stability of granules.
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4.4.2 Distribution of EPS

Extensive work has been carried out to investigate the characteristics and 
distribution of EPS in flocs and biofilm, and various approaches have been 
used to determine the EPS content [59–61]. McSwain et al. [56] compared the 
EPS contents of aerobic granules with/without homogenization. It was observed 
that homogenization had a significant effect on the amount of EPS extracted 
from aerobic granules. Thus, they suggested that homogenization should be 
used when samples with vastly different shapes and sizes were compared. For the 
exploration of EPS spatial distribution in aerobic granules, McSwain et al. [56] 
used confocal laser scanning microscopy (CLSM) in situ to visualize the dis-
tribution of cells, polysaccharides, and proteins in granules (Table 2). Wang  
et al. [55] reported that the EPS content in the inner layer of aerobic granules 
was about four times greater than that in outer layer. Chen et al. [63, 64] 
described the distribution of EPS (proteins, a- and b-polysaccharides, and 
lipids) and cells (total and dead) in aerobic granules using a novel sixfold 
staining scheme and CLSM. In this work, lipids, proteins, and a- and b-polys-
accharides in phenol-degrading granules were selectively hydrolyzed using 
specific enzymes.

4.5 Cell Surface Hydrophobicity

Cell surface hydrophobicity plays a key role in the self-immobilization and attach-
ment of cells to a surface [65, 66]. In a thermodynamic sense, an increase in cell 
hydrophobicity simultaneously causes a decrease in the excess Gibbs energy of the 
surface, which promotes the self-aggregation of bacteria from liquid phase to form 
a new solid phase [66, 67], i.e., microbial granules. The hydrophobic binding force 
is of a prime importance for the cell-to-cell approach and interaction, and the cell 
hydrophobicity can act a driving force for the initiation of cell-to-cell aggregation, 
which is the first step towards aerobic granulation, and further keep the aggregated 
bacteria tightly together [68].

Table 2 Strains for probing EPS in aerobic granules

Strains N
S

a Ref.

Syto 63, FITC, Con A 3 [56]
Con A-FITC 1 [55]
BacLight Live/Dead staining kit 2 [55]
FITC, calcofluor white, Syto 63,Syto Blue, Con A 5 [62]
FITC, calcofluor white, Syto 63,Syto Blue, Con A 5 [63]

N
S

a: Number of strain applied on the same aerobic granule
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4.6 Rheology

Rheology is a powerful tool for characterizing the non-Newtonian properties of 
sludge suspensions, as it can quantify flow behaviors in real processes on a scien-
tific basis [69]. Rheological parameters are very important in sludge management, 
not only as design parameters for transporting, storing, landfilling and spreading 
operations, but also as monitoring parameters in many biological treatment proc-
esses [70]. Su and Yu [6] characterized the non-Newtonian rheological behavior of 
aerobic granules and demonstrated that the granules containing liquor were shear 
thinning, and their rheological characteristics could be described using the Herschel–
Buckley equation as follows:

 ,mKτ τ γΥ= +  (2)

where τ is shear stress, τ
Y
 is yield stress, γ is shear rate, and K and m are constants. 

The suspended solids concentration, pH, temperature, diameter, settling velocity, 
specific gravity, and sludge volume index all had an effect on the apparent viscosity 
of the mixed liquor of aerobic granules.

4.7 Permeability

Unlike microbial flocs and suspended cells, the dense aerobic granules may 
encounter problems associated with the limited diffusion of substrates into and 
metabolites out of the granules. The pore size distribution and permeability of 
aerobic granules are closely related to substrate and metabolites transport [71]. 
Therefore, their permeability feature has a significant influence on substrate 
and product transportation in granules [72]. The pore size distribution and 
available porous volume to which substrate can penetrate are the main factors 
governing the granule activity. Tay et al. [73] used CLSM to evaluate the porosity 
profiles. To evaluate quantitatively the porosity and permeability of aerobic 
granules, Zheng and Yu [71] used size-exclusion chromatography, in which 
polyethylene glycols and distilled water were, respectively, used as solute and 
mobile phase. The porosity of the aerobic granules varied from 68 to 93%. The 
EPS of the granules might clog the pores and might be responsible for the 
reduced porosity.

The porosity and permeability also influence the settling velocity of aerobic 
granules and the settling velocity of a particle depends greatly on its drag coeffi-
cient. Thus, Mu et al. [74] provided a reliable approach to evaluate the drag coef-
ficient of the porous and permeable microbial granules. It was realized by taking 
the porosity and permeability of the granules into consideration. The drag coeffi-
cient of the microbial granules was found to be less than that of smooth rigid 
spheres and biofilm-covered particles. In addition, this study demonstrates that the 
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drag coefficient of microbial granules depended heavily on their permeability and 
porosity. A fractal-cluster model was found to be able to predict the distribution of 
the primary particles in the microbial granules:
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where W is the reduction in the drag force, the dimensionless permeability of the 
aggregate; z, is calculated from the following equation:
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From Eq. (3) it can be seen that the parameter W is solely a function of the perme-
ability factor, z.

4.8 Mass Transfer

Aerobic granules have a dense surface layer and compact interior core that can 
generate significant mass transfer resistance to oxygen and nutrient intake 
[75]. In biodegradation processes, substrates and DO are initially transferred 
from the bulk liquid to the external surface of aerobic granules before diffus-
ing or being carried by an advective flow into the interior for biodegradation 
[62]. Oxygen diffusivity is commonly applied as an input parameter for mod-
eling the transport processes in granules. Morgenroth et al. [1] assumed that 
the granule center is anaerobic, although the surrounding liquid has a rela-
tively high DO content. Liu et al. [76] noted a decline in specific substrate 
removal rate from large granules, revealing the inhibition induced by mass 
transfer resistance. Oxygen limitation, if it occurred, produced anaerobic core 
in aerobic granules. Anaerobic bacteria were found to exist in the anaerobic 
core for large-sized aerobic granules [77].

Recently, the microelectrode method has been adopted to evaluate the micro-
transport processes in aerobic granules [78]. Chiu et al. [79] estimated the oxygen 
diffusivity in acetate- and phenol-grown aerobic granules by probing the DO level 
at the granule center using microelectrodes with a sudden change in the DO of the 
bulk liquid. The flow velocity across the granule was set such that the external mass 
transfer resistance was negligible. They also measured the steady-state and tran-
sient DO with step changes in surrounding DO levels at various depths in granules 
using microelectrodes [62]. A marked decrease in DO was also observed over this 
surface layer. No aerobic oxidation could occur beneath the active layer, indicating 
the oxygen transfer limitation. Liu et al. [75] successfully fabricated a novel 
microelectrode using photolithography to determine the DO distribution in aerobic 
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nitrifying granules, as shown in Fig. 2. It was found that the main active part of the 
nitrifying granule was the upper 150-mm layer. Consequently, Liu et al. [76] manu-
factured a solid state microelectrode through electrochemical codeposition of Pt–Fe 
nanoparticles on a gold microelectrode fabricated using photolithography for in situ 
nitrite determination in aerobic nitrifying granules. At the outside of the granular 
surface, the nitrite concentration dropped rapidly because of its diffusion from the 
granular surface to the bulk solution.

5  Microbial Community Structure of Aerobic Granular Sludge

Recent development of modern molecular biology techniques is giving new 
insight into the structure and function of microbial communities in natural and 
engineered systems, including biological wastewater treatment reactors [80]. 

Fig. 2 Photograph of the innovative microelectrode and three magnified microscopic images of 
different sections of the needle [75]
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Microbial community structure analysis of aerobic granules, primarily based 
on 16S rRNA gene sequencing [26, 81], is becoming the most powerful tool 
to investigate the microbial populations present in aerobic granular reactors. 
The microbial diversity of aerobic granules is closely related to the composition 
of culture media, in which they are developed and structure of aerobic granules. 
Heterotrophic, nitrifying, denitrifying, P-accumulating bacteria, glycogen-accu-
mulating bacteria, and fungi have been identified in aerobic granules developed 
under different conditions [10, 81–85]. Jiang et al. [84] isolated ten isolates from 
matured phenol-fed granule of which six have taxonomic affiliations with 
b-Proteobacteria, three with Actinobacteria and one with g-Proteobacteria. 
Gram and Neisser stains and FISH analyses showed that most of the filamentous 
bacteria in aerobic granules cultivated in brewery wastewater belong to the 
genus Thiothrix or to Sphaerotilus natans [10]. Anaerobiosis and dead cells have 
been documented at the centers of aerobic granules [86]. The presence of anaer-
obic bacteria in aerobic granules is likely to result in the production of organic 
acids and gases within the granules.

The relative abundance and population dynamics of functional groups in 
aerobic granules have also been studied using a range of techniques: 16S rRNA-
targeted oligonucleotide hybridization [26], polymerase chain reaction (PCR), 
and denaturing gradient gel electrophoresis (DGGE) analysis of 16S rRNA 
genes [84]. Community structure and function of aerobic granules is one of the 
most intriguing topics for researchers and several important descriptions have 
been recently reported to address the fundamental questions: which microbes are 
present, where are they located and what are they really doing there? The spatial 
distribution of microorganisms within aerobic granules has been visualized in 
thin-sections of granules using 16S rRNA-targeted fluorescence in situ hybridi-
zation (FISH) analysis with conventional fluorescence microscopy or CLSM, as 
shown in Table 3 [10, 25, 81–86]. The FISH–CLSM technique identified that 
obligate aerobic ammonium-oxidizing bacterium Nitrosomonas spp. was mainly 
at a depth of 70–100 mm from the granule surface, while anaerobic bacterium 
Bacteroides spp. was detected at a depth of 800–900 mm from the granule sur-
face [87]. Lemaire et al. [85] reported that in granules >500 mm in diameter, 
Accumulibacter spp. was dominant in the outermost 200 mm region of the gran-
ule while Competibacter spp. dominated in the granule central zone, as shown 
in Fig. 3. The stratification of these two populations between the outer aerobic 
and inner anoxic part of the granule was highly significant (P <0.003). They 
concluded that the GAO Competibacter spp., and not the PAO Accumulibacter 
spp., was responsible for denitrification in this SBR. This is undesirable for 
SNDPR as savings in carbon demand cannot be fulfilled with phosphorus 
removal and denitrification being achieved by different groups of bacteria. Thus, 
these techniques are bridging the ‘gap’ between engineers (reactor operation) 
and microbiologists (culture-based study) and lead to an interactive communica-
tion between them for optimizing microbial population and improving reactor 
performance [88, 89].
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Fig. 3 Reconstructed CLSM images of FISH micrographs (a,c,e) and Nile Blue stain micro-
graphs (b,d,f) of entire granule sections. In a,c,e Accumulibacter spp. cells are cyan (overlay of 
blue PAOmix and green EUBmix), Competibacter spp. Cells are yellow (overlay of red GAOmix 
and green EUBmix) and other bacteria are green (green EUBmix). In b,d,f overlays were of 
transmitted light images (black and white) and Nile Blue-stained PHAs in red. Subsequent granule 
sections (7 mm apart) of two different granules are presented in a,b and e,f. c,d are not images of 
the same granules. The granules were sampled at the end of the anaerobic (a–c) and at the end of 
the aerobic (d–f) periods. Scale bar = 100 mm [85]
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6 Modeling of Aerobic Granular Sludge

Mathematical modeling has proven very useful to study complex processes, such as 
the aerobic granular sludge systems [3, 90]. Biological processes in aerobic granules 
are determined by concentration gradients of oxygen and diverse substrates. 
The substrate and DO concentration profiles are the result of many factors, e.g., 
diffusion coefficient, conversions rate, granule size, biomass spatial distribution, and 
density. All of these factors tightly influence each other; thus the effect of separate 
factors cannot be studied experimentally. Moreover, due to the long sludge age in 
granule systems (usually up to 70 days) [91], lengthy experiments should be carried 
out before a steady state is reached. Therefore, a good computational model for the 
granular sludge process provides significant insight into the most important factors 
that affect the nutrient removal rates and the distribution of different microbial popu-
lations in granules. Furthermore, models could also be used for process optimization 
and the scale-up and design of a full-scale aerobic granule reactor [90].

6.1 Modeling Formation of Aerobic Granules

Based on Monod equation, Yang et al. [92] developed a kinetic model that can 
describe the growth of aerobic granules developed at different conditions. Recently, 
Xavier et al. [93] introduced a multiscale model, which described the granular 
sludge reactor in details, from the metabolism of microbial groups, through the 
spatial structure of granules, to the dynamics of the reactor. With this model a pref-
erential distribution of species along radial distances was shown, which were more 
heterogeneous than in strict layers. This heterogeneous structure and growth in 
microcolonies underlined the difficulty of representative microelectrode measure-
ments. Mainly the outer layers of granules will be eroded, which contain less inert 
material. Therefore, aerobic granules are expected to contain more inert materials 
resulting from biomass decay than activated sludge.

6.2 Modeling the Microbial Species in Aerobic Granules

The architecture of aerobic granules is relevant to their microbial ecology, as they 
are macroscopic microbial consortia [83]. They consist of two main different micro-
bial groups, i.e., autotrophic and heterotrophic bacteria [94, 95]. Both autotrophs 
and heterotrophs coexist and interact in aerobic granules. For the in-depth under-
standing of the growth of autotrophs and heterotrophs and their activity in aerobic 
granules, Ni et al. [96] developed a model to describe the simultaneous auto-
trophic and heterotrophic growth in granule-based SBR. A schematic drawing of the 
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aerobic-granule-based SBR configuration simulated with AQUASIM is illustrated 
in Fig. 4. The model is able to simulate the reactor performance and get insight in 
autotrophic and heterotrophic growth in the granules. With the established model, 
the fractions of the active biomass (autotrophs and heterotrophs) and inert biomass 
are predicted to be 55.6 and 44.4% of the total mixed liquid volatile suspended 
solid, respectively, at a solids retention time (SRT) of 20 days. Biomass content 
increases with the increasing SRT, but active biomass ratio decreases. Autotrophs 
have no significant effect on the total biomass content, although they play an impor-
tant role in nitrogen removal.

6.3 Modeling Nutrient Removal

De Kreuk modeled the substrate degradation kinetics of an aerobic granule 
SBR [90]. The effect of process parameters on the nutrient removal rates was 
evaluated in the model. The model is based on previously developed models. 

Fig. 4 Schematic diagram of the granule-based SBR as implemented in the AQUASIM: a biofilm 
compartment is connected to a completely mixed compartment with an advective link and a high 
recirculation flow rate, another completely mixed compartment is connected to the first one with 
an advective link to simulate the effluent draw, and aeration is simulated by a gas compartment 
connected with the biofilm one using a diffusive link. Biofilm compartment contains all soluble 
and particulate components of the biological model [96]
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The SBR and granular sludge descriptions are principally as in the model of 
Beun et al. [3], which described heterotrophic organisms storing acetate in a 
feast-famine regime in combination with autotrophic organisms for nitrogen 
removal. The existing aerobic granular sludge model was extended with conver-
sion processes involving PAO as described in the models of continuous activated 
sludge systems by Hao et al. [97]. The simulation results demonstrated that the 
ratio between aerobic and anoxic volume in the granule strongly determines the 
N-removal efficiency as it was shown by model simulations with varying oxygen 
concentration, temperature, and granule size. The optimum granule diameter 
for maximum N- and P-removal in the standard case operating conditions (DO 
2 mg L−1, 20 °C) was found between 1.2 and 1.4 mm and the optimum COD 
loading rate was 1.9 kg COD m−3 day. When all ammonia is oxidized, oxygen 
diffuses to the core of the granule inhibiting the denitrification process. In order 
to optimize the process, anoxic phases can be implemented in the SBR-cycle 
configuration, leading to a more efficient overall N-removal. Phosphate removal 
efficiency mainly depends on the sludge age; if the SRT exceeds 30 days, not 
enough biomass is removed from the system to keep effluent phosphate concen-
trations low.

6.4 Modeling the Storage Process in Aerobic Granules

Aerobic granules in SBR are subjected to alternative feast and famine conditions, 
and are able to take up carbon substrate in wastewater rapidly and to store it as 
intracellular storage products when the substrate is in excess. This phenomenon 
could not be described by the widely used activated sludge model No.3 (ASM3). 
Taking adsorption process, microbial maintenance and substrate diffusion into 
account, Ni and Yu [98] established a new model to investigate the simultaneous 
growth and storage processes in aerobic granules cultivated with soybean-processing 
wastewater. Simulation results show that the approach is appropriate for elucida-
ting the fates of major model components. Comparison between ASM3 and the 
model established in this work demonstrates that the latter is better to describe the 
substrate removal mechanisms and simultaneous growth and storage processes in 
aerobic granules.

For the future elucidation of the storage process in aerobic granules, Ni and Yu 
[99, 100] also developed a model to describe the storage and growth activities of 
denitrifiers in aerobic granules under anoxic conditions recently. In this model, 
mass transfer, hydrolysis, simultaneous anoxic storage and growth, anoxic main-
tenance, and endogenous decay are all taken into account. The modeling results 
explicitly show that the external substrate is immediately utilized for storage and 
growth at feast phase. More external substrates are diverted to storage process 
than the primary biomass production process. The model simulation indicates that 
the nitrate utilization rate (NUR) of granules based denitrification process includes 
four linear phases of nitrate reduction. Furthermore, the methodology for determining 
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the most important parameter in this model, that is, anoxic reduction factor, is 
established.

6.5 Modeling Aerobic Granule-Based SBR

The aerobic-granule-based SBR is a complex biological system with numerous 
internal interactions among process variables and sludge characteristics. In addi-
tion to the biological reactions, mass transfer, hydrodynamic of reactors and the 
characteristics of granules have been proven to be influential to the overall 
performance of the aerobic granule-based SBR. Su and Yu [94, 95] established a 
generalized model to simulate an aerobic granule-based SBR with considerations 
of biological processes, reactor hydrodynamics, mass transfer, and diffusion. The  
ASM1 was modified and applied for describing the biological reactions. This 
model established could successfully simulate and predict the performance of an 
aerobic-granule-based SBR.

7  Application of Aerobic Granulation Technology in Biological 
Wastewater Treatment

7.1 Organic Wastewater Treatment

Granulation of activated sludge can lead to a high biomass retention in reactors 
because of its compact and dense structure. Biomass concentrations as high as 
6.0–12.0 g L−1 have been obtained in SBRs operated with a volumetric exchange 
ratio of 50% [101]. Thus, aerobic granular sludge is advantageous for the waste-
water treatment over the conventional activated sludge. A considerable amount of 
work has been conducted for the treatment of synthetic wastewater using aerobic 
granules, as shown in Table 1. The feasibility of applying aerobic granulation 
technology for the treatment of an industrial wastewater was demonstrated by 
Schwarzenbeck et al. [19], who examined the ability of aerobic granules to treat 
dairy wastewater. Aerobic granular sludge can be successfully cultivated in an 
SBR treating dairy wastewater. After complete granulation and the separation of 
biomass from the effluent, removal efficiencies of 90% total COD, 80% total 
nitrogen and 67% total phosphorus was achieved at a volumetric exchange ratio 
of 50% and a cycle duration of 8 h. Wang et al. [20] cultivated aerobic granules 
with brewery wastewater. After granulation, high and stable removal efficiencies 
of 88.7% COD and 88.9% NH

4
+-N were achieved at a volumetric exchange ratio 

of 50% and cycle duration of 6 h. The aerobic granules had smooth regular 
shapes, as shown in Fig. 5.
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However, Schwarzenbeck et al. [19] and Arrojo et al. [83] found that a signifi-
cant fraction of suspended solids was present in the reactor effluents. Thus, a post-
treatment step is required.

7.2 Nutrient Removal

In the biological nutrient removal process, inorganic nitrogen in the form of 
ammonium is removed through aerobic, autotrophic nitrification followed by 
anoxic, heterotrophic denitrification. The process is normally split into two stages 
as the environmental conditions required for each process are very different. 
In the granular sludge system, the substrate is supplied in a short period of time. 
A high substrate concentration in the bulk liquid causes a penetration of substrate 
deeper into granules than oxygen. During the period in which the external sub-
strate is available (feast period), oxygen is quickly consumed in the outer layers 
by growth, substrate storage and nitrification. Oxygen has only a limited penetra-
tion depth in this period. Acetate storage (as poly-b-hydroxybutyrate or PHB) 
and growth occur aerobically in the outermost layer or anoxically inside the gran-
ule (as indicated in Fig. 6) [46, 102]. During the period without external substrate 
(famine period), growth takes place on the internally stored PHB at a much lower 
growth rate [103]. The oxygen penetration depth during the famine period will be 
higher because of this decreased respiration rate of the heterotrophs, but will still 
be limited due to the increased nitrification relative to the feast phase [103]. The 
nitrate produced can be simultaneously denitrified inside the granules using the 

Fig. 5 Image of aerobic granules cultivated with real brewery wastewater from [20]
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stored PHB as electron donor. Tsuneda et al. [25] investigated the granulation of 
nitrifying bacteria in an aerobic upflow fluidized bed reactor for the treatment of 
an inorganic wastewater containing 500 mg L−1 of NH

4
+–N. The ammonia 

removal rate reached 1.5 kg N m−3 day, suggesting that the nitrifying granules 
were able achieve a stable and efficient nitrification.

Phosphorus can be removed biologically through biological phosphorus 
removal processes, exploiting the ability of PAOs to take up P in excess of meta-
bolic requirements and accumulate it intracellularly as polyphosphate. Lin et al. 
[104] cultivated phosphorus-accumulating granules at different substrate P/COD 
ratios in a range of 1/100 to 10/100 by weight in SBRs. The soluble COD and 
PO

4
–P profiles showed that the granules had typical P-accumulating character-

istics, with a concomitant uptake of soluble organic carbon and the release of 
phosphate in the anaerobic stage, followed by rapid phosphate uptake in the 
aerobic stage.

Recent work on aerobic granules suggests that granules could be beneficial for 
simultaneous nitrification, denitrification and phosphorus removal (SNDPR). 
In granules there is oxygen mass transfer limitation that is important in facilitating 
aerobic/anoxic zones required for SNDPR. Lemaire et al. [85] cultivated aerobic 
granules for SNDPR and observed that simultaneous phosphorus removal and nitri-
fication occurred throughout the SBR operation. Good phosphorus removal and 
nitrification occurred throughout the SBR with a dominancy of Accumulibacter 
spp. (PAO) and Competibacter spp. (GAO). Accumulibacter spp. was dominant in 
the outermost 200 mm region of the granule while Competibacter spp. dominated 
in the granule central zone. Yilmas et al. [105] investigated the biological removal 

Fig. 6 Schematic profiles of substrate inside an SBR (feast and famine periods; external mass 
transfer neglected) from [46]
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of nitrogen and phosphorus from nutrient-rich abattoir wastewater using granular 
sludge. It is demonstrated that the granules could be sustained and indeed further 
developed with the use of abattoir wastewater. The organic, nitrogen and phosphorus 
loading rates applied were 2.7 kg COD m−3 day, 0.43 kgN m−3 day and 0.06 kgP m−3 
day, respectively. The removal efficiency of soluble COD, soluble nitrogen and 
soluble phosphorus were 85, 93 and 89%, respectively. However, the high sus-
pended solids in the effluent limited the overall removal efficiency to 68, 86 and 
74% for total COD, total nitrogen (TN) and total phosphorus (TP), respectively. 
Accumulibacter spp. was found to be responsible for most of the denitrification, 
further reducing the COD requirement for nitrogen and phosphorus removal. 
Mineral precipitation was evaluated and was found not to contribute significantly 
to the overall nutrient removal. Thus, compared to conventional sludge flocs, aero-
bic granules are relatively large, compact, dense microbial aggregates of different 
bacterial species with an approximately spherical external appearance. Their size 
and dense, compact structure are expected to contribute positively to the oxygen 
mass transfer limitation required for reliable SNDPR systems. In addition, the 
excellent settling ability of granular sludge allows for more biomass to be main-
tained in a relatively small reactor volume, enhancing the ability of the reactor to 
withstand high loading rates. This is of great interest for the treatment of nutrient-
rich wastewaters.

7.3 Domestic Wastewater Treatment

For aerobic granules, Tay et al. [106] reported that it was difficult to form gran-
ules with an OLR lower than 2 kg COD m−3 day. It is expected that a low-
strength wastewater will result in the difficulties of granulation or long start-up 
of aerobic granular system from activated sludge. Thus, the possibility of form-
ing aerobic granules on domestic sewage in an SBR should be explored. de 
Kreuk and van Loosdrecht [21] studied aerobic granulation with presettled sew-
age as influent. After 20 days of operation at a high COD loading (about 
2 g COD L−1 day with a 2 h cycling time), heterogeneous aerobic granules were 
formed, with an SVI after 10 min settling of 38 mL g−1 and an average diameter 
of 1.1 mm. Utilization of a high COD load was found to be critical to the forma-
tion of aerobic granules on low-strength domestic wastewater. Therefore, a 
short cycle time is preferred to form granules in an SBR when domestic waste-
water is used as the influent.

7.4 Xenobiotic Contaminants Biodegradation

The aggregation of microorganisms into compact aerobic granules also has additional 
benefits, such as protection against predation and resistance to chemical toxicity 
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[84]. Cell self-immobilization creates a diffusional resistance and establishes a 
concentration gradient that shelters the microbial cells beneath the protective bar-
rier by diluting the toxic chemical below some threshold value to allow continued 
microbial activity and substrate utilization [107]. Tay et al. [107] and Jiang et al. 
[108] investigated the feasibility of treating phenol-containing wastewater with 
aerobic granular sludge. The granules displayed an excellent ability to degrade 
phenol [108]. Adav et al. [109] reported that aerobic granules could degrade phenol 
at 1.18 g phenol/g VSS day. Jiang et al. [8, 84, 110, 111] isolated ten bacterial 
strains from aerobic phenol-degrading granules and identified their potential for 
degrading phenol. The PG-01 strain, a member of a-proteobacteria, is common in 
granules and is the predominant strain in phenol degradation. Another strain affili-
ated with b-proteobacteria, PG-08, has minimal phenol degradation capability, and 
a high propensity for self-aggregation. Adav et al. [109] isolated yeast strain, 
Candida tropicalis from their phenol degrading granules and reported as a function-
ally dominant strain in the phenol degrading granules. Hence, different strains on 
aerobic granules may have specific roles in granule structural integrity and phenol 
degradation.

The cultivated phenol-fed aerobic granules were also able to degrade pyridine. 
The granules completely degraded 250–1,500 mg L−1 pyridine at a constant rate 
with no time lag, and with 12 and 15 h time lag at 2,000 and 2,500 mg L−1 pyridine 
concentration, respectively [112]. Yi et al. [16] developed aerobic granules for 
cometobolic transformation of p-nitrophenol with glucose as a cosubstrate. It was 
found that glucose could promote aerobic granulation and facilitate the biodegra-
dation of recalcitrant xenobiotics. Nancharaiah et al. [113] successfully cultivated 
aerobic granules for the biodegradation of nitrilotriacetic acid. Development 
of aerobic granules for the biological degradation of 2,4-dichlorophenol (2,4-DCP) 
in an SBR was reported by Wang et al. [17]. After operation of 39 days, stable 
granules with a diameter range of 1–2 mm and a clearly defined shape and appearance 
were obtained. After granulation, the effluent 2,4-DCP and COD concentrations 
were 4.8 and 41 mg L−1, with high removal efficiencies of 94 and 95%, respectively. 
Specific 2,4-DCP biodegradation rates in the granules followed the Haldane model 
for substrate inhibition, and peaked at 39.6 mg 2,4-DCP g/VSS h at a 2,4-DCP 
concentration of 105 mg L−1. Efficient degradation of 2,4-DCP, nitrilotriacetic acid 
and phenol by the aerobic granules suggests their potential application in the treat-
ment of industrial wastewaters containing chlorophenols and other xenobiotic 
contaminants.

7.5 Biological PHB Production

Because of the dense, compact structure and high biomass retention, aerobic granular 
sludge system could be compact and has a very high volumetric loading rate. Wang 
and Yu [114] cultivated PHB-rich aerobic granules through adopting a two-step strat-
egy for the treatment coupled with PHB production in an SBR. After granulation, the 
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PHB content in the aerobic granules exceeded 40%, which significantly improved the 
volumetric PHB production rate compared to activated sludge flocs.

8 Summary

Based on this review of the literature, the current state of the art with regard to aero-
bic granulation technology can be summarized as follows.

Aerobic granulation is a very promising technology from an engineering as well 
as economic point of view and offers an attractive alternative for the treatment of 
different types of wastewater. This granular system allows, in many cases, a more 
stable operation, and the treatment of larger loads, removal of multiple toxic pollut-
ants, inferior volumes for the settling systems and production of better quality 
effluents than the conventional systems. The aspects related to aerobic granules, 
including the factors affecting their formation, physicochemical characteristics, 
microbial structure and diversity, modeling of granule-based systems, and practical 
applications of this technology have been presented.

9 Future Directions

Over the years, our knowledge on aerobic granulation has significantly improved, 
largely due to the high number of valuable studies from various disciplines. 
However, unanswered questions about this technology still remain in relation to 
some issues. Work in the following areas is necessary in order to gain a greater 
understanding of aerobic granulation technology.

Although aerobic granulation technology is a compact reactor technology, it still 
has limitations, such as a relative high SS concentration in the effluent. Thus, 
further research is needed to investigate the feasibility of being coupled to a post-
treatment unit.

For further improvements in aerobic granulation biotechnology, we need to 
expand our knowledge of microbial communities and population dynamics related 
to their function in aerobic granules. Linking the microbial population with the 
operational factors that influence aerobic granules is likely to be the key issue to 
resolve. To acquire this knowledge, detailed molecular surveys of microbial com-
munities in aerobic granules are required.

The factors affecting the formation of aerobic granules have been extensively 
explored. However, the mechanisms behind are still unclear. The formation mecha-
nisms of aerobic granules that quorum-sensing effect of microorganisms might be 
involved in are to be elucidated.
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