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Chapter 1

Introductory Chapter: 
Biotechnology and Bioengineering
Rosangela Rodrigues Dias, Leila Queiroz Zepka  
and Eduardo Jacob-Lopes

1. A general overview on biotechnology and bioengineering

Biotechnology and bioengineering can be defined as “the integration of natural 
sciences and engineering sciences in order to achieve the application of organ-
isms, cells, parts thereof and molecular analogues for products and services” [1]. 
Although these areas overlap, depending upon the use of techniques and their 
applications, both have peculiar characteristics. While the focus of bioengineering 
is the implementation of engineering principles and design concepts in biology, 
biotechnology is more focused on the natural sciences [2].

These fields, today considered priority, are the fruit of strategies from various 
areas that aim to benefit humanity and its environment. Biotechnology and bio-
engineering, however, despite growing attention in recent decades, are not a new 
science. Humans have been developing them since the earliest beginnings, mainly 
in food production. Some ancestral examples include the preparation of fermented 
beverages from cereals in Babylon and Egypt (8000 to 6000 years BC); the produc-
tion of bread, using ferment in Egypt (4000 years BC); and wine production in 
Greece (2000 years BC). Historically, the use of these traditional techniques in this 
period of history is called discoveries, and not development, once the underlying 
scientific principles were not understood [3, 4].

Indeed today, the biotechnology and bioengineering based on scientific progress 
find applications in several areas, including agriculture, livestock, human health, 
preservation of the environment, and manufacturing industry [5]. This wide appli-
cability was only possible due to the combination of several fields of knowledge that 
include biochemistry, physiology, genetics, microbiology, virology, botany, zoology, 
ecology, computer science, and chemical engineering.

Therefore, this is a field of work typically multidisciplinary, which makes the 
effective collaboration and integration of professionals from different areas of 
knowledge absolutely indispensable so that all potential of biotechnology and 
bioengineering can be exploited. The interface between these fields is now under-
stood not only as a “science” to learn about nature but also as a “technology” of 
susceptible alteration. The intersection between biotechnology and bioengineering 
and its kindred disciplines proved their economic importance, being capable to 
expand and promote the manufacture of products and services, besides modifying 
processes in favor of human benefit [6–8].

The current scenario points for biotechnology and bioengineering as being the 
main technology of the twenty-first century should be absorbed by the general pub-
lic. Undoubtedly, knowledge of the principles of vital processes already achieved 
will proportionate changes significant in the society. Therefore, it is important to 
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ensure a broad awareness of what these two fields of knowledge involve and what 
the consequences of accepting or rejecting the innovations [9].

Thus, the chapters presented in this book are intended to help provide a deeper 
understanding about the recent progresses on biotechnology and bioengineering 
contributing substantially to the consolidation of bio-based processes and products.
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Chapter 2

Steps and Tools for PCR-Based 
Technique Design
Nelson Enrique Arenas and Luz Mary Salazar

Abstract

The identity and clonal differences within bacterial populations have been 
broadly explored through PCR-based techniques. Thus, bacterial identification and 
elucidation of DNA fingerprinting have provided insights regarding their pheno-
typic and genotypic variations. Indeed, some diversity of rates may reflect changes 
among subpopulations that have their own ecological dynamic and individual traits 
on coexisting genotypes. Therefore, identification of polymorphic regions from 
nucleic acid sequences is based on the identification of both conserved and variable 
regions. Advantages of PCR-based methods are high sensitivity, specificity, speed, 
cost-effectiveness, and the opportunity for simultaneous detection of many micro-
bial agents or variants. Fingerprint information might allow the tracking of certain 
outbreaks globally in several reference databases containing valuable genotyping 
information. In this chapter, we will review applications from Web resources and 
computational tools online for the designing of PCR-based methods to identify 
bacterial species. We will also focus on lab applications and key conditions for 
technique standardization.

Keywords: PCR, molecular biology, diagnosis, molecular typing,  
DNA fingerprinting, bacterial identification, DNA amplification

1. Introduction

Bacterial culture is the conventional test to identify a microorganism which is 
based on the isolation and growth of live specimens [1]. Currently, these methods 
have been considered the gold standard method for assessing the validity of new 
diagnostic methods. However, phenotypic-based methods are time-consuming 
tests, difficult to interpret, low reproducible between laboratories, expensive, and 
laborious. Several commercial polymerase chain reactions or PCR-based methods 
are available nowadays, and like in-house PCR assays, they use different target 
specific genes in a clinical sample to identify a pathogen [2].

Bacterial identification in many cases is performed through a fingerprint comparison 
against some reference genotyping databases. Thus, many organisms can be taxonomi-
cally classified and specifically differentiated according to several conserved genes which 
are recognized as “molecular clocks” [3]. One well-known example is the ribosomal RNA 
(rRNA) gene, which is a good candidate due to its universal distribution and reasonably 
well conservation in sequence across evolution [4]. Thus, a good method is feasible, 
rapid, and cheap and can be implemented in local settings from highly endemic areas 
of a certain infectious disease [5]. Based on designing a proper PCR-based method, the 
challenge was addressed on serial steps to reach the expected aim.
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2. Step one: choosing the PCR-based method

The first step is to select an accurate technique that provides enough genetic 
information about your model organism. Therefore, it is pivotal to outline a 
molecular method with high reproducibility, specificity, sensibility, and dis-
crimination power. Some nucleic acid-based techniques with similar taxonomic 
ranges as other fingerprinting techniques for strain characterization include: 
restriction fragment length polymorphism (RFLP), pulsed-field gel electropho-
resis (PFGE), amplified fragment length polymorphism (AFLP), random ampli-
fied polymorphic DNA (RAPD), multilocus sequence typing (MLST), arbitrarily 
primed PCR (AP-PCR), repetitive sequence-based PCR (rep-PCR), and internal 
transcribed spacer-PCR (ITS-PCR) (Table 1). These techniques are regularly 
used for classification at genus, species, and subspecies level and even for strain 
characterization [6].

Molecular biologists are privileged to have a repertoire of tools which provide 
good molecular distinction which can resolve questions in the clinical settings and 
infectious disease control. Those methods are regularly performed for pathogen 
characterization and gave higher positive detection of target species than con-
ventional methods [7]. Therefore, interlaboratory reproducibility is an important 
feature to produce highly valuable information [8, 9]. Thus, genotyping would 
provide accurate data that allow the implementation of multi-user international 
libraries, for example, MLST for multiple bacterial species and spoligotyping for 
mycobacteria [10–12]. Surveillance studies have identified certain species through 
DNA fingerprinting which can acquire drug-resistance determinants or clones 
prone to global dissemination [13, 14]. Tracking certain genotypes is a key to control 
them in specific geographic areas [15].

Techniques based on DNA amplification include two main approaches: the 
first involves amplification of one or few fragments of specific regions followed 
by specific restriction (e.g., ARDRA). The new fragments can be resolved by gel 
electrophoresis which provides specific patterns for each strain. Besides, differences 
in the DNA sequences or genomic regions allow its identification or polymorphisms 
specific at genus, species, or strains level [6]. On the other hand, unspecific probes or 
oligonucleotide arrays can be used for multiple amplification into the chromosomal 
DNA. Fragments are also separated by gel electrophoresis resulting in a band pattern 
or fingerprint that represents a specific genotype. Some available protocols included: 
arbitrary primers (e.g., RAPDs), double digest selective label (DDSL), extended 
primers in combination with low annealing temperatures (e.g., AP-PCR), or those 
based on DNA repetitive sequences from several bacteria genus (e.g., rep-PCR).

Family Genus Species Subspecies Strain

Whole-genome sequencing

Sequencing of 16S rRNA genes

ARDRA, tRNA-PCR, DNA-DNA reassociation

RFLP, PFGE, AFLP, RAPD, MLST, AP-PCR, rep-PCR, ITS-PCR

ARDRA, amplified rDNA (ribosomal DNA) restriction analysis; tRNA-PCR, PCR-amplified length polymorphisms 
in tRNA intergenic spacers; RFLP, restriction fragment length polymorphism; PFGE, pulse-field gel electrophoresis; 
AFLP, amplified fragment length polymorphism; RAPD, random amplification of polymorphic DNA; MLST, 
multilocus sequence typing; AP-PCR, arbitrarily primed PCR; rep-PCR, repetitive sequence-based PCR; and ITS-
PCR, internal transcribed spacer-PCR.
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3. Step two: defining a gene target

To analyze the genetic variability, it is necessary to select an appropriate target 
which supports the required hierarchical level. Important insights remain regarding 
the choice of a “molecular clock” including traces of the evolutionary record from 
microbial diversity [16]. Ribosomal genes become ancient molecules that harbor 
information with high phylogenetic value and can differentiate organisms at genus 
and species level [17]. However, alternative core genes also defined as housekeep-
ing have been proposed such as RNA polymerase beta subunit (rpoB), DNA gyrase 
alpha subunit (gyrA), glyceraldehyde 3-phosphate dehydrogenase A (gapA), GroEL 
genes (groE, groL), outer membrane protein A (ompA), and glucose-6-phosphate 
isomerase (pgi) ensuring the success for bacterial species definition [18–20]. Some 
of these genes are included in a multi-locus sequence typing (see further informa-
tion in step ten).

Typing methods based on the 16S rRNA genes represent an accurate strategy 
for strain characterization because these genes harbor both conserved and variable 
regions that might delineate changes on a specific position on the bacterial ribo-
some leading to strain differentiation [4, 17]. Although, it is important to consider 
that multiple copies of the 16S rRNA genes are present in all bacterial genomes. 16S 
rRNA gene has been subjected to many phylogenetic studies including those related 
to bacterial definition species [17].

Sequencing of rRNA genes is the preferential method for phylogenetic recon-
struction, nucleic acid-based detection, and quantification of microbial diversity 
[21]. Thus, many genotyping approaches remain based on 16S rRNA gene analysis 
or ribosomal gene sequencing which still constitutes a gold standard for bacte-
rial taxonomy [22]. Therefore, it is possible to explore a sequence by searching 
against the Ribosomal Gene Database (RGD) release 11.5 which contains 3.356.809 
16S rRNAs and 125.525 fungal 28S rRNA gene sequences by November on 2018 
(https://rdp.cme.msu.edu/) [23, 24]. A similar resource containing information 
regarding the ribosomal genes is the SILVA databases (https://www.arb-silva.de/). 
It includes over 6,800,000 small (16S/18S, SSU) and large (23S/28S, LSU) subunit 
rRNA sequences [25]. Another useful database provides detailed information 
about the ribosomal protein gene database (RPG). This tool contains informa-
tion from some eukarya, archaea, and bacteria organisms including sequences 
(genomic, cDNA, and amino acid sequences), intron/exon structures, genome 
locations, small nucleolar RNAs (snoRNAs), and ortholog data (http://ribosome.
med.miyazaki-u.ac.jp) [26].

4. Step three: primer design for PCR-based methods

Once we have chosen a gene target, the next step is the design of specific prim-
ers to detect it in the DNA sample. In the last decades, PCR-based techniques have 
been successfully employed for the genetic characterization of many taxa of many 
pathogens [2, 27]. Primers for DNA amplification are short synthetic oligonucle-
otides which may be complementary to target sites on the template DNA. PCR is 
performed at different temperatures (denaturation, annealing, and extension) 
where efficiency is determined based on primer annealing [28]. Some essential 
features have to be taken into consideration for accurate primer design:

1. Primers should contain guanine or cytosine, or both at the 3′-ends to increase 
the efficiency of oligonucleotide binding. Primers must form a stable duplex 
with target DNA at the annealing temperature.
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2. Oligonucleotide should not be self-complementary to avoid the generation of 
secondary structures such as hairpins loops.

3. No complementarity between forward and reverse primers.

4. Melting temperature (Tm) defines the balance between the unbounded primer 
and free template compared with primer bound to the target DNA (50%). Tm 
is recommended to be among 42–65°C with an ideal temperature of 62°C. This 
parameter is a key because too high Tm can affect specificity and decrease the 
amount of PCR product (amplicon). If Tm is too low, unspecific products can 
be produced due to mismatch base pairing. Usually, Tm is set, 5°C below or 5°C 
above.

5. The optimal length of primers should be long enough to increase specificity 
(usually between 18 and 30 bases).

6. It is recommended to ensure a similar distribution of G/C and A/T content in 
the primers (40–60%).

7. For standard PCR, length of the amplified product should be between 200 and 
1000 bp and for quantitative PCR in the range from 75 to 150 bp. Nevertheless, 
PCR products larger than 1000 bp may require additional time during the 
extension step (1 min/kb of PCR product).

8. Primers must be designed specifically in the target gene to avoid cross con-
tamination with unwanted DNA sequences in the PCR. Typically, primers are 
designed, and sequences are analyzed in silico using BLAST analysis or others, 
to check for the specificity.

Many resources are available for primer and probe design to optimize the PCR 
method; therefore, the researcher might consider parameters including molecu-
lar weight, millimolar extinction coefficient, Tm, and prediction of secondary 
structure formation and magnesium chloride (MgCl2) concentration (Table 2). 
For some molecular biology procedures, it is recommended to design the forward 
primer less 35 pb downstream from the start site of the coding gene and also it 
applies for the reverse primer regarding the stop site. For example, in a sequenc-
ing protocol, the fragment size should not be large due to artifacts introduced on 
lecture sequence. Likewise, unclear results might increase concomitantly with 
larger fragments [29].

5. Step four: in silico simulation of molecular biology experiments

Nowadays, many resources (Web servers and programs) are available to simulate 
PCR results, predicting expected bands and successful primer annealing [30, 31]. 
Although, in silico simulation of several PCR-based methods is possible by using 
tools to obtain theoretical PCR results with many bacterial species sequenced up 
to date [32]. The list of target genomes is updated according to their availability at 
NCBI. Many experiments against prokaryotic genomes can be performed such as 
PCR amplification, restriction digest, and PFGE, PCR-RFLP, double digestion fin-
gerprinting, AFLP-PCR, and other DNA fingerprinting techniques (http://insilico.
ehu.es/) [33]. The PCR simulation is also possible if the researcher already knows 
the target sequence and can test it by using certain resources already mentioned in 
Table 2.
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6. Step five: guidelines for standardization of PCR mix

Once, you have your DNA target and PCR primer sequences, you should set 
experimental conditions including water (HPLC-grade), 10× reaction buffer, MgCl2, 

Resource Description

Oligo®.net This primer analysis software is useful to design sequencing and PCR primers. Also, 
user can check DNA and RNA secondary structure, dimer formation, false priming, and 
homology. Available at https://www.oligo.net/

CLC Main 
Workbench

It is commercial software from Qiagen. It provides basic and advanced sequence analysis 
in a user-friendly platform. Access at: https://www.qiagenbioinformatics.com/products/
clc-main-workbench/

Primer Premier It is a PCR Primer Design Software from Premier Biosoft company. Primer Premier’s 
search algorithm finds optimal PCR, multiplex and SNP genotyping primers with the most 
accurate melting temperature using the nearest neighbor algorithm. Available at: www.
premierbiosoft.com/primerdesign/

Gene Runner It is a free program for multiple sequence analysis including PCR, restriction analysis, 
sequencing primers, and hybridization probes. Available at: http://www.generunner.net/

Serial Cloner Serial Cloner 2.5 (free) lets the user to find restriction sites, define ORF, calculate Tm of 
selected fragments, %GC, and scan sequence features. Download at: http://serialbasics.
free.fr/Serial_Cloner.html

Primer 
designing tool

A tool for finding specific primers on a PCR template developed by the National Center 
for Biotechnology Information (NCBI), U.S. Available at: https://www.ncbi.nlm.nih.gov/
tools/primer-blast/

Primer3web 
version 4.1.0

Since the first release, this popular Web interface has assisted many researchers with PCR 
primer design. The newer version of Primer3 available at http://primer3.ut.ee

Genefisher2 Genefisher2 is an interactive Web-based program for designing degenerate primers. Access 
at: https://bibiserv.cebitec.uni-bielefeld.de/genefisher2/

PrimerExplorer This software is specifically for designing the primer sets for loop-mediated isothermal 
amplification (LAMP) method.
https://primerexplorer.jp/e/

Tools for 
calculation of 
oligo properties

The following tools calculate Tm, molecular weight, and millimolar extinction coefficient 
(OD/μmol, μg/OD) for oligos:
Oligo Calc: Oligonucleotide Properties Calculator available at http://biotools.nubic.
northwestern.edu/OligoCalc.html
Oligo Calculator http://mcb.berkeley.edu/labs/krantz/tools/oligocalc.html
Oligo Calculation Tool
https://www.genscript.com/tools/oligo-primer-calculation

Interactive tools 
provided by 
suppliers

New England Biolabs with multiple tools available at https://www.neb.com/
tools-and-resources/interactive-tools.
Thermo Fisher scientific provides the Oligo Design Tools which can be found at: https://
www.thermofisher.com/co/en/home/life-science/oligonucleotides-primers-probes-genes/
custom-dna-oligos/oligo-design-tools.html
Eurofins offers a PCR Primer Design Tool at:
https://www.eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/
Sigma-Aldrich provides the OligoEvaluator™ http://www.oligoevaluator.com/ShowToolS
ervlet?TYPE=ANALYSIS
OligoAnalyzer 3.0 from Integrated DNA Technology (IDT):
https://www.idtdna.com/calc/analyzer
GenScript Real-time PCR (TaqMan) Primer Design
https://www.genscript.com/tools/real-time-pcr-tagman-primer-design-tool

Directory of 
different tools

This directory contains links for: calculation of oligonucleotide physicochemical parameters, 
PCR primers based upon protein sequence, PCR and cloning, PCR primers based upon 
multi-alignments, genomic scale primers, overlapping primer sets, short interfering RNA 
(siRNA) design, real-time PCR primer design, introduction of mutations, and primer 
presentation on the DNA sequence. Available at: https://molbiol-tools.ca/PCR.htm

Table 2. 
Available tools for primer design.
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dNTPs, primers (forward and reverse), sample DNA, and DNA polymerase [29]. 
The 10× reaction buffer includes magnesium, thus it is optional to use separately 
as MgCl2. If so, typical MgCl2 concentration in a standard PCR should be between 
1.5 and 2.0 millimolar (mM). When magnesium is too low, no amplicon might 
appear; but if it is too high, undesired amplicons would be observed as extra bands 
in the agarose gel. For dNTP, concentration should be 200 μM of each nucleotide. 
Regarding the Taq (obtained from Thermus aquaticus) DNA polymerase (further 
information in step 6), it is recommended the addition between 0.5 and 2.0 units 
per 50 μL mix (preferably 1.25 units). Primers work well at the default concentra-
tion (50 nM), but concentrations between 0.1 μM and 1 μM of each primer are 
recommended. Last, DNA sample should be used between 1 ng and 1 μg of genomic 
templates because higher amounts might reduce PCR product specificity [28].

7. Step six: choosing the DNA polymerase enzyme

DNA polymerase is an enzyme which synthesizes the new DNA strands. DNA poly-
merase was first isolated from T. aquaticus in 1976 [34]. This enzyme has an optimum 
temperature between 75 and 80°C, which possess a half-life until 97.5°C during 9 min 
and can polymerize 150 nucleotides per second [35]. When choosing a DNA polymerase, 
the researcher must consider key aspects such as specificity, thermostability, fidelity, 
and processivity. First, if specificity is low, low-quality amplicon would affect the yield 
product, sensitivity, and possible problems in downstream applications (e.g., cloning or 
protein expression). Second, regarding thermostability, consider using enzymes with a 
half-life above 90°C because of the denaturing step. Third, if the researcher needs ampli-
cons with 100% similarity to DNA target, consider using high-fidelity DNA polymerases 
with significantly proof-reading activity. Last, processivity reflects the rate and speed of 
the reaction from the enzyme. Thus, processivity should be considered in case of long 
templates, self-complementary targets, high G/C content, and samples containing PCR 
inhibitors including if the amplicon is accumulating during later PCR cycles [29, 36].

8. Step seven: setting the PCR conditions

The PCR runs in cycles composed of three called steps: denaturation, annealing, and 
extension. For default, PCR includes between 25 and 35 cycles per reaction. The dena-
turation step produces single-stranded DNA and usually is performed initially at 95°C 
for 2 min [37]. The following step is the primer annealing which pair-base primer with 
the complementary DNA template and generally is carried out considering the primer’s 
Tm of both PCR oligos. Third, for extension step is recommended to set 1 min per 
1000 bp (or 30 s per 500 bp) of the amplicon. Larger PCR products (>3 kb) may require 
longer extension times. The extension is usually performed at 72°C which is considered 
the optimum temperature for thermostable DNA polymerases. The standard PCR pro-
tocol for a 500 bp amplicon includes: an initial denaturation at 95°C for 2 min, followed 
by 25 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 15 s, and extension at 
68°C for 45 s. One additional cycle of final extension is at 68°C for 5 min [28, 29].

9. Step eight: setting specificity and sensitivity of the PCR method

To test assay specificity, it should be assessed against many related microorgan-
isms. Potential cross-reactivity with DNA contaminants in the sample should also be 
investigated especially when the method applies to natural populations [38]. This issue 
is essential, particularly when the new method is compared with traditional techniques. 
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Specificity is first tested in silico using the BLAST tool [39]. Then, specificity can be 
assessed in vitro by the PCR amplification of genomic DNA purified from taxonomi-
cally related species. Regarding sensitivity, defines the detection limit of the minimum 
of DNA target in a sample. This issue is relevant when it is difficult to obtain cultures or 
when the low number of bacteria cannot be detected in other diagnostic technique [40].

Identifying the bacterial species related to clinical phenotypes requires a method 
to cluster fingerprints into groups which are likely to share most genotypic and 
phenotypic traits [8]. Instead, species have been genotyped by measuring genetic 
variation in the number of repetitive genetic elements in the direct repeat region 
or detection of polymorphic sequence [41]. These techniques have identified clonal 
groups of isolates that each appears to be related through a common ancestor [42].

10. Step nine: evaluation of the amplicons

Experimental validation of PCR results entails two possibilities: the first option 
is to load and run the PCR product on an agarose gel testing the expected sizes 
with the suitable molecular weight marker. In the second place, it is to sequence the 
amplicon evaluating its sequence identity compared to the DNA target [28, 29].

11.  Step ten: comparing a query band pattern or DNA sequence against 
databases

Genotyping programs rely on the collection and analysis of large quantities 
of data. Control infection programs are implementing genotyping programs for 
comparing against a database. Central databases for isolate tracking, laboratory 

Resource Description Reference

PubMLST This database contains more than 140 MLST allelic profiles and sequences.
BIGSdb software runs in PubMLST to store and analyze sequence data for 
bacterial isolates. https://pubmlst.org/

[10]

MLST 2.0 Multilocus sequence typing from an assembled genome or from a set of 
reads. It is brought by the Center for Genomic Epidemiology https://cge.
cbs.dtu.dk/services/MLST/

[45]

LOCUST It is an automated classification program that allows users to customize 
the typing of microbial isolates from whole-genome sequencing data.
http://sourceforge.net/projects/locustyper

[47]

BacWGSTdb This database was designed for genotyping and source tracking bacterial 
pathogens.
http://bacdb.org/BacWGSTdb/

[15]

PrimerBank Databank of PCR primers for gene expression detection and 
quantification (real-time PCR). User can search by using GenBank 
Accession, NCBI protein accession, NCBI Gene ID, Gene Symbol, Primer-
Bank ID or Keyword (gene description) or blast a gene sequence.
https://pga.mgh.harvard.edu/primerbank/

[50]

RTPrimerDB It is a public database for primer and probe sequences used in real-time 
PCR assays.
http://www.rtprimerdb.org/

[48, 49]

RUCS 1.0 Rapid identification of PCR primers pairs for unique core sequences.
https://cge.cbs.dtu.dk/services/rucs/

[46]

Table 3. 
Web resources for genotyping based on MLST and WGS data. Primer databases were also included.
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dNTPs, primers (forward and reverse), sample DNA, and DNA polymerase [29]. 
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To test assay specificity, it should be assessed against many related microorgan-
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is essential, particularly when the new method is compared with traditional techniques. 
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Resource Description Reference
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[10]
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[45]

LOCUST It is an automated classification program that allows users to customize 
the typing of microbial isolates from whole-genome sequencing data.
http://sourceforge.net/projects/locustyper

[47]

BacWGSTdb This database was designed for genotyping and source tracking bacterial 
pathogens.
http://bacdb.org/BacWGSTdb/

[15]

PrimerBank Databank of PCR primers for gene expression detection and 
quantification (real-time PCR). User can search by using GenBank 
Accession, NCBI protein accession, NCBI Gene ID, Gene Symbol, Primer-
Bank ID or Keyword (gene description) or blast a gene sequence.
https://pga.mgh.harvard.edu/primerbank/

[50]

RTPrimerDB It is a public database for primer and probe sequences used in real-time 
PCR assays.
http://www.rtprimerdb.org/

[48, 49]

RUCS 1.0 Rapid identification of PCR primers pairs for unique core sequences.
https://cge.cbs.dtu.dk/services/rucs/

[46]

Table 3. 
Web resources for genotyping based on MLST and WGS data. Primer databases were also included.
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results, and epidemiologic data are essential. Because cluster investigations are an 
epidemiologic activity, the infectious disease programs should maintain the princi-
pal databases for spread analysis and control measurements [43]. The information 
in these databases can enable infectious disease programs to identify easily patients 
with matching genotypes and epidemiologic links [44]. Today, information avail-
able regarding bacterial genotyping at both traditional MLST and whole-genome 
sequencing (WGS) are available (Table 3) [10, 15, 45–47]. For more applications, 
public resources also store primer information for quantitative gene expression 
analysis or comparing with previous reports [48–50].

12. Variants of the PCR methods

Beyond PCR use in the lab, availability of an improved version of thermocy-
clers, dyes, primers, probes, and DNA polymerases have extended applications. 

Technique Principle Use Reference

In house PCR Conventional PCR targeting a single gene Detection of a pathogen 
in a clinical sample

[62]

Nested PCR Two pairs of primers are used to amplify a 
fragment. First pair amplifies similar to a 
conventional PCR. Second pair is nested within 
the first fragment

Increase specificity of an 
amplification reaction 
when targeting a gene

[61]

Multiplex 
PCR

This PCR variation enables the simultaneous 
amplification of many targets in a single 
reaction by using over one pair of primers. 
Amplicon sizes should be different or be labeled

Screening for a set of 
genes at once in a DNA 
sample. Analysis of 
microsatellites and SNPs

[60]

Real-time 
PCR or 
quantitative 
PCR

It is an assay that monitors the fluorescence 
emitted during the reaction as an indicator of 
amplicon production at each PCR cycle (real-
time) as opposed to the endpoint detection

DNA quantification in 
a sample. Level of gene 
expression. Copy number 
variation. Genotyping. 
Multi-species analysis

[59]

Inverse PCR In this PCR, primers are oriented in the reverse 
direction of the usual orientation. The template 
for the reverse primers is a restriction fragment 
that has been self-ligated

Cloning of sequences 
flanking a known 
sequence. Amplification 
and identification of 
flanking sequences

[58]

Arbitrary 
Primed PCR 
(AP-PCR)

This technique uses primers whose nucleotide 
sequence is randomly chosen. Amplification 
occurs under low stringency conditions

DNA fingerprinting [55–57]

Reverse 
transcriptase 
PCR

This PCR transcribes RNA into DNA. It allows 
the synthesis of complementary DNA (cDNA)

Evidence regarding the 
transcription of a gene. 
Complementary DNA 
synthesis

[51]

Loop 
Mediated 
Isothermal 
Amplification 
(LAMP)

This PCR variant runs at a single temperature 
(usually 63–67°C) and requires 6 primers, and 
it is amenable to visual detection. Amplification 
occurs in less than 30 min

Point of care methods for 
pathogen screening

[52]

Droplet PCR It includes a separation step of sample into 
multiple compartments so that only few 
molecules are present in each partition. Thus, 
each droplet will be an independent PCR

Rare species detection 
and mutations with low 
frequency

[53]

Table 4. 
Comparison of several PCR-based methods.
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Many PCR variants allow quantify gene expression, improving diagnostic sensitiv-
ity and genotyping without further procedures as restriction analysis (Table 4) 
[51–64]. Advanced technique such as digital PCR (dPCR) has showed to improve 
sensitivity and reliability until single-cell applications and tolerance to PCR inhibi-
tors such as chelating agents [64]. Finally, another common application of several 
PCR-based techniques (conventional PCR, RT-PCR, qPCR, and LAMP assays) is 
the detection of antimicrobial resistance against first-line drugs or even last-resort 
antibiotics [65].

13. Educational tools for beginners

Biotechnology students face challenges understanding molecular biology 
principles and techniques. E-learning resources simulate a real environment where 
students create a real experience when running protocols in the lab [66, 67]. The 
genetic science learning center provides a flash-simulation of PCR principles useful 
for beginners (https://learn.genetics.utah.edu/content/labs/pcr/). This virtual lab 
explains step-by-step concepts behind the technique principles and concept back-
ground. Another educational tool to train students not only in the method but also 
regarding interpretation results is the virtual application for bacterial identification 
(available on http://www.hhmi.org/biointeractive/vlabs/bacterial_id/index.html). 
The experiment’s purpose is to use molecular tools to identify different bacterial 
species based mainly on their 16S rRNA genes. This virtual lab also requires that 
students prepare a patient’s sample, isolate the whole bacterial DNA, perform a 
DNA sequencing analysis, run the query sequence in the BLAST tool, and identify 
the pathogen. Finally, students can practice PCR-RFLP simulations through online 
exercises based on available bacterial genomes [32].

14. Case study: identification at species and subspecies level

PCR-based detection based on the conserved regions of the 16S rRNA sequence 
of bacterial pathogens is currently performed by several groups [4, 18, 21]. The 
rRNA at SSU contains segments that are conserved in species, genus, and kingdom 
level. In this case, Klebsiella pneumoniae is divided into three subspecies: K. pneu-
moniae pneumoniae, K. pneumoniae rhinoscleromatis, and K. pneumoniae ozaenae. All 
together are phenotypically closely related and difficult to differentiate based on 
conventional tests [68].

The 16S rRNA gene sequences from K. pneumoniae subspecies were retrieved in 
FASTA format and aligned by using MACAW program (download link http://en.bio-
soft.net/format/MACAW.html). Subsequently, sequences were virtually cleaved 
according to restriction enzyme database obtained from Rebase (GCG format) 
implemented in GeneDoc program (available in https://www.softpedia.com/get/
Science-CAD/GeneDoc.shtml). Restriction patterns were predicted by testing each 
enzyme and considering specific patterns. Primers were custom-designed using 
Gene Runner program targeting 16S rRNA gene (Table 2). Experimental validation 
was performed by harvesting the reference strains and extracting their genomic 
DNA. After PCR, amplification products and restriction enzyme digests were 
resolved by using agarose gel electrophoresis. Restriction enzyme combinations 
generated fragments that allowed easy identification of subspecies after separa-
tion of digested DNA. Primer design entailed a challenge since 16S rRNA genes are 
highly conserved in all bacterial genomes and may be present in multiple copies 
[69, 70]. PCR-RFLP protocol was designed specifically to detect single nucleotide 
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[51–64]. Advanced technique such as digital PCR (dPCR) has showed to improve 
sensitivity and reliability until single-cell applications and tolerance to PCR inhibi-
tors such as chelating agents [64]. Finally, another common application of several 
PCR-based techniques (conventional PCR, RT-PCR, qPCR, and LAMP assays) is 
the detection of antimicrobial resistance against first-line drugs or even last-resort 
antibiotics [65].

13. Educational tools for beginners

Biotechnology students face challenges understanding molecular biology 
principles and techniques. E-learning resources simulate a real environment where 
students create a real experience when running protocols in the lab [66, 67]. The 
genetic science learning center provides a flash-simulation of PCR principles useful 
for beginners (https://learn.genetics.utah.edu/content/labs/pcr/). This virtual lab 
explains step-by-step concepts behind the technique principles and concept back-
ground. Another educational tool to train students not only in the method but also 
regarding interpretation results is the virtual application for bacterial identification 
(available on http://www.hhmi.org/biointeractive/vlabs/bacterial_id/index.html). 
The experiment’s purpose is to use molecular tools to identify different bacterial 
species based mainly on their 16S rRNA genes. This virtual lab also requires that 
students prepare a patient’s sample, isolate the whole bacterial DNA, perform a 
DNA sequencing analysis, run the query sequence in the BLAST tool, and identify 
the pathogen. Finally, students can practice PCR-RFLP simulations through online 
exercises based on available bacterial genomes [32].

14. Case study: identification at species and subspecies level

PCR-based detection based on the conserved regions of the 16S rRNA sequence 
of bacterial pathogens is currently performed by several groups [4, 18, 21]. The 
rRNA at SSU contains segments that are conserved in species, genus, and kingdom 
level. In this case, Klebsiella pneumoniae is divided into three subspecies: K. pneu-
moniae pneumoniae, K. pneumoniae rhinoscleromatis, and K. pneumoniae ozaenae. All 
together are phenotypically closely related and difficult to differentiate based on 
conventional tests [68].

The 16S rRNA gene sequences from K. pneumoniae subspecies were retrieved in 
FASTA format and aligned by using MACAW program (download link http://en.bio-
soft.net/format/MACAW.html). Subsequently, sequences were virtually cleaved 
according to restriction enzyme database obtained from Rebase (GCG format) 
implemented in GeneDoc program (available in https://www.softpedia.com/get/
Science-CAD/GeneDoc.shtml). Restriction patterns were predicted by testing each 
enzyme and considering specific patterns. Primers were custom-designed using 
Gene Runner program targeting 16S rRNA gene (Table 2). Experimental validation 
was performed by harvesting the reference strains and extracting their genomic 
DNA. After PCR, amplification products and restriction enzyme digests were 
resolved by using agarose gel electrophoresis. Restriction enzyme combinations 
generated fragments that allowed easy identification of subspecies after separa-
tion of digested DNA. Primer design entailed a challenge since 16S rRNA genes are 
highly conserved in all bacterial genomes and may be present in multiple copies 
[69, 70]. PCR-RFLP protocol was designed specifically to detect single nucleotide 
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polymorphisms in the 16S rRNA genes from K. pneumoniae subspecies. In conclu-
sion, our method combined the detection of specific nucleotide polymorphisms with 
the easy identification and categorization of the three bacterial subspecies from K. 
pneumoniae [68].

In another case, it was the implementation of in-house PCR method for 
tuberculosis diagnosis [62]. This molecular method might be an important tool 
in high-incidence areas due to its speed, sensitivity, and discriminatory power 
overcoming conventional methods (acid-fast stain and culture). The method 
was designed based on the IS6110 gene specific for Mycobacterium tuberculosis 
complex and was successfully tested in sputum, bronchoalveolar lavage fluid, 
blood, gastric fluid aspirate, urine, cerebrospinal fluid, ascitic fluid, and abscess 
secretions. The method improved diagnostic accuracy and confirmed to be fast, 
low cost, and feasible and can be implemented in a middle-income resource 
setting [62].

15. Conclusions

Some bacterial pathogens may be undetectable by traditional culture 
methods due to their nutrient requirements, growth conditions or the bacte-
rial inoculum per sample. Therefore, PCR emerged as the effective method 
which overcomes the detection limit of certain pathogens in clinical samples. 
The success in the PCR experiment implies planning and results prediction 
with available tools and resources. Web-based tools and programs are useful 
for primer design, calculating accurate thermodynamic and physicochemical 
parameters, changing the thermal cycling protocol, and performing a good 
experimental design. Success in the PCR-based protocol depends on perform-
ing an accurate in silico simulation which would allow the optimal selection of 
reagents and test conditions and to avoid troubleshooting on inefficient reac-
tions. Recommendations in this chapter might enable the researcher to custom-
ize and troubleshoot a wide variety of PCR-based methods. Hence, PCR remains 
as a versatile technique in molecular biology that allows changes in adjustable 
standard protocol to any gene target choosing the most suitable option for 
pathogen identification.
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Abstract

The work described here covers an examination of new bioproducts based on 
sub-Saharan bryophytes. The work includes in vitro testing of extracts from moss 
and liverworts against plant pathogenic microbes causing food decay and field crop 
losses. Additionally, we have shown specific antimicrobial activities of Marchantia 
debilis and moss against Erwinia spp and Pseudomonas spp. The extracts were also 
tested against aflatoxin-producing fungi isolated from food crops such as maize 
and peanuts. The efficacy of the extracts on clinical dermatological fungal isolates 
like Dermatophilus congolensis has not been reported. This led to the production of 
an antifungal solution of bryophyte extracts, which was tested in vivo on animals 
with skin diseases caused by Dermatophilosis. Around 99.5% of the animals were 
treated. The antifungal solution for treatments has been labeled Bryosol, while the 
disinfectants solution is labeled Bryo-disinfectants and the crop-fungicide is labeled 
Bryo-fungicides. A mini field pilot trial with Bryo-fungicide showed that crops 
infected with pathogenic fungi were treated. The results provide the first attempt to 
demonstrate the use of bioproducts for organic treatment of agricultural crops and 
diseases in animals based on sub-Saharan bryophytes.

Keywords: moss, Marchantia, Bryosol, disinfectants, antifungal, bioproducts, foods, 
Dermatophilosis

1. Introduction

Bryophytes are non-vascular plants, which are constituted of mosses, liverworts, 
and hornworts [1]. Although not usually seen to have any importance, bryophytes 
have recently been used as bioindicators of pollution and are often used for decora-
tions. However, the medicinal value of bryophytes is huge with a panoply of bioac-
tive compounds isolated from bryophytes, especially liverworts [1, 2]. Bioactive 
compounds have been isolated from liverworts from Asia, Europe, and South 
Africa. For example, Allison in 1975 identified a number of bioactive compounds 
from liverworts in New Zealand. Volatile constituents have been identified in liver-
worts like Tritomaria polita, Marsupella emarginata, M. aquatic, and M. alpine [3].

It has been seen that bryophytes are rich in diverse phytochemicals such as sesqui-
terpenoids, norsesquiterpenoids, anthocyanidins, riccionidins etc. with interesting 
biological activities, such as antimicrobial, antifungal, insect-repellent, mollusci-
cidal, cardiotonic activity, and fragrance compounds among others [1]. Bryophytes 
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from liverworts in New Zealand. Volatile constituents have been identified in liver-
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cidal, cardiotonic activity, and fragrance compounds among others [1]. Bryophytes 
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are very common across the world, particularly in wet areas like Cameroon. The 
ecology of Cameroon is rich in algae and lichens; bryophytes in Cameroon are part 
of the Congo forest and the highlands from Mount Cameroon via the Atlantika 
Mountains to the Mandara Mountains collectively constituting the Congo for-
est from Nigeria, ranges from 1400 to 4000 m, and harbors a rich biodiversity of 
both lower and higher plants. A survey of bryophytes in Cameroon revealed many 
unidentified species with familiar dormant species such as Marchantia spp [2].

Phenanthrenes and other phenolics have been isolated from in vitro cultures 
of Marchantia polymorpha. Recently, extensive report was published on the biol-
ogy and constituents and chemistry and organic natural products of bryophytes 
[1, 4], though this lacks data on bryophytes from West and Central Africa, 
especially Cameroon. Screening of bryophytes and lower plants for biologi-
cally active compounds from Cameroon is of great importance considering 
that Cameroon is centrally placed in Africa and harbors all the ecological and 
geographical characteristics widespread across Africa. The search for bioactive 
compounds from plants in the past 30 years in Africa has concentrated on higher 
plants with little or no interest on bryophytes, which is the same in the rest of 
the world [2]. The prevalence of many plant and animal pathogenic diseases is 
growing along with drug resistance strains. This generates huge losses in agri-
cultural yield and productivity across Africa. Treatment and management are 
expensive for many African farmers and therefore a cheap alternative, prefer-
ably organic, is needed [3].

Bioactive compounds from bryophytes could bridge this gap. Here, we show that 
new drug leads could be identified from bryophytes from Cameroon to address plant 
pathogenic diseases and animal diseases like Dermatophilosis infection in cattle.

2. Dermatophilosis in animals

Dermatophilosis is caused by the bacterium Dermatophilus congolensis, which is 
an aerobic actinomycete (facultatively anaerobic) and usually affects animals and 
occasionally humans [5].

Dermatophilosis is distributed worldwide, prevailing in tropical areas, and related 
to humid environments and other factors, such as poor veterinary services, coinfec-
tion with a number of bacterial infections, especially in animals with compromised 
immune systems, and poor hygiene conditions in favor of its occurrence and spread.

In Africa and many other places, the impact caused by animal diseases continues 
to negatively affect the local economy. Dermatophilosis is a tick-borne disease of 
ruminants and other animals [5] and affects all parts of the body of the animal. In 
Nigeria and Cameroon, Dermatophilosis accounts for about 75% of morbidity in 
herds and about 12% in cattle. Mortality rate has been reported to be quite high due 
to the resulting toxemia and general debility [5]. Dermatophilosis is an intractable 
disease and highly contagious, spreading from cattle to man (zoonotic).

The common and orthodox treatment for dermatophilosis is through the use 
of classical antibiotics like lamstreptocide, charmil, and terramycin long acting 
(TLA), 1% potassium aluminum sulphate dip, and co-biotic (penicillin and 
dihydrostreptomycin). Apart from the toxicity of some of these drugs, some 
of them contain heavy metals, which on accumulation could cause tumors and 
cancers in both man and animals [3, 6]. The use of organophosphate dips has 
also been reported to have a negative effect on the environment, and it has been 
observed to cause systemic damages on internal organs of both animals and 
humans.
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3. Plant pathogenic fungal contamination of food and crops in Africa

Agricultural plant products in sub-Saharan Africa often decay fast due to infection 
of field crops and harvested products. Most of these plant pathogenic diseases are 
fungi. Despite the availability of chemicals for control of these pathogens, many farm-
ers find it inaccessible for reasons of costs and lack of adequate knowledge on usage.

In Africa, the predominant food source for more than 70% of the population 
is grains such as maze and groundnuts. Even though there are new and improved 
methods for containing these diseases in food crops, there are still great losses due 
to fungal infections of the crops. A number of reports have shown that aflatoxins 
producing fungi are predominant with both field and stored maize and groundnuts. 
Aflatoxin (Aflatoxin B1) is produced by Aspergillus flavus or Aspergillus parasiticus, 
and effects of aflatoxin on crops like maize and groundnuts completely destroy the 
crop due to the toxicity of aflatoxin to humans.

4. Methodology

4.1 Isolation and identification of Dermatophilus congolensis

Traditional cultivation techniques were employed for isolation and identifica-
tion. Swab samples were taken from the lesions on the animal and analyzed at the 
Phytobiotechnology Research laboratory for Dermatophilus congolensis culture. 
Initial cultures were done in thioglycolate broth and subculture after 48 hours on 
fortified chloramphenicol Sabouraud Dextrose agar and modified cycloheximide 
(Actidione)-chloramphenicol Sabouraud agar previously prepared and incu-
bated for 48 hours at 35°C in an aerobic condition. For specific cultural distinct 
features on agar plate, blood and chocolate agar plates were prepared and distinct 
colonies from Sabouraud agar plates were transferred on to blood and chocolate 
agar plates aseptically incubated in air supplemented with 5% CO2, and the blood 
agar was also incubated in an anaerobic atmosphere [4, 7].

At 24 hours, a pure culture with tiny, point-like, smooth, creamy, white-colored, 
beta-hemolytic colonies adherent to the media grew in aerobic blood agar and choc-
olate agar, with Gram staining showing hypha-like, branching filaments with “train 
track” forms and clusters of sporangia as well as Gram-positive coccoid forms, 
mostly in chains. After 48 h, crowded colonies became yellowish and mucoid, with 
a great variation in colonial morphology, for example, pulvinate, umbonate, or 
cake crumb-like forms were considered typical of Dermatophilus congolensis. This is 
shown in Figures 1 and 2.

Figure 1. 
Beta-hemolytic colonies after 2 days of incubation at 37°C on blood agar medium, with pleomorphic 
appearance in pulvinate, umbonate, or cake crumb-like form. Dermatophilus congolensis on blood agar plate.
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In Africa and many other places, the impact caused by animal diseases continues 
to negatively affect the local economy. Dermatophilosis is a tick-borne disease of 
ruminants and other animals [5] and affects all parts of the body of the animal. In 
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herds and about 12% in cattle. Mortality rate has been reported to be quite high due 
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(TLA), 1% potassium aluminum sulphate dip, and co-biotic (penicillin and 
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of them contain heavy metals, which on accumulation could cause tumors and 
cancers in both man and animals [3, 6]. The use of organophosphate dips has 
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Beta-hemolytic colonies after 2 days of incubation at 37°C on blood agar medium, with pleomorphic 
appearance in pulvinate, umbonate, or cake crumb-like form. Dermatophilus congolensis on blood agar plate.
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Figures 1 and 2 reveal the unique, distinct bacteriological features of 
Dermatophilus congolensis. The biochemical characteristics of D congolensis as basis 
for identification done according Monica Cheesbrough [8] revealed that beta hemo-
lysis in 3–7 days, oxidase, gelatin, casein and starch all positive, while  
D congolensis fermented fructose, ribose and galactose.

5. Survey and extraction of bryophytes

A preliminary survey of liverworts in northwest and southwest regions of 
Cameroon was performed. Bryophytes (species of liverwort and moss) from 
Cameroon West/Central Africa were collected and complete sequences for the 
18S-rRNA gene of bryophytes were used to construct a phylogenetic tree of bryo-
phytes from Cameroon to fully identify the prevalent species in Cameroon.

5.1 Extraction procedures for the selected and identified bryophyte species

About 50 g of each of the bryophyte (Marchantia debilis and Plangiochila spp) 
plant material were added separately to 250 ml each of methanol and petroleum 
ether (1:5 w/v) in 250 beakers (Pyrex) for each plant mash and allowed to extract 
for 72 hours [6]. The extracts were filtered by gravity filtration using Whatman 
filter paper no 1 locally purchased in Bamenda, Cameroon, and the filtrate solvent 
was evaporated under vacuum using an incubator at 37°C and the resulting dried 
extracts were stored in sterile screw-capped bottles and kept at room temperature 
for further antibacterial testing using extracts of bryophytes. The morphology of 
the bryophytes and the nature of extracts is shown in Figures 3–8.

5.2 Antibacterial activity of the extracts of bryophytes

The agar diffusion method according to Yongabi et al. [9] was employed. 
Around 0.2 g of the Marchantia debilis and Plangiochila spp. extracts was reconsti-
tuted in 5 ml of distilled water. Antibiotic susceptibility will be determined by agar 
well diffusion method—commonly used and standardized in the US by National 
Committee for Clinical Laboratory Standards (NCCLS) [8, 10].

The zone of inhibition was measured and results interpreted as sensitive, inter-
mediate resistant, or resistant. The zone sizes of inhibition were measured and 
interpreted using the NCCLS as recommended by WHO [8]. Each of the extracts was 
incorporated in a 6-mm well previously bored using a steel borer. A control set up was 
established by introducing the extracting solvent (methanol and petroleum) into the 

Figure 2. 
Gram stain with characteristic branching filaments with “train track” forms or hypha-like chains that released 
sporangium Gram-positive cells (magnification, 1000×). Beta-hemolytic colonies after 2 days of incubation at 
37°C on blood agar medium, with pleomorphic appearance in pulvinate, umbonate, or cake crumb-like form.
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different wells as well. The plates were incubated at 37°C for 36 hours. The develop-
ment of inhibition by the extracts against the test organism was measured [11].

The differences between the inhibition rates of the extracts in the test setup and 
that of the control were recorded as actual diameter of zones of inhibition caused 
by the extract. The methanol and petroleum extracts did not exhibit any inhibition 
in this study, as shown in Tables 1 and 2.

5.3 Preparation of bryophyte extracts-based ointment using olive oil base

The organic extracts (200 mg each) of Marchantia spp. and Plangiochila were 
blended into 200 ml of olive oil and palm kernel oil. Standard organic chemistry 
protocols as described by Yongabi et al. [9] were applied.

Fresh Marchantia debilis Dried Marchantia debilis

Microbial test 
organism

Hexane 
extracts

Petroleum 
extracts

Methanol 
extracts

Hexane 
extracts

Petroleum 
extracts

Methanol 
extracts

Staphylococcus 
aureus

9 mm 12 mm 14 mm 9.5 mm 17.2 mm 12.5 mm

Pseudomonas 
aeruginosa

0 mm 0 mm 0 mm 10.5 mm 5.2 mm 12.5 mm

Bacillus spp 0 mm 0 mm 0 mm 11.5 mm 6.2 mm 13.5 mm

Dermatophilus 
congolensis

5 mm 5 mm 13 mm 6 mm 11 mm 12.5 mm

Aspergillus flavus 3 cm 2 cm No 
Growth

2 cm 1 cm No 
Growth

Dermatophilus congolensis is an isolate from cow. For Aspergillus flavus (an isolate from maize rot) the inhibition is 
given as growth of fungi in 7 days, where the control grew 10 cm.

Table 1. 
Preliminary in vitro test showing zone of inhibition of organic extracts of Marchantia debilis on different 
microbes.

Fresh Plangiochila spp Dried Plangiochila spp

Microbial test 
organism

Hexane 
extracts

Petroleum 
extracts

Methanol 
extracts

Hexane 
extracts

Petroleum 
extracts

Methanol 
extracts

Staphylococcus aureus 9 mm 8 mm 14 mm 9.8 mm 8.8 mm 15.5 mm

Pseudomonas 
aeruginosa

0 mm 0 mm 0 mm 0 mm 0 mm 8.9 mm

Bacillus spp 0 mm 0 mm 0 mm 0 mm 0 mm 5 mm

Dermatophilus 
congolensis

6 mm 6 mm 7 mm 7 mm 8 mm 9.5 mm

Aspergillus flavus 1 cm 1 cm No 
Growth

0.5 cm 0.5 cm No Growth

Dermatophilus congolensis is an isolate from cow. For Aspergillus flavus (an isolate from maize rot) the inhibition is 
given as growth of fungi in 7 days, where the control grew 10 cm.

Table 2. 
Preliminary in vitro test showing average zone of inhibition of organic extracts of Plangiochila spp. on different 
microbes.
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different wells as well. The plates were incubated at 37°C for 36 hours. The develop-
ment of inhibition by the extracts against the test organism was measured [11].

The differences between the inhibition rates of the extracts in the test setup and 
that of the control were recorded as actual diameter of zones of inhibition caused 
by the extract. The methanol and petroleum extracts did not exhibit any inhibition 
in this study, as shown in Tables 1 and 2.

5.3 Preparation of bryophyte extracts-based ointment using olive oil base

The organic extracts (200 mg each) of Marchantia spp. and Plangiochila were 
blended into 200 ml of olive oil and palm kernel oil. Standard organic chemistry 
protocols as described by Yongabi et al. [9] were applied.

Fresh Marchantia debilis Dried Marchantia debilis

Microbial test 
organism

Hexane 
extracts

Petroleum 
extracts

Methanol 
extracts

Hexane 
extracts

Petroleum 
extracts

Methanol 
extracts

Staphylococcus 
aureus
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congolensis
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Dermatophilus congolensis is an isolate from cow. For Aspergillus flavus (an isolate from maize rot) the inhibition is 
given as growth of fungi in 7 days, where the control grew 10 cm.

Table 1. 
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Figure 3. 
Marchantia debilis (Liverwort).

Figure 4. 
Plangiochila spp (Moss).

Figure 5. 
Two samples of fresh Marchantia debilis residues after extraction with hexane and petroleum ether.

Figure 6. 
Two samples of partially dried Plangiochila spp residues after extraction with hexane and petroleum ether.
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5.4 Ointment application and resultant outcome of application

An animal health officer applied the cream topically (by rubbing on affected 
parts of the animal, using hand gloves) once a day for 3 days in a week. Following 
this, a total drying off of the infected spot was noticed after 14 days. The dried, 
dead skin was then carefully peeled off.

6.  The findings, discussion on the economic and environmental benefits 
of this study

The results show that extracts of Marchantia debilis and Plangiochila have 
antifungal activity against Aspergillus flavus, and antibacterial activities against 
Pseudomonas spp., Bacillus spp, and Staphylococcus aureus and Dermatophilus congo-
lensis isolates (Tables 1 and 2). In Figure 9, a plate that demonstrates clear mycelia 
inhibition of Aspergillus flavus by extract of Marchantia debilis is shown. The 
product development focus has been on Marchantia debilis since Yongabi et al. [2] 
isolated a number of marchantins including a new marchantin Q from Marchantia 
debilis from Cameroon [2] (Figures 10 and 11).

Antimicrobial activity of liverworts is not new [1] but the testing of these 
liverworts and moss on isolates from plant pathogens in Africa is probably for the 
first time. The Aspergillus flavus isolate was provided for this study by a local labora-
tory in Cameroon. The effect of liverworts inhibiting the growth of Dermatophilus 
congolensis isolated from cattle is reported here for the first time. The synthetic 
agrochemicals used in daily farming in Africa are quite expensive and these syn-
thetic products are normally out of reach of the rural farmer [5, 9, 12–14]. The result 

Figure 7. 
Partially dried Marchantia debilis extract in hexane and in petroleum ether.

Figure 8. 
Extract of Plangiochila spp in hexane and petroleum ether.
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Figure 9. 
Plate labeled marked (MAR) contains extract of Marchantia debilis Goebel with slow growth of Aspergillus 
flavus in 7 days as opposed to control plate (Marked: Control) with only n-hexane incorporated into the agar.

Figure 10. 
A cured cow: management of Dermatophilosis in ruminants using Bryo-ointment.

Figure 11. 
Maize drying sprayed with Bryo-extracts to inhibit moldy cotton wool Aspergillus flavus.
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is that a lot of agricultural produce such as cattle and grains are lost to disease and 
the cost of these produce is prohibitive. More so because grains are not stored for a 
longer period to enable sales at off season [15–17].

The problem in cattle with Dermatophilosis is no different. In a lot of the 
developing countries, today, the problem of malnutrition is endemic and the related 
opportunistic infections lead to infectious disease, such as tuberculosis and malaria. 
Protein malnutrition in Africa is a serious problem, especially in rural Africa where 
approximately 70% of the population live [4, 7, 18, 19]. The chemical constituents 
of bryophytes are well studied [1, 2], but these rich chemical constituents have not 
yet been explored biotechnologically. Plants with bioactive ingredients abound in 
Africa [20], and bryophytes are even more abundant [3].

The production of plant-based products from the bryophytes in the treat-
ment of Dermatophilosis shifts focus from the importation of orthodox drugs 
and conserves Africa’s scarce foreign exchange reserve, and increases utilization 
of indigenous plant resources. Outside of the cheaper ointment product, a local 
industry for the production of this ointment is encouraged and the product would 
be available to a larger group of herders. This preliminary report details the first 
attempt. The multiplier effect is enormous; meat should be cheaper and malnu-
trition resulting from the lack of protein would drastically reduce, and possibly 
disappear. Moreover, the use of plant-based products could easily foreclose the 
emergent, resistant strains of Dermatophilus congolensis resulting from the frequent 
use and misuse of antibiotics.

Bryophytes are common and abundant, especially in the west and central 
African regions. The formulation process for the ointment is easy to follow and it is 
based on a technology that the rural populations could easily handle. The method of 
application is by glove-protected hands to animals, and the ointment is also effec-
tive against human skin infections [9, 14, 21, 22].

The ointment and bryosol (bryophyte solution suspended in glycerol) are observed 
to have astringent property when applied on sores. Thus, it not only heals but also 
smoothens the affected lesion to which it is applied. The oils from bryophytes when 
blended with Vitellaria paradoxa have improved cosmetic value and reduced treatment 
time, and this gives the formulated cream an added advantage. The Bryo-ointment is 
cheap and effective. For instance, 100 ml is sold at 1 US dollar, as against 5 US dollars 
for each of the antibiotics. Based on our findings, a container of 100 ml of the formu-
lated cream can hardly be used completely in treating three animals once a day for 3 
days a week, and for 2 weeks. However, this depends on the degree of infection.

7. Recommendations

The findings of the study suggest that one cannot begin addressing the problem 
of aflatoxin producing fungi on crops, grains contamination, and skin diseases in 
animals by simply relying on agrochemicals and introducing improved manage-
ment practices. This requires a closer examination of the role of ecological technolo-
gies and approaches. Above all, studies on bryophytes are limited to taxonomy and 
molecular biological aspects with little effort toward actual biotransformation of 
bryophytes via appropriate biotechnology for direct applications in horticulture 
and animal husbandry.

From this study, it is therefore recommend that:

• A shift toward cost-effective technology will not take place unless a series of 
interventions via technology such as bryo biotechnology that can give neces-
sary opportunities is provided to the farmers and other stakeholders.
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• Bryophyte bioproducts offer an opportunity for sustainable animal husbandry 
and agriculture for Africans at potentially lower costs.

• Though farmers pay considerable attention to the selection of seed from their 
own produce, lack of awareness about identification of contamination in 
general prevents them from using aflatoxin-free seeds. Interventions such as 
treating grains with bryophyte-derived solution may ensure that farmers use 
grains free from contamination irrespective of the sources of supply.

Glossary

Dermatophilosis  bacterial skin disease of cows, sheep, goats, dogs and 
other animals, scab disease

Amblyomma variegatum  tick vector of Dermatophilosis (cutaneous 
streptothricosis)

Dermatophilus congolensis the bacterial causative agent of Dermatophilosis
Kirchi Hausa name for Dermatophilosis
Lamstreptocide antibiotics used in treatment of Dermatophilosis
TLA  terramycin long-acting antibiotic used in the treat-

ment of Dermatophilosis
Zoonotic animal disease that could also be passed to infect man
Necrosis  the breaking down of cells/tissues resulting from an 

infection
Hausa  the language of Hausa people in Nigeria and 

Cameroon
Ecology  the study of the relations of living things to one 

another and to their surrounding
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Hypotoxic Fluorescent 
Nanoparticles Delivery by Cell-
Penetrating Peptides in Multiple 
Organisms: From Prokaryotes to 
Mammalians Cells
Betty Revon Liu, Yue-Wern Huang and Han-Jung Lee

Abstract

Nanotechnology is the study of materials in the nanoscale. By its nature, 
nanotechnology is interdisciplinary. Nanotechnology has made a significant 
stride in recent two decades in various industries. Numerous nanomaterials 
are devised for biomedical applications which include intracellular tracking 
and labeling, gene detection and hybridization, tumor or tissue targeting, 
pharmaceutical therapies, pathogenic inhibiting, and medical instrument 
coating for disinfections. High photostability and quantum yield of fluorescent 
nanoparticles are ideal for long-term monitoring of molecular events in living 
organisms. Here, we discuss delivery of three fluorescent nanoparticles in A549 
cells, rotifers, Gram-negative bacteria, Gram-positive bacteria, and archaea. As 
these nanoparticles cannot enter cells, arginine-rich cell-penetrating peptides 
(CPPs) were used to enhance their internalization at the cellular or organismal 
level. The 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) assay and 
sulforhodamine B (SRB) assay demonstrated that CPP complexed fluorescent 
nanoparticles did not produce lethal effect in all organisms tested. The discus-
sion of these nanomaterials in this chapter intends to broaden our understanding 
of their biocompatibility in organisms of various hierarchical levels.

Keywords: fluorescent nanoparticles, cell-penetrating peptides, hypotoxicity, rotifer, 
prokaryotes

1. Introduction

Nanoscience and nanotechnology are fast growing multidisciplinary fields in 
the past two decades [1]. Nanomaterials are the foundation of devices and systems 
in various industries that revolutionize functionalities of end-user products [2]. 
Nanomaterials range from simple zero-dimensional structures such as nanodots [3], 
wire-like nanocomposites in one-dimension nanoscales [4], to two-dimensional 
nanosheets, and to three-dimensional structures [5, 6]. Furthermore, anisotropy 
and unique nano level physical and chemical properties can result in nanomaterials 
of the same elemental compositions having totally different functionalities [6, 7]. 
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coating for disinfections. High photostability and quantum yield of fluorescent 
nanoparticles are ideal for long-term monitoring of molecular events in living 
organisms. Here, we discuss delivery of three fluorescent nanoparticles in A549 
cells, rotifers, Gram-negative bacteria, Gram-positive bacteria, and archaea. As 
these nanoparticles cannot enter cells, arginine-rich cell-penetrating peptides 
(CPPs) were used to enhance their internalization at the cellular or organismal 
level. The 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) assay and 
sulforhodamine B (SRB) assay demonstrated that CPP complexed fluorescent 
nanoparticles did not produce lethal effect in all organisms tested. The discus-
sion of these nanomaterials in this chapter intends to broaden our understanding 
of their biocompatibility in organisms of various hierarchical levels.

Keywords: fluorescent nanoparticles, cell-penetrating peptides, hypotoxicity, rotifer, 
prokaryotes

1. Introduction

Nanoscience and nanotechnology are fast growing multidisciplinary fields in 
the past two decades [1]. Nanomaterials are the foundation of devices and systems 
in various industries that revolutionize functionalities of end-user products [2]. 
Nanomaterials range from simple zero-dimensional structures such as nanodots [3], 
wire-like nanocomposites in one-dimension nanoscales [4], to two-dimensional 
nanosheets, and to three-dimensional structures [5, 6]. Furthermore, anisotropy 
and unique nano level physical and chemical properties can result in nanomaterials 
of the same elemental compositions having totally different functionalities [6, 7]. 
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Nanomaterials have contributed to various biomedical applications, including 
molecular labeling and tracking, DNA/RNA/proteins probing, tumor or tissue 
targeting, drug delivery and therapies, pathogenic intervention, and biomedical 
imaging [2, 8–10]. In general, nanomaterials are classified into four categories: 
carbon-based nanomaterials, metal and metal oxide related nanomaterials, organic-
based nanopolymers, and composite nanomaterials with complicated structures 
[11]. Carbon-based nanomaterials such as fullerenes, carbon nanotubes (CNTs), 
and graphenes have been used as tissue scaffolds, biosensors, targeted drug delivery, 
and cosmetic additives [10, 12]. The studies and applications of metal- or metal 
oxide-nanocomposites are commonly found in toxicology, cancer therapies, and 
antimicrobial infections [13–15]. Organic-based nanomaterials such as liposomes, 
micelles, microemulsions, and dendrimers are mainly used in pharmaceuticals and 
drug delivery systems [16]. These organic nanopolymers can be combined with metal 
or carbon-based nanoparticles for controlled release of drug delivery and antitumor 
targeting [11]. There is an alternative classification of nanomaterials based upon their 
applications: drugs and medications, manufacturing and materials, the environ-
ment, electronics, energy harvest, and mechanical industries [17]. The first category 
can be further divided into cell specificity enhancement [18, 19], drugs, peptides, 
genes, vaccine delivery [16, 18, 20–25], diagnostics and imaging [2, 24, 26–28], anti-
infectious agents or germicides [15, 21, 29], cancer therapy [24, 28–31], tissue/organ/
tumor targeting [19, 24–26, 28, 31], scavengers for free radical or thrombosis [32, 33], 
DNA/RNA/PNA sensor and sequencing [34, 35], and angiogenesis inhibition [36, 37].  
Toxicities and health implications become a dominant issue, even though most 
nanomaterials are hypotoxic for cell/tissue separation or identification, pharmaco-
therapeutic molecules delivery, diagnostics, as well as imaging [2, 24–26, 28].

In this chapter, we focus on fluorescent nanomaterials which are used as a 
probe for detection, biomedical imaging, and diagnosis. Their properties and 
applications in different species will be discussed; their toxicity to the test 
organisms will be evaluated. Mammalian cell lines, rotifers, Gram-negative 
bacteria, Gram-positive bacteria, and archaea are the choices of our topic. The 
1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) and sulforhodamine 
B (SRB) assays are indicative of cytotoxicity.

1.1 Fluorescent nanoparticles

Bioimaging is increasingly popular and important because of its noninvasive, 
dynamic, and real-time properties. Fluorescent molecules play a pivotal role in optical 
imaging of life science research and biomedical applications. Fluorescent probes can 
be used to detect RNA and DNA; analyze proteins, hormones, and viral antigens; and 
identify organelles, specific proteins, tissues, or tumors via antibody conjugation [38]. 
However, traditional fluorescent probes made by organic compounds have a lot of 
room for improvement such as sensitivity, fluorescent intensity, water-solubility, and 
photo-bleaching [38]. Another critical issue is their asymmetric excitation spectrum 
with a long tail leading to significant overlapping with other fluorescent dyes [38]. 
Various fluorescent nanomaterials have high quantum yield and permanent fluores-
cence with the potential to 1 day replacing the traditional probes [39]. Advantages 
of fluorescent nanoparticles include, but not limited to, tunable in both sizes and 
compositions, ultra-bright with narrow spectrum of emission but broad spectrum 
of excitation, resistant to chemical degradation and photobleaching for long-term 
observation [40, 41]. Semiconductor nanoparticles such as CdSe/ZnS quantum dots 
(QDs) are the best example in bioimaging, diagnostics, and therapeutic molecules 
delivery [42]. Additional fluorescent nanomaterials have been developed to serve as 
bioimaging probes. We describe some popular fluorescent nanoparticles as follows.
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1.1.1 Cadmium-based QDs

Cadmium-based QDs are the first colloidal semiconductor which started the 
new era of nanotechnology in bioimaging [43]. Extreme brightness and sharp peak 
of emission wavelength are their signature properties [40–43]. High stability in the 
biological environment makes them applicable for long-term bioimaging [40–43]. 
The versatile surface modifications of their outer shells greatly expand their func-
tionalities and biocompatibilities [40–43].

1.1.2 Indium-based QDs

Indium phosphate/zinc sulfate (InP/ZnS) QDs which belongs to the III-V groups 
of semiconductors replace the toxic cadmium core as a new generation of nanopar-
ticles in biomedical imaging [44]. InP/ZnS QDs modified with PEG-containing 
negative charges enable them to interact with cationic peptides [44]. PEG modi-
fication also increase stability in the aqueous environment. These new complexes 
entered cells via endocytosis without toxicity [44].

1.1.3 Graphene quantum dots (GQDs)

Graphene is a two-dimensional sheet structure with single-atom thickness. 
GQDs have attracted plenty of attention due to their low toxicity, water solubility, 
high stability, stable emission spectrum, better surface grafting, and high electrical 
and thermal conductivity [45]. There are a variety of synthesis methods for GQDs 
that can control the shape, size, and yield [45].

1.1.4 Carbon dots (CDs)

The fluorescent property of carbon dots were found accidentally [39]. CDs are 
low cytotoxic, eco-friendly, and highly biocompatible. These features allow them 
to overtake cadmium-cored QDs in bioimaging [39]. Safety studies have shown 
that they neither enter nucleus and damage chromosomes nor accumulate in mice 
bodies [39].

1.1.5 Zirconium porphyrinic metal-organic framework nanoparticles (ZrMOF)

Metal–organic frameworks (MOF) combined the inorganic and organic 
materials and the distinguished features are tunable pore size, high surface 
areas, and alterable internal surface properties. MOFs do not emit fluorescence, 
but can be loaded with organic dyes for biomedical sensing. Quenching and 
therefore became the target-induced sensor [46]. ZrMOF nanoparticles can be 
unquenched in the target site, thereby facilitating the effect of photodynamic 
cancer therapies [46].

1.1.6 Soft fluorescent nanomaterials

Soft fluorescent nanomaterials include dye-doped polymer, semiconducting polymer, 
organic-complex nanoparticles, micelles, and nanogels [47]. This group of fluorescent 
nanomaterials is a complicated convention. For example, semiconductor QDs are com-
posed of V-III or VI-II groups of elements in their cores and shells, but they can also be 
functionized by organic materials via chemical linkage on the surface [41, 44]. Modified 
QDs are classified as soft fluorescent nanomaterials while FDA approved molecules are 
used and these complexes are fabricated under a mild condition [47].
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1.2 Biocompatible enhancer for nanoparticle delivery

Most organic and inorganic nanomaterials including the nanoparticles of the six 
categories described above are either hydrophobic or water-insoluble, which means 
they are difficult to be delivered into cells or organisms. Lipid-derived or peptide-based 
modifications of shells on the surfaces of nanoparticles enhance the biocompatibility 
and increase the efficiency of cellular uptake [48, 49]. The routes of cellular deliveries 
in these nanoparticles functionized by lipid-derived or peptide-based linking chains 
are related to endocytosis [50, 51]. Antibody-functionalized nanoparticles are advan-
tageous in targeting [51]; however, lysosomal degradation of the delivered drugs or 
bioactive molecules was a major concern. Several strategies have been developed to 
circumvent this issue. Among them are cell-penetrating peptides (CPPs) [52–54].

CPPs (a.k.a., PTDs), are proteins that possess the ability to penetrate cell 
membranes. In recent decades, they have attracted immense popularity in deliver-
ing genes, bioactive macromolecules, and drugs due to their effect intracellular 
translocation. The first CPPs were identified in the human immunodeficiency 
virus type I (HIV-1) transcriptional activator Tat which consists of 11-amino acids 
(YGRKKRRQRRR) [55, 56]. Later, various natural CPPs were found in many organ-
isms and numerous synthetic CPPs were designed [57]. To date, there are more than 
1700 CPPs in the databank [58]. CPPs can be classified into three categories: cationic, 
amphipathic, and hydrophobic [57]. Modifications such as cyclization, branches, 
D-form alteration, and non-primary amino-acid utilization have been performed 
to improve their transduction efficiency [59–62]. The mechanisms by which CPPs 
internalized have been vigorously studied. Numerous studies suggest that depending 
on the physicochemical properties and secondary structures of CPPs, energy-depen-
dent endocytosis or direct membrane translocation is employed [52, 57]. Four major 
endocytoses are: clathrin-dependent, caveolae-dependent, clathrin and caveolae-
independent, and macropinocytosis [57]. Entry of molecules via these four pathways 
is trapped in lysosomes and their bioactive and therapeutic characteristics would be 
lost in the low pH environment [63]. CPP-mediated direct membrane location is an 
option for delivering drugs and other bioactive molecules [52, 53, 64].

CPPs can interact with cargoes in a covalent, noncovalent, or covalent and 
noncovalent protein transduction (CNPT) manner. Cargoes are various includ-
ing proteins, DNA, siRNA, and semiconductors QDs [44, 64–68]. CPP-mediated 
cellular uptake can be found from prokaryotic to eukaryotic organisms including 
mammalian cells, insect cells, aquatic microorganism, yeasts, plant tissue, mice 
dermis, Gram-negative and Gram-positive bacteria, and archaea [53, 65, 69–73]. 
Uptake mechanisms vary depending upon peptide sequences. IR9 consists of the 
INF7 fusion peptide and nona-arginine CPP. IR9 without taking any cargoes pen-
etrated cell membranes via macropinocytosis. However, when IR9 was mixed with 
DNAs or QDs, classical endocytosis was utilized [74]. HR9 contains nona-arginine 
in the center, flanks with five histidines on either side, and caps with a cysteine 
in both ends. Out study showed that HR9-mediated cellular entry involves direct 
membrane translocation [53, 75].

PR9 which consists of nona-arginine and a penetration accelerating peptide 
sequence has been used to deliver ODs. The complexes entered cells by classical 
endocytosis [54]. Subsequently, the PR9/QD complexes escaped from lysosomes 
and entered nucleus [54]. The fluorescent quantum yield and complexes proper-
ties were unaltered indicating that CPP/QD complexes were suitable for long-term 
intracellular imaging and tracking [54, 77, 78].

In the following sections, we discuss biocompatibility of CPP-mediated delivery 
in various systems including mammalian cells, rotifers, Gram-negative bacteria, 
Gram-positive bacteria, and archaea.
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2. Cell viability in mammalian cells

In our studies, human bronchoalveolar carcinoma A549 cells were used as a 
model cell line to investigate CPP-mediated uptake of inorganic fluorescent nanopar-
ticles which are CdSe/ZnS QD with green fluorescence, InP/ZnS emitted green 
fluorescence, and CdSe/ZnS QD with red fluorescence. Synthetic nona-arginine 
(named SR9) CPP were premixed with these three QDs respectively and incubated 

Figure 1. 
Semiconductor nanoparticles treatments in the mammalian A549 cell line. (A) Penetrations of various 
semiconductor nanoparticles and CPP/nanoparticles complexes in mammalian cells. A549 cells were treated 
with green fluorescent CdSe/ZnS QD, green fluorescent InP/ZnS QD, red fluorescent CdSe/ZnS QD, SR9/CdSe/
ZnS QDgreen complexes, SR9/InP/ZnS QDgreen complexes, and SR9/CdSe/ZnS QDred for 1 h at 37°C, respectively. 
Protein transductions were recorded using a BD pathway 435 system. Green and red fluorescence revealed the 
distribution of nanoparticles, and blue fluorescence indicated the nuclei. Images were taken at a magnification 
of 600×. (B) Cell viabilities in A549 cells treated with either nanoparticles alone or CPP/nanoparticles 
complexes. Cells were treated as previous description shown in (A) and the SRB assay was performed for 
cytotoxic analysis. Cells without any treatments and treated with 100% DMSO were served as the negative and 
positive groups, respectively. Histogram of cell viability was represented by mean ± SD from three independent 
experiments in each treatment group. Significant differences at P < 0.01 (**,††) are indicated [44, 53, 78].
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with A549 cells for 1 h followed by Hoechst 33342 nuclear staining. Internalizations 
of QDs and SR9/QD complexes were determined using confocal microscopy. Rare 
green fluorescence emitted from CdSe/ZnS QDgreen and InP/ZnS QDgreen as well as 
red fluorescence from CdSe/ZnS QDred were observed while cells were treated with 
these semiconductors alone (Figure 1A). However, strong green and red fluores-
cence were observed in the groups of SR9-mediated QDs delivery, which meant SR9 
facilitated the internalizations of nanoparticles (Figure 1A).

To understand toxicity of these CPP-QDs complexes, the SRB assay was con-
ducted for viability analysis. A549 cells were treated with the materials for 24 h and 
then stained with SRB. Cells without any treatment or with 100% DMSO served 
as a negative control or a positive control, respectively. Cell viability of CdSe/ZnS 
QDgreen, InP/ZnS QDgreen, CdSe/ZnS QDred, and SR9-modified CdSe/ZnS QDgreen, 
InP/ZnS QDgreen, and CdSe/ZnS QDred complexes did not differ from the negative 
control (Figure 1B). Collectively, semiconductor fluorescent nanoparticles and 
their CPP-modified complexes did not reduce cell viability.

3. Survival rate in rotifers

Rotifers are non-arthropoda, metazoan aquatic invertebrates with a completed 
digestive systems. They form the basis of the microzooplankton community in 
the plankton food web and link the energy flow to higher organisms. Recently, a 
growing number of studies considers rotifers as an indicator of marine pollution 
and toxicity of plastic nanoparticles [79–81], as well as a model species for pharma-
ceutical and toxicological studies [80, 82]. To test the toxicity and uptake efficiency 
of fluorescent nanoparticles, Brachionus calyciflorus were treated with CdSe/ZnS 
QDred and IR9-FITC mixed CdSe/ZnS QDred complexes respectively (Figure 2). 
Low red fluorescent intensity was detected in rotifers which meant CdSe/ZnS QDred 
were difficult to enter rotifers without any help. Contrarily, CdSe/ZnS QDred enter 
rotifers easily by forming complexes with IR9-FITC (Figure 2A).

To investigate potential cytotoxicity of CPP-associated quantum dots on rotifers, 
the MTT assay was performed (Figure 1B). Brachionus calyciflorus were treated with 
CdSe/ZnS QDred alone, IR9-FITC alone, and IR9-FITC/QDred complexes for 24 h. 
Rotifers without treatment served as a negative control, while rotifers treated with 
100% DMSO as a positive control. Hypotoxicity was observed in the QDred, IR9-
FITC, and IR9-FITC/QDred complexes groups (Figure 2B). In contrast, DMSO sig-
nificantly reduced the survival of rotifers (Figure 2B). Collectively, CPP-mediated 
cellular entry of quantum dots resulted in relatively harmless in rotifers.

4. Hypotoxicity shown in prokaryotic organisms

Microorganisms are regarded as a vital member in the ecosystem as they play 
an important role in the natural recycling, elements and energy transforming, and 
environmental balancing of living materials [83, 84]. Disruption of microorganisms 
cause reduction of microbial diversity and obliquely influence our natural world 
[85]. Prokaryotic organisms are major microorganisms; the prokaryotic domain 
include bacteria and archaea [70, 86, 87]. Here, Arthrobacter ilicis D50–1 (Gram-
positive bacteria), Escherichia coli DH5α (Gram-negative bacteria), and Thermus 
aquaticus (archaea) were studied for protein transduction and cytotoxicity. They 
were treated with Cd-core green semiconductor nanoparticles; hardly any green 
fluorescence detected (Figure 3A). Bright green fluorescence was observed in the 
SR9-mediated uptake of CdSe/ZnS QDgreen in all three organisms (Figure 3B).
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Toxicological studies of nanomaterials on prokaryotic organisms are important. 
Bactericidal nanomaterials can affect nonpathogenic bacteria leading to imbalance of a 
microbiome community and, to the greatest extent, ecological disasters [88]. The toxicity 
of CdSe/ZnS QDgreen and SR9-modified QDgreen complexes were studied using archaea, 
Gram-positive bacteria, and Gram-negative bacteria (Figure 3B). Organisms were 
treated for 1 h at room temperature. The MTT assay showed no reduction of viability 

Figure 2. 
Semiconductor nanoparticles treatments in the rotifer (Brachionus calyciflorus). (A) Protein transduction in 
rotifer treated with semiconductor nanoparticles CdSe/ZnS QDred and IR9-FITC carpeted QDred complexes. 
Rotifers were treated with QDred alone or IR9-FITC/QDred complexes for 1 h at 25–28°C. Green fluorescence 
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with A549 cells for 1 h followed by Hoechst 33342 nuclear staining. Internalizations 
of QDs and SR9/QD complexes were determined using confocal microscopy. Rare 
green fluorescence emitted from CdSe/ZnS QDgreen and InP/ZnS QDgreen as well as 
red fluorescence from CdSe/ZnS QDred were observed while cells were treated with 
these semiconductors alone (Figure 1A). However, strong green and red fluores-
cence were observed in the groups of SR9-mediated QDs delivery, which meant SR9 
facilitated the internalizations of nanoparticles (Figure 1A).

To understand toxicity of these CPP-QDs complexes, the SRB assay was con-
ducted for viability analysis. A549 cells were treated with the materials for 24 h and 
then stained with SRB. Cells without any treatment or with 100% DMSO served 
as a negative control or a positive control, respectively. Cell viability of CdSe/ZnS 
QDgreen, InP/ZnS QDgreen, CdSe/ZnS QDred, and SR9-modified CdSe/ZnS QDgreen, 
InP/ZnS QDgreen, and CdSe/ZnS QDred complexes did not differ from the negative 
control (Figure 1B). Collectively, semiconductor fluorescent nanoparticles and 
their CPP-modified complexes did not reduce cell viability.

3. Survival rate in rotifers

Rotifers are non-arthropoda, metazoan aquatic invertebrates with a completed 
digestive systems. They form the basis of the microzooplankton community in 
the plankton food web and link the energy flow to higher organisms. Recently, a 
growing number of studies considers rotifers as an indicator of marine pollution 
and toxicity of plastic nanoparticles [79–81], as well as a model species for pharma-
ceutical and toxicological studies [80, 82]. To test the toxicity and uptake efficiency 
of fluorescent nanoparticles, Brachionus calyciflorus were treated with CdSe/ZnS 
QDred and IR9-FITC mixed CdSe/ZnS QDred complexes respectively (Figure 2). 
Low red fluorescent intensity was detected in rotifers which meant CdSe/ZnS QDred 
were difficult to enter rotifers without any help. Contrarily, CdSe/ZnS QDred enter 
rotifers easily by forming complexes with IR9-FITC (Figure 2A).

To investigate potential cytotoxicity of CPP-associated quantum dots on rotifers, 
the MTT assay was performed (Figure 1B). Brachionus calyciflorus were treated with 
CdSe/ZnS QDred alone, IR9-FITC alone, and IR9-FITC/QDred complexes for 24 h. 
Rotifers without treatment served as a negative control, while rotifers treated with 
100% DMSO as a positive control. Hypotoxicity was observed in the QDred, IR9-
FITC, and IR9-FITC/QDred complexes groups (Figure 2B). In contrast, DMSO sig-
nificantly reduced the survival of rotifers (Figure 2B). Collectively, CPP-mediated 
cellular entry of quantum dots resulted in relatively harmless in rotifers.

4. Hypotoxicity shown in prokaryotic organisms

Microorganisms are regarded as a vital member in the ecosystem as they play 
an important role in the natural recycling, elements and energy transforming, and 
environmental balancing of living materials [83, 84]. Disruption of microorganisms 
cause reduction of microbial diversity and obliquely influence our natural world 
[85]. Prokaryotic organisms are major microorganisms; the prokaryotic domain 
include bacteria and archaea [70, 86, 87]. Here, Arthrobacter ilicis D50–1 (Gram-
positive bacteria), Escherichia coli DH5α (Gram-negative bacteria), and Thermus 
aquaticus (archaea) were studied for protein transduction and cytotoxicity. They 
were treated with Cd-core green semiconductor nanoparticles; hardly any green 
fluorescence detected (Figure 3A). Bright green fluorescence was observed in the 
SR9-mediated uptake of CdSe/ZnS QDgreen in all three organisms (Figure 3B).
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Figure 3. 
Treatments of CdSe cored QD with green fluorescence in three types of prokaryocytes. (A) Fluorescent microscopy 
of Thermus aquaticus (archaea), Arthrobacter ilicis D50-1 (Gram-positive bacteria), and Escherichia coli DH5α 
(Gram-negative bacteria) treated with QDgreen alone or SR9/QDgreen complexes. Three prokaryocytes were incubated 
with QDgreen alone or SR9/QDgreen complexes for 1 h at room temperature. Protein transductions were detected in GFP 
channel and cell morphologies were observed in bright-field with an AE31 fluorescent microscope. (B) Cytotoxicity of 
nanoparticles in archaea, Gram-positive bacteria, and Gram-negative bacteria. Archaea, D50–1, and DH5α were 
treated with QDgreen, SR9, and SR9/QDgreen complexes. Cells treated with their specific media and 75% alcohol as 
negative control and positive control, respectively. Significant differences from negative control at P < 0.01 (**) were 
indicated. Data were presented as mean ± standard deviation from three independent experiments [89].
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in the groups of QDgreen, SR9, and SR9/QDgreen complexes (Figure 3B). This result 
indicated that Cd-core nanoparticles did not cause lethal effect to prokaryotic organisms. 
We reasonably ratiocinated that fluorescent nanoparticles applied in bioimaging and 
biotechnologies might not provoke natural imbalance and environmental problems.

5. Conclusion

We discussed applications and safety issues of various fluorescent nanoparticles. 
The cellular entry of particles of interest can be facilitated by CPPs. The particles did 
not produce lethal effects in mammalian cells, rotifers, archaea, Gram-positive bacte-
ria, and Gram-negative bacteria. The outcome from assessing nanoparticle safety in 
mammalian cells suggests their potential medical applications. Hypotoxicity in rotifers 
and prokaryotes infers their environmental safety and eco-friendliness. In summary, 
these fluorescent nanoparticles and their CPP-modified complexes can be potent tools 
in various biological, environmental, and medical applications in the future.
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Chapter 5

rhBMP-2-Coated Acellular Dermal 
Graft for Chronic Rotator Cuff 
Healing: Translational Tendon 
Repair Research
Kwang-Il Lee, Ju-Woong Jang and Kwang-Won Lee

Abstract

A rotator cuff tear is a common shoulder injury in sports medicine. However, a 
rotator cuff repair still has the high failure rate (57%) in large torn (>8 cm2) rotator 
cuff cases. One of the main reasons is failing at suture-tendon cause of continu-
ous tensional and torsional stresses even after surgery, and thus, an ideal biologic 
augmentation to overcome large tears is an essential challenge. The ECM graft, 
the biological material can be useful for augment repair of large torn rotator cuff. 
Recombinant human bone morphogenetic protein 2 (rhBMP-2), which belongs 
to transforming growth factor-β superfamily, is well known as an osteoinductive 
growth factor. It plays an important role in the development of bone and cartilage. 
rhBMP-2 also facilitates chemotaxis in the host tissue. In this study, rhBMP-2-
coated acellular dermal graft, which is isolated from human cadaveric donor, was 
transplanted in the rabbit with the chronic rotator cuff injury. The radiologic image, 
histomorphometric, histologic image analyses, and tensile test were performed to 
evaluate the effectiveness. The results showed the enhancement of increased host 
cell infiltration, new bone formation, and tensile mechanical property. The rhBMP-
2-coated acellular dermal graft will be promising for chronic rotator cuff healing.

Keywords: rotator cuff, rhBMP-2, acellular dermis, tendon-bone healing, enthesis

1. Introduction

A rotator cuff plays an important role in shoulder movements and maintaining 
shoulder joint stability [1]. The rotator cuff is composed of supraspinatus muscle, 
subscapularis muscle, infraspinatus muscle, and teres minor muscle. The rotator 
cuff is connected between the scapula and the humeral bone head, forming a cuff 
at the shoulder joint. The rotator cuff tear, which is partial tear and full-thickness 
tear, mainly occurs in the supraspinatus tendon under the acromion [2]. A torn 
rotator cuff weakens shoulder’s physical function. Almost 2 million people in the 
United States visit to see doctors cause of the painful rotator cuff at every year 
[3]. The rotator cuff repair requires reattachment of the rotator cuff tendon back 
to the humeral bone by using suture and fixation tools, which is non-biological 
technique [4, 5]. Rotator cuff repair has showed good long-term follow-up results 
so far. However, it still shows the high failure rate (57%) in the case of large tear 
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Abstract

A rotator cuff tear is a common shoulder injury in sports medicine. However, a 
rotator cuff repair still has the high failure rate (57%) in large torn (>8 cm2) rotator 
cuff cases. One of the main reasons is failing at suture-tendon cause of continu-
ous tensional and torsional stresses even after surgery, and thus, an ideal biologic 
augmentation to overcome large tears is an essential challenge. The ECM graft, 
the biological material can be useful for augment repair of large torn rotator cuff. 
Recombinant human bone morphogenetic protein 2 (rhBMP-2), which belongs 
to transforming growth factor-β superfamily, is well known as an osteoinductive 
growth factor. It plays an important role in the development of bone and cartilage. 
rhBMP-2 also facilitates chemotaxis in the host tissue. In this study, rhBMP-2-
coated acellular dermal graft, which is isolated from human cadaveric donor, was 
transplanted in the rabbit with the chronic rotator cuff injury. The radiologic image, 
histomorphometric, histologic image analyses, and tensile test were performed to 
evaluate the effectiveness. The results showed the enhancement of increased host 
cell infiltration, new bone formation, and tensile mechanical property. The rhBMP-
2-coated acellular dermal graft will be promising for chronic rotator cuff healing.
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(more than 8 cm2) size [6]. The main reason of the pain even after rotator cuff 
repair surgery is that the shoulder has stiff due to the limited movement [7]. 
During the surgery, the rotator cuff tendons are sutured to the upper humeral 
bone. In the case of large tear size, it will be much harder to suture the shortened 
tendon back to the bone than the repair of the small tear size [8]. More tensile 
stress will be applied to the sutured gap between the tendon and bone.

The limitations for rotator cuff healing maybe overcome by biological aug-
mentation approaches. A bio-scaffold should have high initial fixation strength, 
mechanical stability, and biological healing of the tendon-bone interface. And a 
growth factor should induce host cell infiltration and new tissue formation. Those 
characteristics are strongly necessary for biological augmentation approaches 
[9–12]. The dermal graft, which has been used for wound coverage, maybe appli-
cable for large rotator cuff tears. The dermal graft is an acellular dermal extracel-
lular matrix (ECM) scaffold intended for supporting and covering the soft tissue 
repair. There are various types of the acellular ECM scaffold such as small intestinal 
submucosa, urinary bladder basement membrane, pericardium, and dermis 
[13–16]. The only dermal graft has the most thickness (maximum 4 mm), and this 
will be the only ECM scaffold that can cover the thickness of supraspinatus (avg. 
4.9 mm) or infraspinatus (avg. 4.2 mm) tendon [17]. Dermal graft has been used as 
a grafting material in plastic, dental, and orthopedic surgeries [18–20].

Various growth factors have been applied for enthesis regeneration studies [21–25]. 
Recombinant human bone morphogenetic protein 2 (rhBMP-2) is an  osteoinductive 
protein that induces differentiation of mesenchymal stem cells into osteoblasts and 
chondrocytes. rhBMP-2 has shown the potential to improve tendon-bone biome-
chanical strength during rotator cuff healing [26, 27]. In our previous studies, we 
found that injectable rhBMP-2 hydrogel increased the biomechanical properties and 
new bone formation at the tendon-tibia intra articular bone tunnel [28].

The purpose of this translational study is to investigate whether the rhBMP-2-
coated dermal graft can improve rotator cuff healing using a rabbit chronic rotator 
cuff injury model.

2. Materials and methods

2.1 Decellularization of human dermis and rhBMP-2 coating

Dermis was procured from the back of human cadaver and cut into pieces 
(1 × 2 cm). The tissue pieces were digested in an enzyme cocktail (total 500 mL) 
mixed with 0.25%(v/v) trypsin, 7.5%(w/v) collagenase A, and 37.5%(w/v) protease 
in a shaking incubator at 120 rpm, 37°C for 4 hours [29]. The tissues were then 
washed with the same volume of saline solution at 120 rpm, 4°C for 1 hour. This 
washing step was repeated for three times and finished with the final saline washing 
for 12 hours. And then, the washing solution was replaced with the same volume 
of distilled water and the tissues were cleansed with ultrasonic waves at 240 W for 
5 minutes. This step was repeated in fresh saline solution. The processed tissues 
were lyophilized and sterilized with ethylene oxide gas.

Chinese hamster ovary cell line-derived rhBMP-2 was reconstituted and diluted 
with distilled water to 50 ug/mL before coating on the scaffold. rhBMP-2 was 
covered on the both side of the dermal graft and, then, lyophilized.

2.2 Surgery for making a chronic rotator cuff injury model

Adult New Zealand white rabbits (n = 42, male, 5-month old, 3.0 kg) were used for 
the chronic rotator cuff tear model. All the animal surgical protocols were approved by 
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the Committee of Experimental Animal Sciences. To make the chronic injury model, the 
rabbits were anesthetized with ketamine, 40 mg/kg IM and xylazine, 5 mg/kg IM, and 
the right shoulder joint compartment was exposed. The supraspinatus tendon was cut 
off from the right proximal humerus bone. The detached end of the tendon was placed in 
a silicon tube (10 mm length and 4 mm diameter) and fixed by suturing (Figure 1). The 
silicon tube-inserted tendon was relocated and sutured using 5-0 Vicryl. Postoperatively, 
the animals were allowed free movement without the use of any type of immobilization 
and had access to food and water from the first day onward. They were monitored daily 
for 8 weeks to check their mobility and the state of the surgical wound.

2.3 Surgical procedure for dermal graft insertion

For dermal graft implantation, the supraspinatus repair by single-row repair 
technique was performed in this study. After 4 weeks, the silicon tube was removed 
from the cut supraspinatus tendon, and two holes (1 mm diameter) were made on 
the proximal humerus bone for the graft insertion (Figure 2). The rabbits were 
assigned to one of the following treatment groups: normal (n = 6); no grafting 
(n = 12), the cut supraspinatus tendon was inserted into the hole without graft and 
fixed by suturing; dermal graft insertion (n = 12), a sheet-shaped dermal graft 
(1 cm × 2 cm) was inserted and fixed by suturing between the tendon and bone; 
and rhBMP-2-coated dermal graft insertion (n = 12) with the same method. The 
animals were allowed to recover and monitored as described for chronic defect 
surgery, and they were sacrificed at 4 or 8 weeks.

2.4 Micro-computed tomography (CT) analysis of bone mineral density (BMD) 
and mineralized tissue generation

A micro-CT system was used for quantitative analysis of BMD and mineralized 
tissue generation between the connected tendon and bone lesion. Rabbit shoulder 

Figure 1. 
The surgical procedure of chronic disease model. (a) After detaching the tendon from the proximal humeral 
bone; (b) the end of a tendon is inserted into the silicon tube; (c, d) they are sutured and fixed for 4 weeks.



Biotechnology and Bioengineering

50

(more than 8 cm2) size [6]. The main reason of the pain even after rotator cuff 
repair surgery is that the shoulder has stiff due to the limited movement [7]. 
During the surgery, the rotator cuff tendons are sutured to the upper humeral 
bone. In the case of large tear size, it will be much harder to suture the shortened 
tendon back to the bone than the repair of the small tear size [8]. More tensile 
stress will be applied to the sutured gap between the tendon and bone.

The limitations for rotator cuff healing maybe overcome by biological aug-
mentation approaches. A bio-scaffold should have high initial fixation strength, 
mechanical stability, and biological healing of the tendon-bone interface. And a 
growth factor should induce host cell infiltration and new tissue formation. Those 
characteristics are strongly necessary for biological augmentation approaches 
[9–12]. The dermal graft, which has been used for wound coverage, maybe appli-
cable for large rotator cuff tears. The dermal graft is an acellular dermal extracel-
lular matrix (ECM) scaffold intended for supporting and covering the soft tissue 
repair. There are various types of the acellular ECM scaffold such as small intestinal 
submucosa, urinary bladder basement membrane, pericardium, and dermis 
[13–16]. The only dermal graft has the most thickness (maximum 4 mm), and this 
will be the only ECM scaffold that can cover the thickness of supraspinatus (avg. 
4.9 mm) or infraspinatus (avg. 4.2 mm) tendon [17]. Dermal graft has been used as 
a grafting material in plastic, dental, and orthopedic surgeries [18–20].

Various growth factors have been applied for enthesis regeneration studies [21–25]. 
Recombinant human bone morphogenetic protein 2 (rhBMP-2) is an  osteoinductive 
protein that induces differentiation of mesenchymal stem cells into osteoblasts and 
chondrocytes. rhBMP-2 has shown the potential to improve tendon-bone biome-
chanical strength during rotator cuff healing [26, 27]. In our previous studies, we 
found that injectable rhBMP-2 hydrogel increased the biomechanical properties and 
new bone formation at the tendon-tibia intra articular bone tunnel [28].

The purpose of this translational study is to investigate whether the rhBMP-2-
coated dermal graft can improve rotator cuff healing using a rabbit chronic rotator 
cuff injury model.

2. Materials and methods

2.1 Decellularization of human dermis and rhBMP-2 coating

Dermis was procured from the back of human cadaver and cut into pieces 
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5 minutes. This step was repeated in fresh saline solution. The processed tissues 
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rabbits were anesthetized with ketamine, 40 mg/kg IM and xylazine, 5 mg/kg IM, and 
the right shoulder joint compartment was exposed. The supraspinatus tendon was cut 
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and had access to food and water from the first day onward. They were monitored daily 
for 8 weeks to check their mobility and the state of the surgical wound.

2.3 Surgical procedure for dermal graft insertion

For dermal graft implantation, the supraspinatus repair by single-row repair 
technique was performed in this study. After 4 weeks, the silicon tube was removed 
from the cut supraspinatus tendon, and two holes (1 mm diameter) were made on 
the proximal humerus bone for the graft insertion (Figure 2). The rabbits were 
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(n = 12), the cut supraspinatus tendon was inserted into the hole without graft and 
fixed by suturing; dermal graft insertion (n = 12), a sheet-shaped dermal graft 
(1 cm × 2 cm) was inserted and fixed by suturing between the tendon and bone; 
and rhBMP-2-coated dermal graft insertion (n = 12) with the same method. The 
animals were allowed to recover and monitored as described for chronic defect 
surgery, and they were sacrificed at 4 or 8 weeks.

2.4 Micro-computed tomography (CT) analysis of bone mineral density (BMD) 
and mineralized tissue generation

A micro-CT system was used for quantitative analysis of BMD and mineralized 
tissue generation between the connected tendon and bone lesion. Rabbit shoulder 
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The surgical procedure of chronic disease model. (a) After detaching the tendon from the proximal humeral 
bone; (b) the end of a tendon is inserted into the silicon tube; (c, d) they are sutured and fixed for 4 weeks.
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specimens were scanned and reconstructed using 3D reconstruction bundle 
software. To quantify the amount of newly formed mineralized tissue over time, the 
region of interest (ROI) was chosen and reconstructed using the 3D software. After 
thresholding, the BMD (mm3) of the ROI of mineralized tissue was calculated.

2.5 Biomechanical testing

Rabbit shoulder joints including the tendon-connected bone lesion were col-
lected. To analyze the tensile mechanical properties, tensile strength was measured 
using a universal testing machine. The specimen was fixed vertically on a 5000 N 
load cell, and tensile strength was measured by pulling the sample at a load-
displacement rate of 10 mm/min (Figure 3). The failure load and ultimate strength 
(N) were recorded.

2.6 Histological and histomorphometric analysis

Rabbit shoulder joints were collected and fixed in a neutralized formalin solu-
tion for 2 days and decalcified using 10% formic acid. Then, the specimens were 

Figure 2. 
The surgical procedure of patch insertion. (a) Finding the silicon tube-inserted tendon lesion after 4 weeks;  
(b) the removed tube from tendon; (c) making a hole for fixing with tendon; (d) the detached tendon is sutured 
with the bone through the holes; (e) the tendon is fixed with the bone; (f) each conditional dermal patch is 
inserted and fixed with suturing between the tendon and bone lesion.

53

rhBMP-2-Coated Acellular Dermal Graft for Chronic Rotator Cuff Healing: Translational…
DOI: http://dx.doi.org/10.5772/intechopen.82282

dehydrated in ethanol and embedded in paraffin. The 4-um-thick sections were 
stained with H&E and visualized using an optical microscope. Healing of the tendon-
bone connected lesion was graded histomorphologically by two observers blinded to 
treatment group. Histomorphometric analysis was performed to assess healing of the 
bone-tendon interface on the basis of three histomorphological criteria: fibrocartilage 
formation, new bone formation, and tendon graft bonding to adjacent tissue, which 
were scored on a scale of 0–3 (maximum total score of 9) in Table 1.

2.7 Statistical analysis

The data are presented as the average from at least triplicate samples. The 
experiments were repeated three times to ensure the reproducibility of the methods 

Figure 3. 
3D-CT images and new bone formation of each experimental group 4 and 8 weeks after repair. (a) Intact group 
(PO 4 weeks); (b) defect group (PO 4 weeks); (c) repair group (PO 4 weeks); (d) dermal graft augmentation 
group (PO 4 weeks); (e) rhBMP-2-coated dermal graft augmentation group (PO 4 weeks); (f) intact group 
(PO 8 weeks); (g) defect group (PO 8 weeks); (h) repair group (PO 8 weeks); (i) dermal graft augmentation 
group (PO 8 weeks); (j) rhBMP-2-coated dermal graft augmentation group (PO 8 weeks); (k) quantitative 
analysis of the new bone formation after rotator cuff surgery after 4 and 8 weeks.

Characteristics Points (maximum total of 9 points)

Fibrocartilage formation

Abundant 3

Moderate 2

Slight 1

None 0

New bone formation

Abundant 3

Moderate 2

Slight 1

None 0

Tendon allograft bonding to adjacent tissue

75–100% 3

50–75% 2

25–50% 1

0–25% 0

Table 1. 
Histomorphometric scoring system used to assess healing of the tendon-patch grafts with the bone.
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used. All statistical analyses were performed using SPSS (v.15.0). ANOVA was 
used to find overall differences among means. The post hoc Sheffé test was used to 
analyze differences between groups, with significance levels set at *p < 0.05 and 
** < p < 0.01.

3. Results

In the postoperative 3D-CT images, the rhBMP-2-coated dermal graft inserted 
group showed significantly higher new bone formation than the other groups 
(Figure 3). The new bone volume in the rhBMP-2 group at 4- and 8-week post-
repair surgery was 41.8 and 68.5 mm3, respectively, which was ~11.5 times higher 
than in the control and dermal graft only inserted groups. The latter groups 
displayed less than 6 mm3 and, thus, did not show actual new bone formation. 

Figure 4. 
The rabbit humeral bone is fixed with upper grip and the end of the detached tendon is fixed with lower grip. 
(a) Installed tissue specimen between the load cells for tensile test; (b) collected rabbit shoulder joint for tensile 
test; (c) ultimate tensile failure loads: A load-displacement rate was 10 mm/min and ultimate failure loads 
were measured from each group PO 4 and 8 weeks.

Figure 5. 
The conditionally repaired groups in the rabbit tendon injury model. The repair group in which supraspinatus 
tendon and humeral bone were sutured at 4 weeks (a) and 8 weeks (d) post-surgery. The group that had 
received only a dermal patch, which covered the tendon-and-bone-suturing lesion, at 4 weeks (b) and 8 weeks 
(e) post-surgery. The group that had received the rhBMP-2-coated dermal patch, at 4 weeks (c) and 8 weeks 
(f) after repair. Images are shown at original magnification ×100. H&E, hematoxylin and eosin; T, tendon; 
HB, host bone; I, interface.
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The rhBMP-2-coated dermal graft effectively induced new bone formation in the 
repaired lesion of the tendon and bone.

The ultimate tensile strength of the repaired tendon-bone interface was sig-
nificantly higher in the rhBMP-2-coated dermal graft group and dermal graft 
only group than in the control group (suture only) at 4-week post repair surgery. 
However, there was a significant difference only in the rhBMP-2-coated dermal 
graft inserted group at 8-week post repair surgery (Figure 4). Moreover, the 
ultimate failure loads of specimens from the rhBMP-2-coated dermal graft group 
were similar to those of intact tissues at 8-week post-repair surgery. These results 
indicated not only that dermal patch provided good mechanical support but also 
that the rhBMP-2 increased the fusion rates of repaired lesion between the humeral 
bone and supraspinatus tendon.

Histological analysis indicated that newly differentiated fibrochondrocytes 
were detected near the host bone in the rhBMP-2-coated dermal graft group at 
8-week post-repair surgery (Figure 5F). The dermal graft only group showed lower 
cell penetration into the interface area, although the dermal graft was connected 
between the bone and tendon (Figure 5B, E). However, high cell penetration 
was observed near the host bone surface, and the interface between the bone and 
tendon was well connected without any space in the rhBMP-2-coated dermal graft 
group (Figure 5C, F).

Quantitative histomorphometric analysis showed that the dermal graft coated 
with rhBMP-2 group had the highest analytic score (5.9) such as more fibrocartilage 
formation, new bone formation, and stronger attachment of the tendon to adjacent 
bone than the other groups (control group, 3.4; dermal graft only group, 3.9) after 
8 weeks (Figure 6). As a result, the histological and histomorphometric analyses 
suggested that the rhBMP-2-coated dermal graft stimulated cell recruitment as well 

Figure 6. 
Histomorphological scores of each group PO 4 and 8 weeks.
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as induced fibrochondrogenic differentiation of the undifferentiated mesenchymal 
cells in the junction between the bone and tendon.

4. Discussion

There have been a number of preclinical and clinical trials for the enhanced 
tendon-bone healing in the shoulder repair surgery [12, 21, 30]. The augmentation 
repair of rotator cuff by incorporating growth factors or stem cells into the scaffold 
is intended to enhance the repair process, improve the mechanical properties, and 
reduce the possibility of re-rupture [10, 24, 25].

Decellularized human dermis has better mechanical properties than any 
other ECM-based scaffolds in the previous studies [31, 32]. ECM-based grafts are 
attractive model for tissue regeneration. However, they may support only short-
term reinforcement and retard tissue regeneration [33]. For the enhanced healing 
process, the grafting material requires good mechanical properties as well as 
specific differentiation effects. rhBMP-2 has shown biological effectiveness for 
rotator cuff repair and for tendon-bone interface healing in extra-articular bone 
tunnel in the previous studies [28, 34]. However, there have been no preclinical 
and clinical studies on the rhBMP-2-coated acellular dermal graft for rotator cuff 
repair.

Many limitations of safety and effectiveness still remain for the clinical use of 
rhBMP-2. The considerations of biomechanical property for better morbidity of 
bone-tendon, the concentration of rhBMP-2 for the safety in the implanted area, 
and coating method for sustained release from the scaffold are necessary for growth 
factor application in the biological augmentation research.

Although the review articles suggested that dermal graft has good biomechanical 
properties and rhBMP-2 is effective for biological augmentation in bone-tendon, 
there was no original article that showed the composite of rhBMP-2 and an acellular 
dermal graft [35, 36]. For this initial study on rhBMP-2-coated dermal graft for rota-
tor cuff repair, we generated a rabbit rotator cuff injury model by using a silicon tube, 
which covers the supraspinatus tendon that was detached from the humeral bone for 
4 weeks. In our previous study, we showed the usability of rhBMP-2 application for 
tendon-tibia bone interface healing, using viscous collagen gel as an injectable carrier. 
rhBMP-2 needs to be embedded in a scaffold for an effective delivery to the targeted 
lesion. Thus, various types of carriers need to be tested for rhBMP-2 delivery.

Acellular dermal graft exhibits higher suture pullout strength than other ECM-
based scaffolds. The rotator cuff area is subject to excessive and multidirectional 
loads by tendon-bone interface motion; therefore, healing following rotator cuff 
repair largely depends on robust mechanical properties of the junction between the 
bone and tendon.

On the basis of prior knowledge, rhBMP-2-coated acellular dermal graft was 
sutured between the rabbit supraspinatus tendon and humeral bone. The rhBMP-
2-coated dermal graft group showed significant new bone formation as indicated 
by 3D-CT data recorded at 4 and 8 weeks after surgical treatment. The ultimate 
failure loads of the rhBMP-2/acellular dermal graft inserted tendon-bone interfaces 
increased to the mechanical properties of intact tissues at 8 weeks. The histologi-
cal images demonstrated rich cell penetration into the tendon-bone interface by 
rhBMP-2, and the recruited cells induced fibrochondrogenic differentiation. The 
histomorphometric scores of the dermal graft coated with rhBMP-2 group were 
significantly higher than the other groups.

In conclusion, the grafting of rhBMP-2-coated human dermal graft 
enhanced new bone formation and the bone-tendon fusion rate in a rabbit 
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Abstract

The use of tissue engineering to regenerate viable tissue relies on selecting the 
appropriate cell line, developing a resorbable scaffold and optimizing the culture 
conditions including the use of biomolecular cues and sometimes mechanical stim-
ulation. This review of the literature focuses on the required scaffold properties, 
including the polymer material, the structural design, the total porosity, pore size 
distribution, mechanical performance, physical integrity in multiphase structures 
as well as surface morphology, rate of resorption and biocompatibility. The chapter 
will explain the unique advantages of using textile technologies for tissue engineer-
ing scaffold fabrication, and will delineate the differences in design, fabrication and 
performance of woven, warp and weft knitted, braided, nonwoven and electrospun 
scaffolds. In addition, it will explain how different types of tissues can be regener-
ated by each textile technology for a particular clinical application. The use of 
different synthetic and natural resorbable polymer fibers will be discussed, as well 
as the need for specialized finishing techniques such as heat setting, cross linking, 
coating and impregnation, depending on the tissue engineering application.

Keywords: resorbable polymer, tissue engineering scaffold, biocompatibility,  
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Originally, the concept of tissue engineering required a triad of cells, scaf-
folds and signaling molecules. The cells, preferably derived autologously from the 
patient, can be stem cells, progenitor cells or mature cells. After expansion, they 
are seeded on a porous and resorbable scaffold and cultured in the presence of 
signaling molecules such as growth factors, specific metabolites, morphogens and 
adhesins [4]. Today, it is known that additional conditions are required so as to 
obtain the desired tissue. Depending on the type of tissue and the application, it 
may be necessary to add mechanical [5] and/or bioelectrical stimulation [6, 7], or 
increase the oxygen levels during cell culture in the bioreactor [8].

The focus of this chapter is to describe the different types of scaffolds used for 
tissue engineering with a particular emphasis on fiber-based scaffolds that are 
mostly fabricated on textile processing equipment. The desirable properties of the 
various types of scaffolds will be enumerated and the specific advantages of using 
fiber-based structures will be explained.

2. Specifications for tissue engineering scaffolds

Figure 1 represents the desired structural, mechanical and chemical properties 
that every tissue engineering scaffold should possess. The structure needs to have 
open pores that facilitate the passage of nutrients and waste products to and from 
the cells in the interior of the scaffold. The average pore size and pore size distribu-
tion are critical so as to ensure that cells, which may measure 10–50 μm in size, can 
infiltrate into the interior of the scaffold. This is particularly crucial for endothelial 
cells that are responsible for the formation of vasa vasorum and internal vascular-
ization of the scaffold tissue.

The surface properties of the scaffold should be suitable from both chemical and 
topographical points of view so as to enable cell attachment and proliferation. To this 
end surfaces are often coated or modified with extra cellular matrix proteins, such as 
collagen or fibronectin, to promote cellular interaction. It is assumed that all surfaces 
are biocompatible so as elicit cell interaction and avoid a cytotoxic response.

Figure 1. 
Required properties of tissue engineering scaffolds.
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3. Types of nonfiber-based tissue engineering scaffolds

The scaffold structures fabricated by a number of conventional methods, such 
as solvent casting, particulate leaching, gas foaming, phase separation and freeze 
drying are illustrated in Figure 2. The porous structures are inconsistent and there 
are limited processing options to alter the average pore size and the pore size distri-
bution. Hence the mechanical performance in any direction is limited, especially for 
scaffolds that need to support mechanical loading during cell culture. In addition, 
a number of the polymer materials require the use of toxic organic solvents that 
increases the risk of cytotoxic effects during cell culture.

4. Types of fiber-based tissue engineering scaffolds

As seen in Figure 3, there a number of textile technologies that can and have 
been used to fabricate tissue engineering scaffolds. They include weaving, weft 
knitting, warp knitting, braiding, nonwoven production and electrospinning. Each 
of these technologies is described in the following sections, which discuss both the 
concepts and principles as well as examples of their application.

4.1 Woven scaffolds

Weaving is a conventional textile fabrication technology that is widely used in 
tissue engineering applications, because it enables a 3D scaffold to be fabricated 
that can imitate the mechanical and biological features of native human tissues. 
Woven structures are basically formed by interlacing two sets of yarns, namely, 
warp and weft yarns. With various interlacing and pattern designs, woven fabrics 
are categorized as plain, twill and satin weaves (Figure 4). Compared with knitted 
and braided structures, woven fabrics have better mechanical strength and struc-
tural stability [9]. The properties of woven fabrics, such as thickness, porosity and 
strength, can be easily adjusted and modified by woven design selection and the 
density of the warp and weft yarns [10].

Figure 2. 
Porous structures of non-textile tissue engineered scaffolds.
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4.1.1 Woven tendon bridging and reinforcement

A tendon is a crucial linkage between a muscle and bone, and it plays an impor-
tant role in the movement of the joints, such as the rotator cuff tendon which allows 
shoulder movement. When a tendon ruptures or tears, it causes dysfunction of the 
joint. The complex multilayered avascular structure limits the rate and potential 
for healing [11–13]. Tissue engineered scaffolds not only need to have excellent 
mechanical properties such as high tensile stress and modulus, but also should 
have excellent biological properties to promote rapid host cell growth and tissue 
regeneration.

Commercial woven scaffolds, such as X-Repair (Synthasome, CA, USA) and 
Biofiber™ CM (Tornier, MN, USA) made from biodegradable polymers, are 
already used clinically for tendon repair. Derwin et al. reported using the woven 
poly-l-lactic acid (PLLA) X-Repair patch to provide bridging reinforcement for a 
shoulder tendon in a canine model. Post-operatively the augmented and repaired 
tendon was 23% significantly stronger, and after 12 weeks the patch reinforcement 

Figure 3. 
Porous structures of fiber-based tissue engineered scaffolds.

Figure 4. 
Woven designs showing plain, twill and satin weaves [10].
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showed less tendon retraction and significantly greater stiffness (26%), and 
ultimate load (35%) compared to those animals that were repaired without a patch 
[14]. For the first time in 2014, Proctor successfully used the X-Repair woven patch 
with an arthroscopic approach to repair a series of patients who presented with a 
large-to-massive rotator cuff tear. He reported that the surgery provided substan-
tial functional improvement for 83% of patients after 12 months and 78% of the 
patients after 42 months [15]. Ratcliffe et al. compared the mechanical properties of 
a number of commercially available synthetic and extracellular matrix (ECM) scaf-
folds, and found that only the X-Repair was able to provide a similar stress-strain 
curve to a human or canine infraspinatus rotator cuff tendon with a short toe region 
and high strength (Figure 5) [16].

More recently, a woven structure has been used together with non-woven layers 
to assemble a laminated multilayered scaffold (Figure 6A) to closely match the 
mechanical properties of a human rotator cuff tendon and provide nanofiber in 
vitro and in vivo bioactivity [17]. Wu et al. combined the nanofibers with a woven 
structure by weaving the nanofiber yarn directly into the scaffold. With dynamic 
conditioning, the scaffold can promote significant collagen secretion and teno-
genic differentiation of the tri-culture of derived mesenchymal stem cells, human 
tenocytes, and human umbilical vein endothelial cells [18].

Islam et al. manually wove plied and crosslinked electrochemically aligned 
collagen threads (ELACs) using pins into a scaffold for rotator cuff tendon repair 

Figure 5. 
Stress–strain curves for the human and canine infraspinatus rotator cuff tendon, and for the products used in 
the repair of rotator cuff injuries [16].

Figure 6. 
Recent woven scaffold innovations for tendon repair applications. (A) Composite multilayer woven and 
electrospun scaffold [17]. (B) Pin woven scaffold made from novel electrochemically aligned collagen threads [19].
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(Figure 6B) [19]. The scaffold has approximately 60% of the functional strength of 
a comparable sized native rabbit infraspinatus tendon, a stiffness close to that of a 
native tendon and the ability to initiate tenogenic differentiation of human mesen-
chymal stem cells [20].

4.1.2 Bone and cartilage regeneration

Human bone has a complex hierarchical and lamella structure of mineralized col-
lagen fibrils which makes it difficult to replicate the complex ECM structure for better 
cell growth and bone regeneration [21]. By adjusting the pore size and structure of the 
woven fabric a potential scaffold candidate can address the required mechanical and 
biological features of an ideal tissue engineering bone scaffold [22]. Recently, a three 
dimensional (3D) woven structure has shown potential for bone regeneration.

Polylactic acid (PLA) and silk fibroin were combined and electrospun into nano-
fibers and fabricated into a woven multilayer fabric with subsequent mineralization 
using simulated body fluid. This approach significantly improved the scaffold’s 
compression resistance and enhanced cell proliferation by promoting osteogenic 
differentiation of mesenchymal stem cells (MSC) [21]. This stem cell differentia-
tion was also confirmed by Persson et al. who seeded cells onto a 2.4 mm thick 3D 
woven scaffold made from wet spun PLA and hydroxyapatite (HA) composite 
fibers (Figure 7) [23]. A 3D engineered woven poly(ϵ-caprolactone) (PCL) scaffold 
was created for the purpose of assisting deposition of cartilaginous and mineralized 
matrix from marrow-derived human bone for repairing chondral or osteochondral 
defects [24]. By using subchondral bone anchor in a porcine in vivo model, a 3D 
PCL woven scaffold has the potential to be used for long-term repair of chondral 
defects [25], and with an MSC-seeded hydrogel layer, the PCL woven scaffold could 
provide a microenvironment for stem cell chondrogenesis [26]. Other degradable 
polymers have also been investigated to fabricate 3D woven scaffolds for bone 
regeneration, such as poly-l-lactic acid (PLLA) [27].

4.1.3 Aortic heart valve replacement

With the problems of aortic valve insufficiency and stenosis, patients need heart 
valve replacement surgery to regulate blood flow between the left ventricle and the 
aorta [10]. The ideal scaffold should be able to simulate the native valve in terms 
of an active change of shape, size and stiffness of the cusp, annulus, sinus, and sino-
tubular junction during the cardiac cycle [28]. Textiles have been used to fabricate 

Figure 7. 
(A) Schematic view of a 3D orthogonal woven scaffold, the PLA/HA 3D woven scaffold has five warp layers 
(x-direction) and six weft layers (y-direction), bound together by a warp set through-the-thickness (z-direction) 
and (B) cell mineralization (arrow) occurred on PLA/HA 3D woven scaffold after 35-days of culture in 
osteogenic induction medium [23].
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heart valves because of their unique structural and mechanical characteristics that 
enable the production of unique anisotropic properties [10].

Wu et al. proposed a novel engineered valve design of combining a woven fabric 
with a hydrogel to mimic the heterogeneous and anisotropic features of native heart 
valves [29]. The scaffold was composed of a polyacrylonitrile (PAN) electrospun weft 
yarn and a multifilament PAN warp yarn with a methacrylated hyaluronic acid (Me-
HA) or methacrylate gelatin (Me-Gel) layer for encapsulation of human aortic valve 
interstitial cells. The composite scaffold showed a similar initial toe, transient, and 
peak tangent regions in a stress-strain curve under load, similar to that of native aortic 
valve leaflets. High cell viability and layered cell penetration through the fibrous 
network were obtained after 14-days of in vitro culture. The woven fabric structure of 
the composite was able to promote the alignment and natural proliferation of normal 
cells, promote ECM remodeling, increase cell proliferation on the Me-HA/Me-Gel 
hydrogels and reduce the extent of shrinkage. Moreover, the composite scaffolds were 
able to suppress the trans-differentiation of diseased cells. This concept has sug-
gested the possibility of woven structures being applied to heart valve regeneration if 
combined with the appropriate selection of a degradable polymer, such as PCL [10].

4.1.4 Vascular substitution and reconstruction

When patients suffer from atherosclerosis or an aneurysm, they may need an 
arterial prosthesis or stent-graft to replace or bypass the occluded or dilated vessel. 
Woven textiles have a long history of being used to fabricate arterial protheses with 
non-degradable synthetic polymer yarns, such as polyester, for long-term therapy 
of large caliber vessels. For tissue engineered vascular grafts, woven structures are 
less frequently used compared to other textile structures with more flexibility, such 
as electrospun non-woven webs and knitted structures [30–34]. However, weaving 
technology is capable of producing complex branched tubular structure for vascular 
application, such as seamless bifurcated or trifurcated endovascular prostheses [35].

Yokota has proposed a small diameter vascular graft with inner diameter equal 
to 4 mm, fabricated by combining a collagen microsponge with a plain-woven tube 
made from sheath-core yarns, namely, polyglycolic acid (PGA) as the sheath and 
poly-l-lactic acid (PLLA) as the core (Figure 8A) [36].

After 12 months of implantation in a canine carotid animal model, the graft 
showed no evidence of thrombogenic activity or aneurysm formation. Instead there 
was evidence of excellent in situ tissue regeneration [36]. The same group then 
examined the reconstruction potential of the vessel wall by implanting a woven 
patch into the canine pulmonary artery (Figure 8B and C). Similarly, no aneu-
rysm and thrombus formation were observed after 6 months but a monolayer of 

Figure 8. 
(A) The small diameter vascular graft with plain weave fabricated from bicomponent yarn with PLLA core 
fibers and PGA sheath fibers [36]; (B) woven scaffold design with PGA/PLLA sheath-core yarns; and  
(C) intraoperative view of patch (arrow) implanted in the canine pulmonary artery [37].
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poly-l-lactic acid (PLLA) as the core (Figure 8A) [36].

After 12 months of implantation in a canine carotid animal model, the graft 
showed no evidence of thrombogenic activity or aneurysm formation. Instead there 
was evidence of excellent in situ tissue regeneration [36]. The same group then 
examined the reconstruction potential of the vessel wall by implanting a woven 
patch into the canine pulmonary artery (Figure 8B and C). Similarly, no aneu-
rysm and thrombus formation were observed after 6 months but a monolayer of 

Figure 8. 
(A) The small diameter vascular graft with plain weave fabricated from bicomponent yarn with PLLA core 
fibers and PGA sheath fibers [36]; (B) woven scaffold design with PGA/PLLA sheath-core yarns; and  
(C) intraoperative view of patch (arrow) implanted in the canine pulmonary artery [37].
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Figure 9. 
(A) Three courses of weft knitted loop structure and (B) SEM image of knitted heart patch. Scale bar: 500 μm [46].

endothelial cells and layers of smooth muscle cells were presented [37]. The ability 
to promote in situ autologous vascular regeneration with a tissue engineered PLA 
woven/PGA knitted/collagen-microsponge composite scaffold was also confirmed 
by using a porcine descending aorta model for a 6-month implantation study [38].

4.2 Weft knitted scaffolds

Weft knitting technology dates back to the sixteenth century when the Reverend 
William Lee in England invented a knitting frame to produce woolen hosiery. Weft 
knitted fabrics can include three main types of stitches: jersey, rib and interlock 
structures, which can be fabricated from a single yarn [39].

Compared with weaving and warp knitting, weft knitting has superior compli-
ance and flexibility of design. When used with advanced biodegradable materials, 
such as poly-l-lactic acid (PLLA), polyglycolic acid (PGA) and polyurethanes 
(PU), their mechanical performance is predictable whether or not they serve as the 
reinforcing component of a tissue engineering scaffold [40, 41]. Structural instabil-
ity and fabric permeability are the two main concerns relating to the performance 
of weft knitted fabrics. The use of advanced coatings and immersion techniques 
compensate for these limitations, and the combined scaffolds provide improve-
ments in device function [42, 43]. To date, various implantable scaffolds have been 
fabricated as weft knitted structures, including a cardiac support device (CSD), 
aortic valves, vascular prostheses and nerve guides [42].

4.2.1 Cardiac support device

In the event of a heart attack or myocardial infarction (MI), the muscle wall 
of the left ventricle will experience a remodeling process [44]. Today, the major 
challenge is how to provide the mechanical support for the left ventricle and deliver 
stem cells to the target area where the infarct occurred. For this application, the 
scaffold needs to be extensible and match the different compliances of the left 
ventricle in the radial and longitudinal directions [45].

Until now, Boublick et al. developed a knitted cardiac patch that has been devel-
oped and assessed by in vitro and in vivo tests for its mechanical support and its ability 
to reverse the remodeling process [46]. This cardiac patch was knitted from hyaluro-
nan benzyl ester (HBE) sutures (Hyaff-11®) and seeded with rat cardiac cells mixed 
with fibrin (Figure 9). This knitted, biodegradable construct exhibited excellent 
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mechanical matching with the native rat myocardium, and it was able to successfully 
repair the mechanical defect and malfunction of the rat heart. Chen et al. has also fab-
ricated a PLA cardiac patch with rib stitch structure to deliver cardiosphere-derived 
cells (CDCs) to the ventricular wall. The in vitro tests indicated that (1) the mechani-
cal properties of the rib stitch patch structure matched those of native tissues, and (2) 
the CDCs were able to attach to and proliferate on the patch [47].

Related to the heart patch concept, a biodegradable knitted heart cap has proven 
to have a beneficial effect when used in a canine heart failure model (Figure 10). 
After comparing the healing response of a biodegradable (PGA) heart cap with 
that of a non-degradable (PET) heart cap in a canine cardiac model, Kitahara et al. 
pointed out that the failure of the CorCap™ cardiac support device was that it 
was knitted from a non-degradable material, which was polyester (polyethylene 
terephthalate) (PET) yarns. The improved heart function of using biodegradable 
PGA in a canine model has supported this conclusion, which is consistent with the 
clinical data for the CorCap™ device [48, 49].

4.2.2 Aortic valve

Surgical aortic valve replacement (AVR) is conducted on patients with aortic 
valve stenosis [50]. The expectancy of the replacement valve to continue to function 
is from 10 years to a lifetime, which requires the implanted valves to have excellent 
durability and biocompatibility. The most challenging aspect of the surgery is the 
risk of post-surgical paravalvular leak, increasing the risk of the heart failure and 
other severe complications [51, 52]. Lieshout et al. developed a knitted scaffold for 
the aortic valve from polycaprolactone yarn. The fabric was knitted into a rectangu-
lar patch with three leaflets (Figure 11).

During valve opening and closing, the knitted leaflets performed well with 
complete coaptation and no collison with the aortic wall. In an in vitro durability 
fatigue test, the knitted valve experienced 10 million cycles without tearing and 
failing. A 3 layer coating of fibrin gel was applied to improved the biocompat-
ibility [53]. It exhibited excellent durability and structural stability in a long-term 
in vitro fatigue study. In the future, PCL may be a good choice to regenerate heart 
valve leaflets in a bioreactor using native cells and extracellular matrix. This 
approach is likely to be more reliable than the permanent synthetic implants on 
the market [54].

Figure 10. 
Knitted cardiac support devices. (A) Non-degradable PET knitted device (left) and a degradable PGA 
knitted device (right) and (B) The implanted device after implantation around the ventricles of the canine 
heart [48].
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Figure 9. 
(A) Three courses of weft knitted loop structure and (B) SEM image of knitted heart patch. Scale bar: 500 μm [46].
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4.2.3 Vascular prosthesis

A vascular graft is a common and useful therapy to rebuild small diameter blood 
vessels and treat the symptoms of atherosclerotic vascular disease [55]. However, to 
date only yarns spun form permanent or non-degradable polymers have been used 
to fabricate commercial large caliber prostheses.

With the objective of developing a resorbable small diameter vascular prosthesis, 
Xie et al. designed a weft knitted/electrospun PLA/PLCL tube with comparable 
compliance to a human saphenous vein [33]. Zhang et al. has also fabricated a small 
diameter vascular scaffold by weft knitting electrochemically aligned collagen (ELAC) 
yarns into a tubular structure on a circular weft knitting machine (Figure 12).

The tube serves as the backbone of the scaffold and provides sufficient mechani-
cal support and structural integrity. Also, by utilizing collagen as the material, the 
scaffold has demonstrated advanced endothelial cell adhesion [56, 57]. Although 
a common complaint of weft knitted structures has been their poor dimensional 
stability and their tendency to unravel from the unsecured end, these are surmount-
able issues that can be controlled by knitting a backloop binding-off structure or 
sewing a reinforcing edge seam along the cut edge.

Figure 12. 
The circular knitting machine for weft knitting tubular fabric.

Figure 11. 
The appearance of a weft knitted heart valve. (A) External lateral view and (B) top view of heart valve after 
application of fibrin gel layers [53].
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4.2.4 Nerve guide

A novel approach to fabricating a nerve guide is to combine weft knitting tech-
nology with freeze drying to form a high porosity scaffold. After being injured, the 
distal stump of the peripheral nerve is unable to repair the gap between neurons. So 
to bridge this gap, a nerve guide with good compliance can be used to evaluate the 
neural signals and promote axonal growth [58]. Wang et al. designed and fabricated a 
chitosan scaffold for nerve tissue engineering. The knitted chitosan tubular fabric was 
fitted onto a mandrel and immersed in a chitosan solution. Acupuncture needles were 
then inserted into the hollow chitosan tube to create inner pores for guiding neural 
growth and proliferation. Following the immersion process, the scaffolds were freeze 
dried to form interconnected micropores in both the outer wall and inner matrix. 
The knitted scaffold provided sufficient compressive resistance and recovery to serve 
as a nerve guide scaffold. A porous microstructure improved the axonal elongation 
and migration of the neural cells [59]. In vitro evaluation of this knitted, freeze dried 
scaffold confirmed that it had suitable mechanical properties, and it provided good 
cell affinity, porosity and rate of biodegradation for neural tissue engineering [60].

4.3 Warp knitted scaffolds

Warp knitted fabrics are formed by wales which are vertical columns of yarns 
looped in the warp or machine direction. Warp knitted fabrics gain popularity in 
many medical applications due to the superior structural stability, the avoidance of 
yarn raveling after cutting to size, and higher suture retention strength in compari-
son with weft knitted fabrics.

The knitting productivity of warp knitted fabrics is usually much higher than 
for weft knitted fabrics. However, the yarn preparation for warp knitting is more 
challenging due to yarn beam preparation. There are fewer design pattern options 
for warp knitted fabrics than for weft knits because the warp knitted design is 
limited by the pattern drum on the machine, which is more difficult to create 
complex structures [61]. Two dimensional (2D) warp knitted fabrics have been 
widely adopted for biomedical applications due to their superior structural stability 
and durability. For example, most permanent hernia repair meshes are warp knitted 
so as to provide high tear resistance and bursting strength, reliable stabilization of 
the fascial tissue in the abdominal wall, no raveling when cut to size and limited 
contraction during healing [62]. Other permanent applications involve commercial 
arterial prostheses, aortic valve rings [53] and artificial skin [63].

On the other hand, only a few resorbable warp knitted fabrics are being devel-
oped as tissue engineering scaffolds. Secant Medical LLC (Telford, PA, USA) is 
developing a warp knitted fabric using degradable yarns for a tissue engineering 
application [64]. In order for a tissue engineering scaffold to mimic the volume and 
complexity of natural tissue a 3D warp knitted structure is required, and for this 
application, a warp knitted spacer fabric is the preferred structure. Spacer fabrics 
are defined as a 3 layer sandwich structure with two outer layers of fabric, each 
knitted on its own row of needles, and a third inner spacer layer as shown in  
Figure 13A. In addition to having the advantages of a warp knitted fabric, such as 
high bursting strength, high elongation, high porosity and low Young’s modulus, 
the 3D spacer fabric is a one piece multi-layered structure with high volume to 
weight ratio, softness, breathability, moisture permeability, compression resistance 
and excellent recovery properties [65, 66].

The spacer yarn that lies in the thickness direction provides the mechanical support 
and the high total porosity needed for a tissue engineering scaffold. The yarns ensure 
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a high surface area for cell attachment and proliferation, and the porous structure is 
highly interconnected which allow fluids carrying nutrients and waste by-products to 
flow through the entire structure [67]. The technical face, back and spacer lay-
ers are all knitted independently. So distinct characteristics can be designed and 
incorporated into the same fabric by means of changing the yarns and the construc-
tion in each layer. The distance between the two needle beds, also known as the 
void volume or “total porosity”, can be altered by the knitting pattern in the spacer 
layer, which defines the macro level. At the same time, the size, twist and texture 
of the filament yarns, and their individual cross-sectional shape defines the micro 
level. The unique spacer layer determines the thickness of the scaffold, ranging 
from about 100 μm to several centimeters. Space fabrics are knitted from monofila-
ment or multifilament yarns as shown in Figure 13B and C. A monofilament yarn 
consists of one thick filament per yarn so the yarn stiffness is higher and the fabric 
compression resistance is higher than a multifilament spacer fabric. Multi-filament 
yarns have several filaments per yarn, sometimes there can be hundreds of fila-
ments. The higher the filament count, the finer each fiber. So multifilament spacer 
fabrics have extraordinary surface areas with high porosity [61].

Warp knitting is a promising technology to fabricate basic and complex scaffolds 
for tissue engineering applications. Warp knitted scaffolds have a high potential for 
commercial success because they can adapt to FDA-compliant materials without 
sacrificing their property requirements. The warp knitted fabric has great structural 
stability and suture retention performance, which is crucial in any clinical applica-
tion. The unique type of 3D warp knitted spacer fabric, has proven to be biocompat-
ible in lab trials with excellent cell attachment and tissue penetration into the 3D 
scaffold network. It is also an attractive candidate in complex tissue engineering 
applications such as at muscle-tendon junctions.

4.4 Braided scaffolds

Braiding technology, developed in the 1800s [68], is the process of interlacing 
three or more yarns obliquely to form either tubular or flat fabrics. In order to 
braid a tube one needs to use an even number of yarns, half rotating clockwise, 

Figure 13. 
ProCAD warp knit simulation of a 3D warp knitted spacer fabric (A); a spacer fabric knitted with 
monofilament yarns (B) and multifilament yarn (C) in the middle spacer layer [67].
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and the other half rotating counter-clockwise. If a flat braid is needed, then one 
needs to use an odd number of ends. By increasing the number of sets of yarns or 
the thickness of the yarns, one can obtain a thicker or wider product with superior 
mechanical performance [69]. These designs can be a hollow or solid construction 
with either a uniform or variable cross-sectional shape [69]. Braiding technology has 
traditionally been used to fabricate textile structures such as ropes, but it is gradually 
gaining attention in biomedical applications, such as sutures, stents  
and in tissue engineering (TE) scaffolds for the repair of connective tissues, nerve 
guides and vascular prostheses.

4.4.1 Design of braided structure

Braiding angle, the most important geometrical parameter of braided struc-
tures, is defined as the angle between the braided yarns and the longitudinal 
direction. Braiding angles can range from 0° to 90° while they are usually between 
30° and 80°. In comparison with a woven structure, the yarns in a braid are able 
to rotate and slide at the crossing points when under an external force. This offers 
braided structures with superior flexibility [70].

Tubular braids or ropes are mainly used in medical applications, which are manu-
factured with an even number of yarns arranged around a circle. The two common 
structures that have been developed are the diamond braided structure with each yarn 
crossing above and below the other yarns (1/1) and the regular braided structure with 
each yarn crossing over two of the other yarns (2/2) (Figure 14). In addition, other braided 
structures can be developed. For example, axial yarns can be introduced in the longitudi-
nal direction to form a tri-axial braided structure [71].

4.4.2 Fabrication of braided scaffolds

The most widely used braiding machine for fabricating tubular braids has two 
sets of bobbins mounted on spindles moving along two tracks. One set of bobbins 
revolves in the clockwise direction and the other set revolves in the counter-clock-
wise direction, in order to form the braided pattern (Figure 15) [68, 72].

Yarns wrapped on the bobbins are pulled continuously and interlaced with 
each other at the braiding point. The braided yarns are then wound up on a scroll 
or take-up package. By adjusting the ratio of the braiding velocity and the take-up 
velocity, different braiding angles can be obtained which significantly affect the 
performance of the braided product.

Figure 14. 
Three types of braided structure.
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Figure 14. 
Three types of braided structure.
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4.4.3 Evaluation of braided scaffolds

Braided scaffolds have frequently been used for tubular or rope-like tissue 
engineering scaffolds because of their precise and predictable porous structure 
and adjustable performance to mimic natural structures and properties [73, 74]. 
Extensive tissue ingrowth and mechanical characteristics that match natural tissues 
can be achieved with the appropriate selection of materials, braiding parameters 
and suitable pore size [75]. First, the mechanical and physical performance are 
considered as the most important criteria for designing a braided tissue engineering 
scaffold, followed by the question of biocompatibility.

4.4.3.1 Physical properties of braided scaffold

For rope-like braided scaffolds, the braiding angle is the key to affect their 
mechanical properties. The cover factor, combined with the braiding angle, needs 
to be measured in order to evaluate the physical properties of the tubular braided 
scaffold. The easiest way to measure braiding angle (θ) is by using a microscope and 
angle measurement software, as shown in Figure 16.

For tubular braided scaffolds, the cover factor is defined as the percentage of the 
mandrel’s surface covered by yarns and calculated with Eq. (1) [76]:

  Cover factor :   = 1 −   (  1 −    W  y      N  c   ________ 4πR cos θ   )     
2

  (1)

 where Wy is the width of braiding yarns; Nc represents the number of bobbins; R 
is the outer radius of mandrel (mm) and θ is the braiding angle.

4.4.3.2 Mechanical properties of braided scaffold

Radial compression, tensile and bending measurements are commonly used to 
evaluate the mechanical properties of braided scaffolds, especially tubular braided 
scaffolds.

Figure 15. 
Schematic diagram of braiding machine.
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According to ISO 25539-2012 [77], the radial force test with a radial compression 
machine and the crush resistance test with a parallel plate tester are highly recom-
mended to evaluate the radial compressional properties of tubular braided scaffolds 
(Figure 17A and B) [78, 79]. A uniaxial tensile test (Figure 17C) [75, 80] and a 
three-point bending test (Figure 17D) [81] are measurements used to evaluate the 
tensile strength and bending stiffness of braided scaffolds, respectively.

Figure 16. 
Diagram of braiding angle. D: outer diameter of braided scaffold; p: axial distance of braiding yarn in one spiral.

Figure 17. 
(A) Radial compression machine; (B) parallel plate compression tester; (C) uniaxial tensile measurement;  
(D) diagram of three-point bending measurement.
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4.4.4 Tissue engineering applications of braided scaffolds

For tissue engineering applications, braided scaffolds are required to have 
good cell adhesion and cell proliferation. At present, different biomaterials are 
used to fabricate various braided scaffolds for tissue engineering applications such 
as tendon/ligament reconstruction, cartilage, bone, vascular grafts and nerve 
regeneration.

Barber et al. [82] and Rothrauff et al. [83] reported that they had braided 
nanofibrous scaffolds (BNFSs) for tissue engineering tendons and ligaments. 
Several bundles of electrospun nanofibers were braided into rope-like scaffolds. 
Human mesenchymal stem cells (hMSCs) showed good adhesion and orienta-
tion after seeding and culturing on the BNFSs, and were also reported to promote 
hMSCs proliferation and key pluripotency gene expression. Cooper et al. [84] and 
Freeman et al. [85] developed braided scaffolds made with synthetic poly(l-lactic 
acid) for anterior cruciate ligament repair. The scaffolds mimicked the morphology 
and mechanical properties of the native ligament tissue and when tested in rabbits 
showed excellent healing and regeneration. In another study, Fang et al. developed a 
braided scaffold using antheraea pernyi silk fibroin for tissue engineering a tendon 
[86]. The scaffold was investigated in vitro and in vivo using tenocytes and a rabbit 
animal model. It was found that the scaffolds integrated with the native tissue and 
formed tendon tissue in rabbits.

Sun et al. fabricated a gene-modified scaffold by lyophilizing the CHS mixture 
with braided silk cables for fibrocartilage application [87]. The scaffold, seeded 
with mesenchymal stem cells (MSCs), showed vigorous cell proliferation and 
differentiation to reconstruct the cartilage. Fujihara et al. successfully developed 
a braided carbon/PEEK composite to be used as a bone plate [88]. The bending 
properties of the braided composite were comparable with natural bone. In another 
study, Evans et al. developed a tubular braid to improve the efficiency of bone 
fracture treatment [89]. It was shown that changing the braid angle and the thick-
ness of the tubular cast produced a stiffness similar to that of native bone. Ichihara 
et al. braided PLLA and PGA yarns coated with collagen to form a novel nerve guide 
tube for nerve regeneration [90]. The animal experiment showed fast recovery and 
good regeneration by using the scaffold, which suggested the potential for nerve 
gap repair. Zhang et al. designed a tri-layer graft from electrospun silk fibroin (SF) 
and poly(l-lactide-co-ε-caprolactone) (PLCL) and braided layers of silk yarns, to 
mimic the tri-layer structure of the intima, media, and adventitia of native blood 
vessels [91]. It was demonstrated that the braided outer layer significantly improved 
the mechanical properties of the construct. Besides good mechanical properties, 
and biocompatibility the prototype sample also exhibited appropriate anticoagula-
tion properties as a result of the heparin coating.

4.5 Nonwoven scaffolds

Nonwoven textiles can be distinguished from traditional textiles based on the 
fact that nonwoven textiles are manufactured directly from staple fibers or fila-
ments and do not involve the intermediate yarn manufacturing process [92].

Various definitions of nonwoven textiles are used by various nonwoven organiza-
tions. One of the most widely used definition is the one defined by the Association of 
Nonwoven Fabrics Industry (INDA), which is “A sheet, web, or batt of natural and/
or man-made fibers or filaments, excluding paper, that have not been converted into 
yarns, and that are bonded to each other by any of several means” [93].

Thus, nonwoven textiles essentially are characterized by those fabrics which are 
converted directly from fibers. As opposed to conventional textile manufacturing 
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of woven or knitted fabrics, nonwoven manufacturing processes are characterized 
by cost effective and high productivity due to elimination of the yarn manufactur-
ing step. The ability to process a wide range of raw materials from staple fibers to 
continuous polymer filaments adds to a versatility in the range of products that can 
be obtained from nonwoven textile processing [94].

4.5.1 Nonwoven fabrication process

Nonwoven fabric manufacturing consists of three main steps: (1) selection of 
raw material fiber or polymer, (2) web formation, and (3) web consolidation and 
finishing [95]. Selection of the raw material or type of fiber is generally based on 
the requirement of specific properties for the end use application. Raw material for 
nonwoven fabrics includes staple fibers or polymers, binders for thermal or chemi-
cal web consolidation and finishing agents such as softeners, flame retardants, 
antimicrobials [95]. On the basis of web formation, nonwovens can be classified 
into two main categories, web formation from staple fiber and web formation from 
polymers. Staple-fiber-based web formation is further divided into two categories: 
dry laid webs and wet laid webs.

Dry laid web formation includes opening and mixing of staple fibers and the 
formation of a thin layer of web of randomly laid or oriented individual fibers by air 
laying or a conventional carding machine. The single layered web is then laid into its 
final web structure by going through cross lapping or parallel laying to get a stable 
structural integrity. The orientation of fibers in the machine or cross direction can be 
engineered through these processes, depending upon the properties required in the 
final product [95]. Wet laid web formation includes initial mixing of the staple fibers 
in chemicals and water and then deposition of the mixture into a thin layer of web 
consisting of randomly laid fibers. The advantage of wet laid web formation is that 
fibers with very short staple length can be easily converted into a web [95]. Polymer 
based web formation is further divided into spunbonded and melt blown web forma-
tion. Both the processes include melting of the polymer into a dope which is then spun 
into fine filaments or microfibers and directly collected on a collection plate in the 
form of a web which can then be further processed for producing a hybrid nonwoven 
structure or can be finished into a final product [95]. Variables such as fiber type, 
fiber processing, type of web formation, web weight, uniformity and the presence of 
binder can impact the characteristics and properties of the final fabric [94].

Web consolidation or web bonding processes are classified into three main types, 
which are mechanical, chemical and thermal bonding. Different types of web con-
solidation processes impart specific properties to the nonwoven fabric. Mechanical 
web bonding consists of two types: needle punching and hydroentangling. In both 
the processes a randomly laid or carded web goes through penetration with either 
barbed needles or high-speed water jets resulting in interlocking and bonding of the 
web in the form of a fabric with strength and stability. The properties of the scaf-
fold such as thickness, total porosity, air permeability can be engineered by various 
machine variables such as the intensity and depth of penetration of the needles, the 
number of entanglements per specific surface area [94]. In chemical bonding, the 
adhesion of fibers in the web is achieved with the help of binders such as polyvinyl 
acid derived resins. The characteristics and amount of binder used determines the 
properties of the nonwoven fabric (Figure 18).

For example, increasing the amount of binder results in increased strength and 
stiffness, but reduced softness and flexibility. Chemical bonding can be achieved 
by various methods such as saturation, foam, spray, and print bonding [94]. 
Thermal bonding involves binding the web using thermoplastic binders, such as 
fibers or powders. Thermal bonding techniques include hot calendering, air thermal 
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bonding, ultrasonic, and radiant heat bonding. In thermal bonding, various surface 
characteristics can be introduced using calender bonding of different profiles 
including area bonding, point bonding, embossing and grid bonding [94].

Finishing of nonwovens includes various mechanical and chemical finishes such 
as calendering, heat setting, shearing, singeing, and applying antimicrobial and 
antistatic agents. The chemical finishes can be applied through processes such as 
padding, coating, laminating and newer finishing techniques such as plasma and 
microencapsulation [94].

4.5.2 Nonwoven fabrics as scaffolds

Nonwoven fabrics are characterized by properties such as high surface area and 
high porosity, which encourages researchers to study various types of nonwoven 
fabrics for applications in tissue engineering. Though currently there is no commer-
cial product available, various studies have been conducted on nonwoven fabrics 
as tissue engineering scaffolds for in vitro tissue regeneration [96–102]. Needle 
punched nonwoven scaffolds have been studied for cell attachment and prolifera-
tion of cell types including mesenchymal stromal cells, mouse fibroblasts and 
hepatocytes using different types of fibers such as polyvinylidene fluoride (PVDF), 
polyester, polypropylene and nylon fibers [96–98]. Polyester melt blown non-
woven scaffolds have also been studied for osteogenic differentiation using mesen-
chymal stem cells [99]. Another study incorporating nonwoven scaffolds included 
poly(vinyl alcohol) (PVA) bonded to a wet-laid chitosan nonwoven scaffold 
characterized by high porosity and a narrow pore size distribution. These scaffold 
properties are recommended for soft tissue regeneration, such as cartilage tissue 
[100]. Polymer impregnated Lyocell fiber nonwoven biomaterials were seeded with 
chondrocytes to study their ability to regenerate cartilage tissue [101]. Conductive 
scaffolds have also been fabricated by coating poly-l-lactide (PLLA) spunbond 
biomaterials with conductive poly(3,4-ethylenedioxythiophene) (PEDOT), and 
human dermal fibroblasts have been cultured to evaluate on the biocompatibility of 
the coated scaffold [102].

Figure 18. 
Schematic diagram of nonwoven web formation using a carded drylaid web and bonding with liquid chemical 
binder impregnation and drying.
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4.6 Electrospun scaffolds

Electrospinning is one of the most popular techniques for fabricating tissue engi-
neering scaffolds. Its widespread use is accredited to its ease of manipulation, cheap 
and accessible equipment needs, and its versatility. The technique can be applied to 
various materials, ranging from synthetic polymers such as PLA [103], PGA [104], 
PCL [105, 106], PU [107, 108], and their copolymers [109], to natural polymers such 
as collagen [110, 111], elastin [112], gelatin [113] and chitosan [114]. Electrospun scaf-
folds have been applied in various tissue engineering applications, such as skin [115], 
bone [107, 116], cartilage [113, 117], tendon [118, 119], ligament [118], nerve [105, 120], 
blood vessel [121], cardiac tissue [122], and aortic valve [108].

Electrospinning is a fiber-forming method by injecting a conductive polymer 
solution or melt through a high-voltage field, and the fiber is stretched by the 
attenuating electrical force and collected on a grounded collector (Figure 19). It has 
a unique advantage in fabricating micro and nano-fibers that mimic the structure of 
the extra cellular matrix (ECM), such as the basement membrane of blood vessels. 
Hackett et al. [105], Zhang et al. [91] and our studies [57] have all demonstrated 
that an electrospun layer attached to the luminal surface of a vascular scaffold is 
able to reduce the pore size and facilitate endothelial cell proliferation. The nano-
fiber web provides an ideal scaffold surface for endothelial cells that require a flat 
surface with nano-sized pores to form a monolayer on the vascular intima.

Another advantage of electrospinning is that it is able to adapt to a wide range 
of materials. In order to fabricate a scaffold that mimicks the native ECM both 
structurally and biochemically, one can apply natural polymers such as collagen, 
elastin, and cellular components to the scaffold’s surface. Collagen, as the pre-
dominant protein in native ECM, has been reported by many researchers to be an 
attractive scaffold coating that leads to advanced cell adhesion, proliferation, and 
migration [123, 124]. Furthermore, the addition of cellular components to the 
electrospinning solution has also been described. Venugopal et al. [125] reported 
preparing an electrospun scaffold from a blend of gelatin and phytochemical 
components, such as hexadecanoic acid (HDA), octadecanoic acid (ODA) and 

Figure 19. 
Typical experimental electrospinning setup.
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N,N-diisopropyl(2,2,3,3,3-pentafluoropropyl)amine (DPA), which is able to pro-
mote primary human meniscus cells and human MG63 osteoblast-like cells to attach 
and proliferate for bone and cartilage tissue regeneration.

On the other hand, its micro- or nanoscale structure turns out to be its limitation in 
fabricating a 3-dimentional scaffold. The small pore size prevents cell infiltration through 
its thickness, and so it does not regenerate bulk tissue with any thickness [108]. In addi-
tion, its mechanical weakness limits its translational ability. Thus, a composite scaffold 
by combining electrospinning with other textile technologies is an attractive strategy to 
take advantage of the different properties of different textile structures, and in this way 
promote the development of the novel and advanced tissue engineering scaffolds.

5. Conclusions

This chapter has demonstrated the use of a number of textile fiber-based 
technologies that can be used to prepare resorbable scaffolds for a wide variety of 
tissue engineering applications. Each textile fabrication technique has its particular 
advantages in being able to control its physical dimensions (e.g. average pore size 
and pore size distribution), its surface topography and its mechanical properties, 
whether they be related to supporting tensile, compression, bending and shear 
forces, within a precise and predictable range.

Few experimental prototype tissue engineering structures have been accepted 
clinically, and fewer still have been approved by the US regulatory agency for 
commercial production, distribution and use. Additional work is needed in order 
to understand the complex biomaterial-cell-tissue interactions that occur at the 
scaffold interface. It is hoped that by describing in this chapter the success of using 
fiber-based scaffolds that more efforts and collaborations among interdisciplinary 
research teams will be able to overcome these challenges.
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Abstract

Screening for novel producer strains and enhanced therapeutic production at 
reduced cost has been the focus of most of the biopharmaceutical industries. The 
obligation to carry out prolonged intensive pilot scale experiments gave birth to  
micro-scale bioreactor systems. Screening large number of microorganisms 
using shake flasks and benchtop bioreactors is tedious and consumes resources. 
Microbioreactors that mimic benchtop bioreactors are capable not only of high 
throughput screening of producer strains, but also aid in optimizing the growth kinet-
ics and expression of proteins. Modern technology has enabled the collection of precise 
online data for variables such as optical density (OD), pH, temperature, dissolved 
oxygen (DO), and adjusting in mixing inside microreactors. Microbioreactors have 
become an irreplaceable tool for biochemical engineers and biotechnologists to per-
form a large number of experiments simultaneously. Another aspect that is vital to any 
industry is the product yield and subsequent downstream processing. Perfusion biore-
actors are one of the upcoming advances in bioreactor systems that have the potential 
to revolutionize biologics production. This chapter intends to take a review of different 
aspects of microbioreactors and perfusion bioreactors including their potential in high 
throughput pilot studies and microbial and mammalian cell cultivation technologies.

Keywords: microbioreactors, biopharmaceuticals, bioprocess, perfusion 
microbioreactors, microorganisms

1. Introduction

1.1 Need for microbioreactors in bioprocess development

Microbioreactor systems are an integral part of bioprocess engineering. In the past 
few years, microbioreactors have extensively been used for high throughput screening 
[1]. In addition to this, extensive bioprocess experiments were monitored and con-
trolled. Industries involved in bulk production of pharmaceuticals, chemicals, enzymes 
for feed and food from microbial cell factories are in need of microbioreactors [2–4]. 
Advanced shaker microliter cultivation devices or down-scaled stirred tank reactors 
are two basic microbioreactors. Primary and secondary screening experiments based 
on microbial library are conducted in shake flasks and micro liter plates. This screen-
ing process aids in selecting the microbial strain candidates that are promising. Then, 
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Figure 1. 
Comparison of workflow for traditional bioreactors and microbioreactors.

selected microbial candidates are subjected to lab-scale experimental conditions for 
better bioprocess control. Bioprocess method developed by microbioreactors is followed 
by successful lab-scale testing, and it is transferred to pilot scale. Pilot scale experiments 
are essential to understand the bioreactor inhomogeneities which can ultimately be 
addressed using simulators that can scale down the process of bioreactors [5, 6].

Traditional microbiorector experiments start from primary screening; followed 
by secondary screening using shake flasks; then, process development; and, finally, 
optimization leading to process validation and pilot scale. It is worth mentioning 
that microbioreactors reduce the number of steps involved in traditional bioreactors. 
Microbioreactors start with primary screening, followed by accelerated bioprocess 
development for secondary screening, resulting in process validation and pilot scale 
at a faster rate. Introduction of bioreactors has reduced the number of steps involved 
in traditional bioreactors to scale up the bioprocesses. Hence, microbioreactors have 
proved to me more economical as they reduce the usage of secondary screening by 
shake flasks, thus making the process development and optimization more efficient. 
Ecology and environmental concerns arising during traditional bioprocess develop-
ment have also been addressed by microbioreactors. Therefore, the focus of this 
chapter is on new developments in microbioreactors and their impact on bioprocesses.

1.2 Advantages and expected outcome of microbioreactors

Microbioreactors have numerous advantages over traditional bioreactors dur-
ing bioprocess development. Microbioreactors are necessary for high throughput 
quantitative microbial phenotyping under controlled experimental conditions. 
Microbioreactors reduce the time involved in the traditional bioprocess develop-
ment by replacing the shake flasks and large lab-scale bioreactors (Figure 1). 
Microbioreactors are more than necessary with specifications for efficient and 
economical bioprocess development. Expected outcomes of microbioreactors 
are as follows: (a) reduction in volume for each cultivation experiment; (b) time 
conservation during experiments; (c) simple, friendly, and operational without 
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fail; (d) automated operation with minimal or no supervision; (e) examination of 
bioprocess variables with high resolution; (f) temperature, pH, and feeding profiles 
for controlled cultivation process; (h) culture accessibility for sampling and dosing; 
(i) cultivation by fed-batch, batch, and continuous modes; (j) robotic systems with 
advanced hardware and software; and (k) scalability is compared to laboratory 
bioreactors [7].

For realizing all the above-mentioned desired properties of microbioreactors, 
researchers are emphasizing on applied and basic research. Extensive research has 
resulted in various microbioreactors with different technologies and applications.

2. Types of microbioreactors

Commercially available microbioreactors are based on their applications, 
specifications, and capabilities. Different types of microbioreactors are born out of 
extensive basic and applied research.

Biolector (m2p-labs.com), a commercial microbioreactor manufacturer, had 
developed microbioreactors for organism phenotyping, screening the strains, 
toxicity screening, and optimization of feed and growth parameters. These bioreac-
tors support single-use 48-well plates that can hold culture volume of 0.8–2.4 ml. 
Biomass formation can be monitored via fluorescence and by optodes pH and dis-
solved oxygen (DO). This system is integrated with liquid handlers for pH adjust-
ment; feeding; sampling; and control over temperature, gas, and humidity [8].

Microbioreactors (32 plate and 48 plate) [9] from Biolector were used for opti-
mization of feeding rate, media screening, and fermentation parameters for anaero-
bic and microaerophyllic organisms. Few other applications that are possible with 
biolector microbioreactors are growth characterization, high throughput protein 
characterization, enzyme and cell activity tests, functional genomics and proteomic 
studies, inhibition and toxicity studies, and quality control.

RoboLector [10] is another microbioreactor where microbioreactor system from 
biolector is interfaced with liquid handling robot. These microbioreactors with the aid 
of 48 or 96 parallel cultivations through microplates provide fermentation data repeat-
edly for every 5–15 minutes. In addition to this, a robotic system also controls nutrient 
feeding, adjusts pH by adding acid or base, and does sampling based on user definition.

Another commercial manufacturer Micro-24 (pall.com) [11] developed a 
microbioreactor for screening strains and cell lines besides optimization of growth 
and feed parameters. These microbioreactors support single-use cassettes with 24 
columns with culture volume ranging from 3 to 7 ml and regulate pH using ammo-
nia, carbon dioxide, and control over temperature.

Microbioreactors to study biotransformation, phenotyping, strain and toxicity 
screening were developed by commercial manufacturer Bioscreen C (bioscreen.
fi). These microbioreactors consist of two parallel 100-well plates with a capacity 
to hold culture volume of 0.4 ml. Optical density was used for quasi-continuous 
monitoring of biomass.

Growth profiler (enzyscreen.com), Applikon (applikonbio.com), SensorDish 
Reader (presens.de), ambr 15 (tapbiosystems.com), bioReactor (emag.de), and 
Sartorius (Sartorius.com) are other manufacturers of microbioreactors for various 
applications as per the requirements of clients.

2.1 Microbioreactors for fed-batch cultivation of Escherichia coli

During recombinant protein expression, E. coli synthesizes proteins at a faster 
rate with low multiplication rate. In traditional microbioreactors, fed-batch 
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specifications, and capabilities. Different types of microbioreactors are born out of 
extensive basic and applied research.

Biolector (m2p-labs.com), a commercial microbioreactor manufacturer, had 
developed microbioreactors for organism phenotyping, screening the strains, 
toxicity screening, and optimization of feed and growth parameters. These bioreac-
tors support single-use 48-well plates that can hold culture volume of 0.8–2.4 ml. 
Biomass formation can be monitored via fluorescence and by optodes pH and dis-
solved oxygen (DO). This system is integrated with liquid handlers for pH adjust-
ment; feeding; sampling; and control over temperature, gas, and humidity [8].

Microbioreactors (32 plate and 48 plate) [9] from Biolector were used for opti-
mization of feeding rate, media screening, and fermentation parameters for anaero-
bic and microaerophyllic organisms. Few other applications that are possible with 
biolector microbioreactors are growth characterization, high throughput protein 
characterization, enzyme and cell activity tests, functional genomics and proteomic 
studies, inhibition and toxicity studies, and quality control.

RoboLector [10] is another microbioreactor where microbioreactor system from 
biolector is interfaced with liquid handling robot. These microbioreactors with the aid 
of 48 or 96 parallel cultivations through microplates provide fermentation data repeat-
edly for every 5–15 minutes. In addition to this, a robotic system also controls nutrient 
feeding, adjusts pH by adding acid or base, and does sampling based on user definition.
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columns with culture volume ranging from 3 to 7 ml and regulate pH using ammo-
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screening were developed by commercial manufacturer Bioscreen C (bioscreen.
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2.1 Microbioreactors for fed-batch cultivation of Escherichia coli
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cultivations of E. coli were performed by stirred tank reactors [1]. Carbon source, 
magnesium, and ammonium were used as feeding solutions to match the nutri-
tional requirements. It is worth mentioning that two fed-batch cultivations can be 
performed simultaneously with different nutrient compositions in the RoboLector 
systems. For example, feeding solution of one set of reaction is constituted with 
1 M sodium hydroxide, 400 g/l glycerol, 100 g/l ammonium phosphate, and 1 g/l 
of magnesium sulfate 7H2O whereas that of another set is composed of 200 g/l 
glycerol, 100 g/l ammonium phosphate, 2 g/l of magnesium sulfate 7H2O, and 
1 M NaOH. Cultivations were performed at a shaking frequency of 1100 rpm with 
diameter 3 mm and temperature was set at 30°. Modified medium with 10 g/l 
glycerol and 100 mM MOPS with minimum salt was used. Online-monitored DO 
measurements were used to control the repeated additions of feeding solutions and 
both the feeding methods resulted in high cell densities of approximately 80 OD 
besides pH stabilization in between 6.5 and 7 for favorable growth of E. coli. Both 
the cultivations, one with high volume of glycerol and another with low volume of 
the same, exhibit high biomass concentration. Traditional bioreactors need huge 
amounts of energy for mixing, heating, and cooling during scale-up process but 
RoboLector microbioreactors are efficient and precise to hasten the development of 
bioprocesses using microbial cells [1].

2.2 Cultivation of Pichia pastoris using microbioreactors

Secreted proteins during bioprocesses undergo proteolysis and fragmentation; 
therefore, samples are generally removed from fermentation broth to obtain a 
kinetic growth curve. The purpose is to identify the optimum cultivation setup 
to reach maximum activity for the recombinant enzyme. RoboLectors are used to 
understand the kinetics of Pichia pastoris fed-batch cultivation [1]. Kinetics was 
monitored online by drawing 20 μl automatically and the concentrations of secreted 
enzymes were plotted against time to identify the space-time yield. During the 
automatic pipetting process, robotic tips immersed in the solution without any 
shaking, thus preventing artifacts of sedimentation.

To increase the productivity, softwares are programmed to provide outline of the 
experiments as per the input parameters. Dosing volume and variations in the concen-
trations of glycerol, ammonium hydroxide, and methanol can be given in the inputs. 
In 48 parallel fed-batch cultivations, a factorial design play gives a value, 24 + 3 = 19; 
these different possibilities can be performed in one single analysis. Once the experi-
ment is completed, the system automatically generates a contour plot and summarizes 
the activity profile of the recombinant enzymes with respect to the dosing volume and 
feeding solutions. For a particular recombinant product from Pichia pastoris, following 
factors were summarized at the completion of the experiment: 35% v/v methanol, 
25% w/w ammonium hydroxide, and 150 g/l as feed composition for a dosing volume 
of 5 μl. The above-mentioned experiment is repeated for a particular design to identify 
and confirm the variable factors and increase the productivity [1].

2.3 Microbioreactors to produce monoclonal antibodies

Monoclonal antibodies are one of the major products among biotherapeutics. 
Organisms such as Chinese hamster ovary (CHO) and human embryonic kidney 
(HEK) cells are utilized to produce monoclonal antibodies, and several biopro-
cess parameters need to be optimized [12, 13] for their production. Composition 
of culture media, cell growth rate, and antibody growth rate need favorable 
physicochemical parameters such as pH, temperature, and dissolved oxygen. 
Physicochemical parameters are controlled to initiate and sustain recombinant 
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expression in the CHO cell culture and to provide nutrients and relevant growth 
factors to bioreactors. During the production of monoclonal antibodies, pos-
sibilities of forming various variants of immunoglobulin (IgG) molecule and 
glycosylated IgG forms can be seen. Similar to monoclonal antibodies, other protein 
therapeutics also pass through issues such as oxygenation, amination, and degraded 
product molecules. Each of these above-mentioned processes is lengthy and con-
sumes enormous time during research and development (R&D).

Microbioreactors, due to their miniature size and parallel testing, are needed 
to accelerate research and development (R&D) at a faster pace. Microbioreactors 
encompassed with sensors [14] that can hold volume in the range of 1–20 μl are 
ideal to monitor the bioprocess parameters. Microbioreactors need to be designed 
as per the needs of users. For example, for users to develop bioprocess procedures 
for mammalian cell cultures, the list of biological functions of mammalian cells and 
technical functions of bioreactors becomes essential.

Biological functions and requirements include: (a) nature of the cells (CHO or 
HEK cells) with concentration ranging from 10,000 to 10,000,000, (b) expression of 
proteins such as IgGs, (c) serum-free medium, and (d) culture time of 7–14 days [15].

Technical information parameters must include: (a) shaking for better mixing, 
(b) oxygen transfer value >100 h−1 to aerate the culture so that it can be extended to 
a large-scale process, (c) oxygen permeability <1%, (d) surface hydrophobicity (10°) 
along with a confocal microscope installed in situ without disturbing the reaction, 
(e) cell culture volume, (f) transportation of culture media to contained culture, and 
(g) measurement of chemical and physical conditions of culture and media [15].

Information function, namely online or offline information, is also essential: (a) 
online information about sensors to control and detect pH, temperature, and pO2 is 
significant and (b) offline information such as monomers in culture media, forms 
of IgGs, excreted metabolites, products formed, and residual nutrients is needed for 
analysis of analytes. It is important that microbioreactors should be designed as per 
the specifications based upon the above requirements.

These specifications also cater to the requirements of microbioreactors in 
laboratories with 2–5-liter capacity. Therefore, such processes could be scaled up to 
laboratory level with effortless ease at reduced cost. CHO cell culture microbioreac-
tors used to optimize the production of monoclonal antibodies are schematically 
shown in Figure 2. This is a part of Hubka-Eder map [16] focused on biological and 
technical functions. Hubka-Eder map shows the importance of integration among 
the subsystems, that is, the expression systems, cell line, medium with various 
technical and information functions for the design of the microbioreactors for the 
maximum production of monoclonal antibodies [15].

2.4 Microbioreactors in drug discovery

Organ-on-a-chip [17] is an ongoing research to hasten the process of drug discov-
ery and development. In vitro drug screening and safety testing [18–20] are essential 
to minimize extensive studies on laboratory animals. Microbioreactors designed as 
per the need of the study will be highly beneficial to understand the potency and 
toxicity of the developed drug molecules. Drug molecules upon absorption get dis-
tributed to various organs such as lung, liver, gut, intestine, etc. These organs majorly 
consist of enzymes that can metabolize the drug molecules to metabolites [21] which 
can either be potent or toxic. After metabolism, the drug and its metabolites need 
to reach the target site for a particular time and get eliminated from the circulating 
system [22]. Kidneys play an important role in excreting drugs and its metabolites. 
Hence, developing various organs on a chip, programmed through a microbio-
reactor will be very helpful to understand the safety of drugs and metabolites. 
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sumes enormous time during research and development (R&D).
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encompassed with sensors [14] that can hold volume in the range of 1–20 μl are 
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a large-scale process, (c) oxygen permeability <1%, (d) surface hydrophobicity (10°) 
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Hence, developing various organs on a chip, programmed through a microbio-
reactor will be very helpful to understand the safety of drugs and metabolites. 
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Heart-on-a-chip is one such device which is developed to understand the efficacy of 
drug molecules with cardiac cells. Studies have proved that these devices have the 
capability to lend a helping hand in drug discovery and development process.

3. Perfusion Bioreactors

3.1 Perfusion technology for biopharmaceutical production

The leading focus of R&D of any biopharma-based industry is to develop 
production process at reduced cost of production or rather work toward a minimal 
Cost of Goods (CoG) for cell culture-based products. Fed-batch mode of produc-
tion has been the most tried and tested one, documented and dominantly followed 
methodology for production of biologics or biopharmaceuticals from mammalian 
cell culture. Due to the presence of expertise on this process within the industry, it 
has been proved to be the efficient process with judicious use of media coupled with 
a hassle-free downstream process. However, fed-batch mode has a severe limitation 
of inhibition of product formation and cell growth due to accumulation of inhibi-
tory products during culture, especially ammonium ions, lactates, and proteases 
[23]. This leads to loss of key nutrients and incurs massive financial and resource 
loss to the production setup. This is especially significant if the product is a sensitive 
one. An alternative to this technology that came up in the early 1990s is perfusion 
technology. It involves addition of media or key media constituents at regular 
intervals along with retention of cells in the reactor and harvesting of formed 
products. However, in the initial phase, due to less advancement in media formula-
tion and process development as well as dearth of efficient expression systems, not 
much advantage was offered by perfusion-based systems as compared to the well-
established fed-batch systems and, hence, perfusion technology faced many failures 
and could not progress significantly. Many companies involved in manufacturing 
of perfusion-based systems especially for hybridoma-based monoclonal antibodies, 

Figure 2. 
Bioprocess optimization of a CHO cell culture to produce monoclonal antibodies.
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like Endotronics, Cellex, and Biosyn, also folded up due to low market for perfusion 
bioreactors [24]. However, the pharma sector was on a constant lookout for newer 
or more effective production processes and hence advancements were continuously 
being made in perfusion technology. Now, with major advancements in media 
formulation, multiple technological options are available for cell retention and a ris-
ing trend has been witnessed in pharmaceutical industry for investment in adoption 
of new technologies and the cost effectiveness of perfusion-based processes, and 
their product yield increased significantly in comparison to conventional fed-batch 
processes [25]. Hence, this technology is on a comeback for the last few years and 
numerous life science companies are advocating the use of perfusion for biologicals 
production.

Factor VIII (ReFacto®) and IgG (Remicade® by Jansen Biotech and Simulect® 
by Novartis) are two of the leading products being produced commercially using 
perfusion technology [26, 27]. Apart from these, other products include interferon 
β-1a (Rebif from merck Sereno) and Ab Golimulab (Simponi® by Jansen Biotech), 
Factor VIII (Kogenate from Bayer Schering); anti-platelet MAb (ReoPro) and tumor 
necrosis factor MAb (Remicade from Centocor/J&J); CD52 a MAb (Campath from 
Genzyme/Sanofi); and a modified Factor VIII (Xyntha/ReFacto from Wyeth/
Pfizer) among others. This substantiates the wide application of perfusion-based 
technologies for a variety of biologicals. The growing need of the pharma sector for 
reduced cost and enhanced productivity led to the resurgence of perfusion-based 
production technologies which have the key to revolutionize biopharmaceutical 
production process from mammalian cells.

3.2 Why perfusion technology?

Perfusion-based bioreactors are one of the upcoming reactor technologies based 
on continuous bioprocessing that offers the ease of continuous culturing of cells 
without nuisance of filter clogging or low throughput. In addition, there are less 
possibilities of waste accumulation and, hence, minimized chances of any product 
inhibition, especially while dealing with proteins prone to instability. Since nutri-
ents are continuously exchanged and product harvest is maintained throughout 
along with cell retention, the availability of key media constituents is maintained 
consistently by providing host cells a stable environment leading to a high cell 
density and higher productivity with respect to desired compound. Typically, 
3–10 × 107 cells/ml is the titer achieved using perfusion as compared to 5–25 × 106 
in fed-batch cultures. Besides that, cost of goods in the 10,000–20,000-l fed-batch 
reactor is equivalent to that achieved using 1000 -l perfusion bioreactor [28]. Since 
the cells are subjected to a more stable and consistent environment, the recombi-
nant proteins and other molecules produced are more like native compounds with 
similar glycosylation pattern and biological activity. This further increases the 
stability of the product and gives a high product yield. In a recent economical com-
parison between fed-batch and perfusion mode for the production of a glycosylated 
protein, CoG was analyzed and compared for both the processes based on BioSolve 
software. Continuous perfusion was calculated and found to be the most productive 
technology giving product at the rate of 265 kg/year as compared to 130 kg/year in 
fed-batch mode. Perfusion was also found to be the most cost-effective mode with 
the lowest overall CoG of $87/g as compared to $118/g for the continuous fed-batch 
process [29]. Also, there are less possibilities of failure and economic loss. Even if a 
problem is encountered, only the part being processed would need to be discarded, 
saving the rest for further processing. In a comparative study on production by both 
perfusion and fed-batch modes, CMC Biologics reported yield of 425 mg/l/day from 
perfusion bioreactor as compared to a yield of only 55 mg/l/day from fed-batch 
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system for the same period of time [30]. Since most of the pharma companies thrive 
on economic profits, perfusion technology offers a lucrative mode of production 
especially as it beats the conventional fed-batch system in terms of productivity, 
efficiency, and capital investments.

3.3 Cell retention in perfusion

The prominent aspect which makes perfusion systems different and more 
valuable than fed-batch systems is the ability to yield a high cell mass due to the 
presence of cell retention devices. There are various ways through which cell reten-
tion is achieved [31]. Cells can be retained by making them grow inside bioreactor 
on hollow capillary fibers, flat plates, sponge-like materials, microcarrier particles, 
or other membranes. It can also be done by use of various cell separation devices 
like gravity-based cell settlers, spin filters, centrifuges, cross-flow filters, alternat-
ing tangential-flow filters, vortex-flow filters, acoustic settlers (sonoperfusion), 
and hydrocyclones [32]. Spin filter was one of the earliest available devices for 
cell retention which used a two-dimensional screen to retain the cells. However, 
it had limited scale-up potential especially in the scenario where rapid feed rate 
is needed. Gravity-based cell settlers are cost-effective but are marked by inef-
ficient cell separation and significant cell loss, which lowers output and increases 
cost. Centrifuges have been known to give good performance but increase the 
production cost. Alternating tangential-flow filters (TFFs) have emerged as the 
most effective and practical means of high-density cell retention in a perfusion 
bioreactor [33]. The alternating tangential-flow action in these filters and location 
of diaphragm in the system prevent clogging as well as ensure a faster return of 
cells back to the reactor, bringing complete clarification. However, what need to be 
worked upon are other reactor specifications for handling large cell load at reduced 
volume and culture time. Also, scalability complications are a deterrent for many 
manufacturers. Many companies are targeting advancements in ATF system to 
handle increased cell load at smaller reactor volume. In a recent report on biologics 
development and manufacturing, the advancement in perfusion and its leading 
incorporation in manufacturing processes by leading biologics-based companies 
was attributed mostly to the advancements made in ATF systems which enhance 
the cell titers by multiple folds over extended periods of time, leading to higher 
volumetric productivity [34]. Acoustic wave separation (AWS) is another technol-
ogy used by many companies for cell separation. Applikon Biotechnology and Pall 
Life Sciences are two such manufacturers advocating the use of acoustic waves to 
clump and settle down cells leading to their eventual separation. Sigma Aldrich Co. 
LLC (Merck & Co. Inc.), FiberCell Systems Inc., Zellwerk GmbH (Glen Mills in the 
United States), Cell Culture Company, ATMI Incorporated, PBS Biotech, Inc., GE 
Healthcare Life Sciences, Applikon Biotechnology, WAVE Life Sciences Biovest, 
AmProtein, Xcellerex, etc. are few of the leading manufacturers of perfusion 
bioreactors [35]. These reactors are revolutionizing the biopharmaceutical produc-
tion industry and have established their presence in this sector preferably to stay 
for many years to come.

3.4 Perfusion and microbioreactors

Integration of perfusion technology with microbioreactors enhances the 
advantages associated with microbioreactors effectively. It further minimizes the 
losses associated with batch failure due to contamination. Even if contamina-
tion occurs earlier in the process, lesser media and other consumables would 
be wasted. However, the compatibility of the setup is amenable to technology 
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development, scale-up, optimization, parameter sensitivity studies, and validation. 
Advancements in cell retention systems at microfluidic levels continue to be made. 
In a recent report, a novel microfluidic cell retention device based on inertial sort-
ing was tested positively for retention of IgG1-producing Chinese hamster ovary 
(CHO) cell line. Parameters tested were cell retention efficiency, biocompatibility, 
and scalability. This was a spiral membrane-less system accomplishing cell retention 
based on hydrodynamic forces. The device was fabricated with polydimethylsilox-
ane (PDMS) and connected to spinner vessel-containing cells. There was also the 
flexibility of configuring the device to separate different-sized cells with a specific 
input flow rate. This gave an added advantage of flushing out non-viable cells, 
thus creating a healthier environment for the productive cell batch, leading to an 
increased productivity and product specificity [36]. In a first-of-its-kind study 
on feasibility of growth of human embryonic stem cells (hESCs), in continuous-
flow microbioreactors, key cellular behavioral factors were assessed for robust 
cell growth under a range of flow rates. This would provide an assay platform for 
screening multiple cell lines for their capability to function in perfusion culture 
conditions as well as would aid in identifying optimum flow rates for their applica-
tion in other microfluidic cell culture systems. Such microfluidic reactor setups 
would help in better understanding of stem cells maintenance and differentiation 
under varying stimulation conditions [37]. Perfusion microfluidic systems can 
also be used for growth and expression of proteins from bacterial cells. Growth of 
suspended cultures of Pichia pastoris in microbioreactor, integrated with perfusion 
devices, established the feasibility of use of such integrated systems for suspended 
bacterial growth and expression. Expression of recombinant human growth 
hormone (rhGH) or recombinant interferon alfa-2b (rIFNα-2b) by Pichia pastoris 
was found to be maintained after 11 days of growth which is close to the duration 
of many industrial processes with duration lasting from 7 to 30 days. Success of this 
study establishes the feasibility of use of perfusion-capable bioreactors to study 
impact of perfusion culture on expression and process optimization of many other 
microbial systems [38] at microfluidic levels, thus saving the initial process devel-
opment costs [39].

3.5 Future of perfusion technology

Despite being in the sector for many years, perfusion technology did not gain 
much usage. However, with new methods for cell retention in the market and 
growing need for high throughput mammalian cell-based production systems, 
there is a renewed interest in the use of perfusion bioreactors. With a low capital 
and start-up cost, smaller setup, a smaller requirement for upstream and down-
stream processes, and reduced cost of failures, more and more compounds are 
being commercially produced using this technology. From leading biological 
manufacturers like Pfizer to upcoming ones like CMC Biologics, many companies 
are propagating the use of this technology with setup ranging from 250 to 2000 
liters. Current research, however, would focus on scalability of the technology, 
creating a robust cell retention system, high-yield cell lines used in single-use 
technologies, cutting down on the initial establishment cost and creating the avail-
ability of expertise in perfusion-based devices and also the ease of bioprocessing 
modeling during continuous mode of operation. Also of relevance and on the rise 
is the use of single-use perfusion-based reactors for production. There are many 
manufacturers dealing with development of single-use bioreactors, sensors, and 
other systems to simplify setup and operation of perfusion cell culture. These 
include among Pall Life Sciences, Applikon Biotechnology, Sartorius, AcuSyst, GE 
Healthcare, and many others.
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system for the same period of time [30]. Since most of the pharma companies thrive 
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cells back to the reactor, bringing complete clarification. However, what need to be 
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volume and culture time. Also, scalability complications are a deterrent for many 
manufacturers. Many companies are targeting advancements in ATF system to 
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conditions as well as would aid in identifying optimum flow rates for their applica-
tion in other microfluidic cell culture systems. Such microfluidic reactor setups 
would help in better understanding of stem cells maintenance and differentiation 
under varying stimulation conditions [37]. Perfusion microfluidic systems can 
also be used for growth and expression of proteins from bacterial cells. Growth of 
suspended cultures of Pichia pastoris in microbioreactor, integrated with perfusion 
devices, established the feasibility of use of such integrated systems for suspended 
bacterial growth and expression. Expression of recombinant human growth 
hormone (rhGH) or recombinant interferon alfa-2b (rIFNα-2b) by Pichia pastoris 
was found to be maintained after 11 days of growth which is close to the duration 
of many industrial processes with duration lasting from 7 to 30 days. Success of this 
study establishes the feasibility of use of perfusion-capable bioreactors to study 
impact of perfusion culture on expression and process optimization of many other 
microbial systems [38] at microfluidic levels, thus saving the initial process devel-
opment costs [39].

3.5 Future of perfusion technology

Despite being in the sector for many years, perfusion technology did not gain 
much usage. However, with new methods for cell retention in the market and 
growing need for high throughput mammalian cell-based production systems, 
there is a renewed interest in the use of perfusion bioreactors. With a low capital 
and start-up cost, smaller setup, a smaller requirement for upstream and down-
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are propagating the use of this technology with setup ranging from 250 to 2000 
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4. Conclusion

Microbioreactors are essential for high throughput screening of various strains 
and optimize the bioprocess development in industries. Microbioreactors assist 
in identifying the appropriate experimental conditions to scale up the production 
process. Production of biopharmaceuticals, enzymes, proteins, and medicinally 
important chemical compounds from organisms was attempted successfully. 
Microbioreactors have been demonstrated as a suitable technology to cultivate 
Pichia pastoris, Escherichia coli, monoclonal antibodies, etc., at large scale that are 
important for biopharmaceutical industries. Incorporation of microbioreactors in 
drug discovery and development will reduce the cost and time for developing thera-
peutic molecules. The growing need for a high production process and efficient 
production strategy has also championed the cause of perfusion-based technology 
interfaced with microbioreactors. Perfusion microfluidic bioreactors have been 
extremely beneficial in maintaining stem cells, expression of proteins, growth of 
cells, and microbial cultures. Thus, microbioreactors aid in developing high-quality 
products at affordable cost with minimal resources.
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Chapter 8

Integration of Membranes and 
Bioreactors
Katalin Belafi-Bako and Peter Bakonyi

Abstract

Combined application of bioreactors and membrane separations are consid-
ered as membrane bioreactors (MBRs). Examples for the application of MBRs are 
given in this chapter both for large scale (wastewater treatments) and in other 
areas in smaller scale. Wastewater treatments are the majority of the large-scale 
applications, where biological degradation is coupled with membrane filtration 
(microfiltration and ultrafiltration). Other types of MBRs include integration of 
biotransformations and bioconversions by microorganisms and enzymes with 
membrane separation processes, not only with filtration but also with pervapora-
tion, electrodialysis, and gas separation. These MBRs provide significant advantages 
compared to the conventional batch bioprocesses. In this chapter, several examples 
are presented for both applications.

Keywords: ultrafiltration, pervaporation, electrodialysis, gas separation,  
biocatalysis

1. Introduction

“As per definition, the bioreactor is the designed space where biochemi-
cal reactions take place” [1]. If some compounds should be removed from the 
bioreactor, a separation step can be connected to the reactor. Among separation 
processes, membrane techniques are especially attractive since they operate under 
mild conditions, they are easy to combine and vary, the scale-up is simple due to 
the modular construction, and they do not need and produce hazardous materials 
(environmental-friendly processes) [2–4].

Application of membranes integrated in bioreactions is often considered as 
membrane bioreactors (MBRs). In the literature [5–8] the term MBRs itself is 
referred almost exclusively for various wastewater treatments. Concerning full-
scale applications, it seems correct. In these technologies only pressure-driven 
membrane processes such as microfiltration (MF), ultrafiltration (MF), nanofiltra-
tion (NF), and reverse osmosis (RO) have been used, although there are numerous 
other membrane separation techniques that are available nowadays, which can be 
inserted into bioprocesses.

In this work the first section is going to summarize the “conventional” applica-
tions of MBRs, i.e., wastewater treatments, while in the second part, some other 
types of MBRs will be presented where—beyond pressure-driven processes—some 
more membrane separation methods, like pervaporation (PV), gas separation (GS), 
electrodialysis (ED), etc., will be presented.
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2. Large-scale applications

The usage of membrane bioreactors means a well-established technology for 
several types of wastewater treatments. The recently worldwide opened (of will 
opened soon) large-scale—over 100,000 m3/d capacity—MBR plants for municipal 
wastewater treatment are summarized in [8]. Other main application areas are as 
follows [6, 8]:

• Industrial wastewater treatment

• Landfill leachate treatment

• Sludge digestion

• Treatment of human excrement

In these applications MBRs are considered as complex systems integrating bio-
logical degradation of waste products with membrane filtration [6]. Thus an MBR 
is composed of two parts: a biological unit and a membrane module. According to 
the location of the membrane module (from the aspect of architecture), the MBRs 
can be classified into two groups: internal and external systems. The internal system 
(frequently called submerged MBR) of the membrane module is placed in the 
bioreactor [6]. Outer skin membranes are applied, and the permeate side is under 
suction (vacuum); moreover, aeration and mixing can be easily achieved, as well. In 
the external MBR, the membrane is located outside the bioreactor, and the treated 
wastewater is recirculated through the primary side of the membrane module. The 
driving force is provided by the pressure from the high cross flow volumetric rate 
along the membrane surface [6].

Regarding configuration there have been numerous types of modules (plate 
and frame, tubular, rotary disk, hollow fiber) and membranes (cellulose acetate, 
polyethylene, polysulfone, polyolefin, metallic, ceramic—mainly in ultrafiltration 
and microfiltration range) applied.

MBRs are widely considered as an effective technology in removing both organic 
and inorganic contaminants in wastewater, have a good control of biological activ-
ity—the effluent is generally free of bacteria and pathogens—need smaller plant 
size, and provide higher organic loading rates [5, 6]. Beyond the benefits, however, 
there are some serious drawbacks and issues which should be enhanced, like 
membrane fouling and energy consumption. To solve these problems and to widen 
the application opportunities, several special techniques and methods have been 
investigated and suggested, where unusual environments (e.g., varying the level of 
oxygen, flow pattern, airlift) and unique procedures (e.g., applying electric power, 
magnetic effects, illumination, vibration, osmosis) are added and/or applied for the 
MBR systems. Some of them are listed in Table 1, together with their abbreviations.

Anaerobic degradation of organic wastes [10, 11]—similar to the classical aerobic 
wastewater treatments—can be carried out by microbial consortia. The technology 
results in gas products (“biogas”). It consists usually of methane, CO2, and H2S 
mainly. To separate these compounds, membranes can be applied, as well, but these 
membranes have selectivity toward one of the compounds in the gaseous mixture 
[12, 15]. The process is called membrane gas separation, and its driving force is 
mainly the pressure difference, similar to UF and MF.

Recently biogas plants are built in connection with wastewater plants to 
complete the degradation process and to obtain energy which may cover the 
energy demand of the process; moreover other types of wastes (slaughter wastes, 
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agricultural wastes) can be degraded, as well. In these complex plants, MBRs can be 
applied in both aerobic (coupled with pressure-driven membrane techniques) and 
anaerobic (coupled with membrane gas separation) systems.

3. Novel applications in developing stage

3.1 Types of MBRs and classifications

Integrated systems where membranes are combined with the bioreactions—
other than wastewater degradation—can be classified similarly: external and 
integral setups. However, it is difficult to connect certain types of membrane 
processes (e.g., pervaporation, electrodialysis) to the bioreactor externally; thus 
they are used as internal systems. Figure 1 presents an example for internal MBR, 
where the configuration is illustrated. These systems have the advantage to handle 
(e.g., disconnect easily) the membrane module independently from the bioreactor.

On the other hand, there are successful examples for external (immersed 
membranes) MBR systems, which can be applied in special cases, e.g., for manu-
facture of pharmaceutical intermediaries. Loh and colleagues reported [13] that 
the biotransformation of indene to cis-indandiol was achieved in an IHFMB system 
resulting in higher effectiveness.

MBR systems can be distinguished according to the membrane process inte-
grated [16, 17]. Beyond pressure-driven methods (microfiltration, ultrafiltration, 
nanofiltration), other techniques like pervaporation, electrodialysis, and gas 

Name Abbr. Ref

Anaerobic-anoxic-oxic membrane bioreactor A2O MBR [8]

Anaerobic fluidized bed membrane bioreactor AFMBR [9]

Anaerobic membrane bioreactor AnMBR [6–11]

Airlift oxidation ditch membrane bioreactor AOXMBR [8]

Bioelectrochemical membrane reactor BEMR [8]

Batch granulation membrane bioreactor BG-MBR [8]

Baffled membrane bioreactor BMBR [10]

Electrochemical membrane bioreactor EMBR [8]

Gas separation—membrane bioreactor GS-MBR [12]

Hybrid-growth membrane bioreactor HG-MBR [9]

Immersed hollow fiber membrane bioreactor IHFMB [13]

Membrane electro-bioreactor MEBR [8]

Membrane gradostat reactor MGR [14]

Magnetically induced membrane vibration membrane 
bioreactor

MMV-MBR [8]

Membrane photobioreactor MPBR [8]

Osmotic membrane bioreactor OMBR [7]

Reciprocation membrane bioreactor rMBR [8]

Single fiber membrane gradostat reactor SFMGR [14]

Table 1. 
Various unusual membrane bioreactors.
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separation can be applied. To connect these membrane processes to the bioreaction, 
careful design and optimization should be accomplished before starting the opera-
tion of MBRs. Plate and frame, tubular, as well as hollow fiber modules can be used 
in the MBRs.

The novel MBR systems can be further categorized regarding the biocatalyst 
used: enzymes as well as microbes (moreover microbial consortia) can be applied. 
The biocatalysts can be further classified concerning the state of the biocatalysts, as 
well (free or immobilized); moreover they can be immobilized onto the membrane 
(which is considered as catalytic active membrane [18]) or on other supports. Some 
examples are presented here for all the classes.

3.2 Enzymatic MBRs

Enzymatic MBRs have been used mainly in hydrolytic reactions where the 
substrates are, e.g., triacylglycerols and polysaccharides (starch, cellulose, pectin), 
but some other reactions occur, as well, like esterification. Table 2 summarizes the 
important features of these systems.

Hydrolysis of triacylglycerols (fats and oils) results in glycerol and fatty 
acids (long chain carboxylic acids). The higher demand of fatty acids in various 
industrial sectors (e.g., production of cosmetics, detergents) made the hydrolysis 
an important process recently. The main difficulty of the process is that the two 
reactants, triacylglycerols and water, are not miscible. When the reaction is carried 
out by enzymatic catalysis [17], numerous advantages are provided: it takes place 

Figure 1. 
Outline of an internal (integrated) system.

Reaction Substrate Enzyme State Membrane Ref.

Hydrolysis Triacylglycerol Lipase Immobilized UF [19–21]

Hydrolysis Protein Protease Free and 
immobilized

UF [18]

Hydrolysis Starch Amylases Free UF [22, 23]

Hydrolysis Cellulose Cellulases Immobilized UF [24]

Hydrolysis Pectin Pectinases Free UF
ED

[25–27]
[28–31]

Esterification Acids and 
alcohols

Lipases Immobilized PV [32–35]

Table 2. 
Examples for enzymatic MBRs.
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under mild conditions, instead of high temperature and pressure, implying energy 
saving and better quality products. Accomplishing the hydrolysis in a MBR, further 
benefits are added to the process: the two phases remain separated during the reac-
tion and there is no emulsion formed and no separation needed, since the products 
are separated by the membrane.

The enzyme suitable for the hydrolysis is called lipase. It can be immobilized 
onto the membrane. During the reaction, the pure triacylglycerol substrate (no 
solvent is present) and water are flown separately into the two sides of the mem-
brane. Both hydrophilic and hydrophobic membranes can be applied [19]. In case 
of hydrophilic membrane, the substrate should be circulated on the enzyme side of 
the membrane, while water is on the other side. Thus fatty acids formed are remain-
ing in the oily phase (and accumulated there), while glycerol is passing through 
the hydrophilic membrane into the water phase. Applying hydrophobic membrane 
the arrangement is the other way around: the substrate is flown on the nonenzyme 
side of the membrane. In our experiments lipase from Candida rugosa (Sigma) and 
hydrophilic cellulose acetate membrane (cut off 3000) was used [19] successfully 
for the hydrolysis of various oils and fats [20, 21].

In hydrolytic degradation of polymers (polysaccharides and proteins), the small-
sized products (e.g., glucose) often have inhibitory effect, and thus their removal 
is beneficial for the reaction. MBRs provide a simple solution, since the membrane 
applied serves for rejection of the long polymer chains as well as the biocatalysts 
(enzymes or cells), while the product can easily pass through the membrane.

Hydrolysis of various proteins—e.g., from milk, whey, plasma—is an impor-
tant step in industrial processes, and it is realized by protease enzymes. The 
MBRs provide significant advantages for the process [18] including retention 
and reuse of the biocatalysts, avoiding product inhibition—a possibility for 
continuous operation.

Regarding enzymatic hydrolysis of polysaccharides, starch, cellulose, and pectin 
are considered. Hydrolytic products of starch are utilized widely in food industry 
(e.g., maltodextrin, dextrose, and high fructose syrups). The reaction is catalyzed 
by amylase enzymes. When the hydrolysis is carried out in MBRs, higher effectivity 
can be achieved [22, 23]. In our work hollow fiber cellulose acetate (UF) membrane 
module (jacketed) was used, and the experimental results confirmed that not only 
purified amylase preparations but a crude fermentation filtrate, an enzyme complex 
solution (mainly glucoamylase) produced by Aspergillus awamori, was capable for 
degradation of starch effectively and continuously.

Cellulose is a long-chain polysaccharide containing glucose (monomer)—
similarly to starch. Enzymatic hydrolysis of cellulose, however, is more difficult 
[24]. The reaction can be carried out in MBRs to overcome some of the problems. 
A special tubular membrane module was used to carry out the reaction, where a 
fine, hairy surface membrane was built in [24]. The hydrolysis was catalyzed by a 
Celluclast preparation (Novozymes), and it was found that the special MBR had 
a positive effect on the process and enhanced conversion and productivity of the 
enzyme reaction was accomplished.

Pectin is a polysaccharide occurring in the cell walls of certain plants, mainly 
in the fruits like apple, orange, some berried, etc. It is important to use pectolytic 
enzymes in processing of fruits (production of fruit juices) [25, 26] to enhance 
yields and improve liquefaction and clarification. As a result of the hydrolytic 
degradation of pectin, galacturonic acid (monomer) is formed. It was assumed that 
the hydrolysis was inhibited by the monomer; therefore MBRs seemed a promising 
reactor type to realize the process effectively. Regenerated cellulose UF membrane 
(30 kD) and polygalacturonase enzyme preparation (Sigma) from Aspergillus niger 
were used in the experiments, and it was found that the MBR worked reliably with 
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Examples for enzymatic MBRs.
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under mild conditions, instead of high temperature and pressure, implying energy 
saving and better quality products. Accomplishing the hydrolysis in a MBR, further 
benefits are added to the process: the two phases remain separated during the reac-
tion and there is no emulsion formed and no separation needed, since the products 
are separated by the membrane.

The enzyme suitable for the hydrolysis is called lipase. It can be immobilized 
onto the membrane. During the reaction, the pure triacylglycerol substrate (no 
solvent is present) and water are flown separately into the two sides of the mem-
brane. Both hydrophilic and hydrophobic membranes can be applied [19]. In case 
of hydrophilic membrane, the substrate should be circulated on the enzyme side of 
the membrane, while water is on the other side. Thus fatty acids formed are remain-
ing in the oily phase (and accumulated there), while glycerol is passing through 
the hydrophilic membrane into the water phase. Applying hydrophobic membrane 
the arrangement is the other way around: the substrate is flown on the nonenzyme 
side of the membrane. In our experiments lipase from Candida rugosa (Sigma) and 
hydrophilic cellulose acetate membrane (cut off 3000) was used [19] successfully 
for the hydrolysis of various oils and fats [20, 21].

In hydrolytic degradation of polymers (polysaccharides and proteins), the small-
sized products (e.g., glucose) often have inhibitory effect, and thus their removal 
is beneficial for the reaction. MBRs provide a simple solution, since the membrane 
applied serves for rejection of the long polymer chains as well as the biocatalysts 
(enzymes or cells), while the product can easily pass through the membrane.

Hydrolysis of various proteins—e.g., from milk, whey, plasma—is an impor-
tant step in industrial processes, and it is realized by protease enzymes. The 
MBRs provide significant advantages for the process [18] including retention 
and reuse of the biocatalysts, avoiding product inhibition—a possibility for 
continuous operation.

Regarding enzymatic hydrolysis of polysaccharides, starch, cellulose, and pectin 
are considered. Hydrolytic products of starch are utilized widely in food industry 
(e.g., maltodextrin, dextrose, and high fructose syrups). The reaction is catalyzed 
by amylase enzymes. When the hydrolysis is carried out in MBRs, higher effectivity 
can be achieved [22, 23]. In our work hollow fiber cellulose acetate (UF) membrane 
module (jacketed) was used, and the experimental results confirmed that not only 
purified amylase preparations but a crude fermentation filtrate, an enzyme complex 
solution (mainly glucoamylase) produced by Aspergillus awamori, was capable for 
degradation of starch effectively and continuously.

Cellulose is a long-chain polysaccharide containing glucose (monomer)—
similarly to starch. Enzymatic hydrolysis of cellulose, however, is more difficult 
[24]. The reaction can be carried out in MBRs to overcome some of the problems. 
A special tubular membrane module was used to carry out the reaction, where a 
fine, hairy surface membrane was built in [24]. The hydrolysis was catalyzed by a 
Celluclast preparation (Novozymes), and it was found that the special MBR had 
a positive effect on the process and enhanced conversion and productivity of the 
enzyme reaction was accomplished.

Pectin is a polysaccharide occurring in the cell walls of certain plants, mainly 
in the fruits like apple, orange, some berried, etc. It is important to use pectolytic 
enzymes in processing of fruits (production of fruit juices) [25, 26] to enhance 
yields and improve liquefaction and clarification. As a result of the hydrolytic 
degradation of pectin, galacturonic acid (monomer) is formed. It was assumed that 
the hydrolysis was inhibited by the monomer; therefore MBRs seemed a promising 
reactor type to realize the process effectively. Regenerated cellulose UF membrane 
(30 kD) and polygalacturonase enzyme preparation (Sigma) from Aspergillus niger 
were used in the experiments, and it was found that the MBR worked reliably with 
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excellent stability for long and higher volumetric productivity was achieved than 
the batch system. To enhance the effectiveness of the process, vacuum was applied 
in the secondary side of the membrane [27].

The reaction between acids and alcohol results in esters and water. It can be 
catalyzed by lipase enzymes. The reaction is reversible and product removal 
enhances the yield. Both products can be separated from the reaction mixture by 
membranes. If the substrates are low molecular weight acids and alcohols, flavor 
esters are formed, which are volatile compounds. Thus pervaporation (PV) can 
be applied for their recovery that is quite easy to connect online to the reaction, 
forming an integrated MBR system. Ethyl acetate [32] and other flavor esters 
[33] were manufactured effectively by a lipase preparation (Candida antarctica 
immobilized onto a resin, from Novozymes) and separated online by PV using 
hydrophobic membranes, and the permeate was obtained by using vacuum traps 
cooled by dry ice.

PV is not suitable for the separation of higher molecular weight ester 
products, but it is possible to apply it for removal of water formed during the 
 esterification. Ester type biolubricant from oleic acid and alcohols [34] and ester of 
2- choloropropionic acid and 1-butanol [35] were manufactured by using integrated 
PV for water removal.

Electrodialysis also can be combined to enzymatic processes, where charged 
compounds are formed and they can be separated online. This kind of MBR was 
applied for continuous recovery of galacturonic acid obtained from the hydrolysis 
of pectin by a pectinase preparation [28]. Both monopolar and bipolar membranes 
were successfully used [29, 30].

Summarizing the application possibilities of MBRs in enzymatic processes, it 
can be concluded that they provided real advantages for the bioprocesses listed 
above and—beyond process intensification [31, 36]—these systems can be operated 
in continuous mode of operation: constant uptake of substrate (and biocatalyst, if 
necessary) and release of product can be achieved.

3.3 Microbial MBRs

In microbial MBRs a single microorganisms can work, but sterile conditions 
should be provided. One of the examples given here is the biohydrogen production, 
where gas separation is connected and the other one is manufacture of organic 
acids, where electrodialysis is used for in-situ separation of the products.

Biohydrogen can be produced by fermentation using various microbes. Some 
of them need light for the operation (photofermentation), while others do not 
(dark fermentation). Escherichia coli belong to the dark fermentative group and is 
able to form biogas containing mainly hydrogen and CO2 in the headspace of the 
bioreactor. When the bioreactor is integrated by a membrane gas separation unit 
(MBR), higher productivity was possible to achieve, as proven in Veszprem [37–42]. 
Polyimide hollow fiber membranes and E. coli XL-1 Blue strain were used for the 
experiments, which resulted in a feasible concept for the integrated production and 
purification of the promising energy carrier, hydrogen gas [43–46]. Additionally, 
hydrogen fermenters could be attached to microbial electrochemical technologies, 
thus giving opportunity for adequate treatment of the effluents containing residual 
organic matter [47–50].

Transformation of fumaric acid into L-malic acid—which is the second most 
popular food acid—is an equilibrium reaction; thus, product removal could 
increase the yield. The reaction is catalyzed by immobilized cells of Leuconostoc and 
Brevibacterium species containing fumarase enzyme, and the acid (in salt form) can 
be separated by electrodialysis [51] integrated to the reaction.
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Malic acid is not the only acid that can be produced in integrated (MBR) system, 
other organic acids—manufactured by fermentation—can be online separated by 
monopolar or bipolar electrodialysis systems.

A relatively novel area of MBR applications is the immobilization and cultivat-
ing of microbes; the system is called membrane gradostat reactor (MGR) [15]. 
The biofilm growing (and attached) on the surface has a significant effect on the 
permeability. The behavior of these systems was studied in case of, e.g., Streptomyces 
coelicolor, in a vertically oriented capillary MGR.

4. Conclusions

Bioprocesses integrated with membrane separations (MBRs) are able to provide 
more effective, successful bioconversions and bioreactions. The MBRs have been 
used in large scale worldwide in wastewater treatments, on one hand, while there 
are other, special applications in smaller scale (and sometimes only in a developing 
stage), on the other hand. Examples for both areas were given in this chapter.
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Abstract

Microbial remediation of pollutants involves the use of microorganisms to 
degrade pollutants either completely to water and carbon dioxide (for organic pol-
lutants) or into less toxic forms. In the case of nonbiodegradable inorganic com-
pounds, bioremediation takes the form of bioaccumulation or conversion of one 
toxic species to a less toxic form for example Cr(VI) is converted to less toxic (III). 
Bioremediation is considered an environmentally friendly way for pollution clean-
up. Microbial clean up can be applied in situ (in place of contamination) or ex situ 
(off the site of contamination). In situ remediation in the natural environment is 
deemed slow and often times difficult to control and optimize the different param-
eters affecting the bioremediation. To this end, use of engineered bioreactors is 
preferred. Engineered bioreactors providing for optimum conditions for microbial 
growth and biodegradation have been developed for use in bioremediation pro-
cesses to achieve the different desired remediation goals. Bioreactors in use range 
in mode of operation from batch, continuous, and fed batch bioreactors and are 
designed to optimize microbial processes in relationship to contaminated media and 
nature of pollutant. Designed bioreactors for bioremediation range from packed, 
stirred tanks, airlift, slurry phase, and partitioning phase reactors amongst others.

Keywords: bioremediation, bioreactors, pollution, microorganisms, degradation

1. Introduction

Bioremediation is a natural process that relies on microorganisms and plants 
and/or their derivatives (enzymes or spent biomass) to degrade or alter environ-
mental contaminants as these organisms carry out their normal life functions [1, 2]. 
Bioremediation is considered an economical, versatile, efficient and eco-friendly 
way of dealing with environmental pollutants as compared to the physico-chemical 
methods [1–3]. The use of well-designed microbial bioreactors is acknowledged as 
an efficient way to ensure that microbial growth and processes occur in a controlled 
environment that provides the necessary optimum conditions [3–5]. This chapter 
focuses on microbial remediation in bioreactors so phytoremediation as facili-
tated by plants is not discussed. Several studies describe microbial remediation in 
designed bioreactors ranging from batch, continuous, and fed-batch operated mode 
which can be in different designs such as suspended carrier, slurry and fixed bed, 
membrane and fluidized bed reactors [4–8].
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The use of microbial bioreactors in remediation is very attractive in that the 
bioreactors offer the advantages of providing a controlled environment where it 
is possible to control critical process parameters to optimize the microbial biore-
mediation process. Another advantage is that there is flexibility in design of the 
bioreactor (size and configuration) to suit application or intended purpose of the 
reactor [6–9]. However, bioremediation in bioreactors if operated ex situ, requires 
relocation of pollutant, a process which can involve excavation for soils and sedi-
ments, transportation and possible containment or controlled handling of the con-
taminated media thus making the process expensive [4–6, 8, 9]. There is a potential 
for exposing other environments to the contamination. Also some pretreatment of 
contaminated media, e.g., drying and crushing, maybe required thus adding on to 
the process cost [8, 9].

2. Microbial bioremediation

As defined, microbial bioremediation makes use of microorganisms and/or their 
derivatives (enzymes or spent biomass) to clean-up environmental contaminants 
[7, 9, 10]. With microorganisms, it is important to note that microorganisms are 
everywhere and as such pollutants in the different environmental compartments 
always come into contact with microorganisms [1, 2]. Microbes break down/trans-
form pollutants via their inherent metabolic processes with or without slight path-
way modifications to allow the pollutant to be channeled into the normal microbial 
metabolic pathway for degradation/and biotransformation. Applied bioremediation 
methods therefore focus on tapping the naturally occurring microbial catabolic 
capabilities to degrade, transform or accumulate most of the synthetic compounds 
such as hydrocarbons (e.g., oil), polychlorinated biphenyls (PCBs), polyaromatic 
hydrocarbons (PAHs), radionuclides and metals [4, 6–8]. The natural existence of a 
large diversity of microbial species expands the variety of chemical pollutants that 
are degraded or detoxified.

The advantages of microbial bioremediation are that it has public acceptance, as 
it is a natural process [8]. It is a low cost technology in most cases when compared 
to other clean-up methods for hazardous waste [2]. It can be done in situ and ex situ, 
instead of contaminants being transferred from one form to another or one medium 
to another, complete destruction of target organic pollutants is possible [8]. Notable 
disadvantages are that bioremediation takes relatively long to achieve treatment 
goals, may not be effective on all contaminants, some products of biodegrada-
tion maybe more toxic or persistent than the parent compound, specificity of the 
biological processes with respect to microbial populations, pollutant and environ-
mental limitations is also a drawback and that specialized expertise are required in 
designing and implementing.

Bioremediation using microbial bioreactors finds application in soil, air and 
water environments including:

• Waste water and industrial effluent treatment

Microorganisms are the primary agents of any biological wastewater treat-
ment. Microorganisms are already present in waste water systems and feed on 
complex substances in the wastewater converting them to simpler substances thus 
assisting in achieving the treatment. Trickling filters, membrane bioreactors, 
slurry phase reactors and upflow anaerobic sludge blanket bioreactors (UASB) 
are some of the reactors that are used in waste water and industrial effluent 
treatment.
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• Soil and land treatment

Contaminants successfully treated include diesel fuel, fuel oils, oily sludge, 
wood-preserving wastes (PCP, PAHs, and creosote), coke wastes, and certain pesti-
cides [6, 8, 9]. Soil bioremediation has proven most successful in treating petroleum 
hydrocarbons and other less volatile, biodegradable contaminants. Slurry phase, 
stirred tanks, biofilters, partitioning phase and packed microbial reactors find 
application in contaminated soil remediation.

• Control of air pollution

Microorganisms are used in the bioremediation of organic and inorganic 
air pollutants in spent gases before release or escape into the atmosphere [5, 9]. 
Microorganisms oxidize pollutants such as H2S, SO2, VOCs, and reduce pollut-
ants such as NOx to nitrate and this assist to prevent likely environmental, health 
hazards and nuisances [5]. Bioscrubbers and biofilters are some of the bioreactor 
types often used in control of air pollution.

• Solid waste management

Microorganisms are chiefly responsible for the biodegradation of organic wastes 
in nature and they drive the decomposition processes that occur in landfills and 
composts. Anaerobic digesters are often applied mostly in the biotreatment solid 
waste.

2.1 Factors affecting microbial bioreactor performance

A number of issues are at play in all bioremediation technologies including when 
bioreactors are used. These are those that concern the contaminant, microbial com-
munity and the design, optimization and monitoring of the process [6, 8, 9]. The 
microbial science of bioremediation is therefore approached from many scientific 
frontiers: abiotic interactions (solubility, transport, sorption and photolysis), biotic 
interactions (taxonomic diversity, physiological, genetic and ecological interac-
tions). In the design and operation of bioreactors in remediation, many of these 
factors have to be optimized and controlled for best reactor performance [5, 10–12].

Variables that affect the operation and efficiency of a microbial bioreactor 
relate to biotic and abiotic factors that affect microbial growth and those factors 
that relate to the reactor design and configuration. Factors that affect microbial 
growth and activities in bioreactors include; environmental factors (temperature, 
pH, moisture), pollutant mix, pollutant concentration, macronutrient [5, 10–12]. 
Factors on reactor design include; size, configuration and mode of operation.

• Environmental related factors

Environmental conditions (temperature, pH, oxygen availability/electron, and 
salinity) affect growth; the metabolic activities of microorganisms and to some 
extent the behavior of the pollutant such as solubility and volatility [11]. In any pro-
cess optimization for biodegradation, it is always necessary to investigate the effects 
of the environmental conditions and optimize the process in relationship to all the 
relevant environmental conditions. Tekere et al. [13], established the optimum 
growth conditions with respect to pH, aeration and nutrients in the growth and 
degradation of pollutants by white rot fungi and found that optimized conditions 
result in high enzyme and degradation activities.
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Microorganisms are the primary agents of any biological wastewater treat-
ment. Microorganisms are already present in waste water systems and feed on 
complex substances in the wastewater converting them to simpler substances thus 
assisting in achieving the treatment. Trickling filters, membrane bioreactors, 
slurry phase reactors and upflow anaerobic sludge blanket bioreactors (UASB) 
are some of the reactors that are used in waste water and industrial effluent 
treatment.
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• Soil and land treatment

Contaminants successfully treated include diesel fuel, fuel oils, oily sludge, 
wood-preserving wastes (PCP, PAHs, and creosote), coke wastes, and certain pesti-
cides [6, 8, 9]. Soil bioremediation has proven most successful in treating petroleum 
hydrocarbons and other less volatile, biodegradable contaminants. Slurry phase, 
stirred tanks, biofilters, partitioning phase and packed microbial reactors find 
application in contaminated soil remediation.

• Control of air pollution

Microorganisms are used in the bioremediation of organic and inorganic 
air pollutants in spent gases before release or escape into the atmosphere [5, 9]. 
Microorganisms oxidize pollutants such as H2S, SO2, VOCs, and reduce pollut-
ants such as NOx to nitrate and this assist to prevent likely environmental, health 
hazards and nuisances [5]. Bioscrubbers and biofilters are some of the bioreactor 
types often used in control of air pollution.

• Solid waste management

Microorganisms are chiefly responsible for the biodegradation of organic wastes 
in nature and they drive the decomposition processes that occur in landfills and 
composts. Anaerobic digesters are often applied mostly in the biotreatment solid 
waste.

2.1 Factors affecting microbial bioreactor performance

A number of issues are at play in all bioremediation technologies including when 
bioreactors are used. These are those that concern the contaminant, microbial com-
munity and the design, optimization and monitoring of the process [6, 8, 9]. The 
microbial science of bioremediation is therefore approached from many scientific 
frontiers: abiotic interactions (solubility, transport, sorption and photolysis), biotic 
interactions (taxonomic diversity, physiological, genetic and ecological interac-
tions). In the design and operation of bioreactors in remediation, many of these 
factors have to be optimized and controlled for best reactor performance [5, 10–12].

Variables that affect the operation and efficiency of a microbial bioreactor 
relate to biotic and abiotic factors that affect microbial growth and those factors 
that relate to the reactor design and configuration. Factors that affect microbial 
growth and activities in bioreactors include; environmental factors (temperature, 
pH, moisture), pollutant mix, pollutant concentration, macronutrient [5, 10–12]. 
Factors on reactor design include; size, configuration and mode of operation.

• Environmental related factors

Environmental conditions (temperature, pH, oxygen availability/electron, and 
salinity) affect growth; the metabolic activities of microorganisms and to some 
extent the behavior of the pollutant such as solubility and volatility [11]. In any pro-
cess optimization for biodegradation, it is always necessary to investigate the effects 
of the environmental conditions and optimize the process in relationship to all the 
relevant environmental conditions. Tekere et al. [13], established the optimum 
growth conditions with respect to pH, aeration and nutrients in the growth and 
degradation of pollutants by white rot fungi and found that optimized conditions 
result in high enzyme and degradation activities.
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• Temperature

There is always a temperature range at which microorganisms grow and survive 
(i.e., minimum, optimum and maximum survival temperature). In addition, 
there is always a temperature optimum at which biochemical processes take place 
to achieve required bio treatment by each microorganism [13]. Extremes of tem-
perature (too low or too high) affect both microbial growth and microbial enzyme 
catalyzed reactions [2]. With an increase in temperature within appropriate range, 
microbial metabolism increases and thus the rate of the bioremediation processes.

Increased temperatures lead to higher solubility of many chemicals, and 
increased fluidity and diffusion rates. For example with pollutants, such as PAHs 
and heavy metals, their solubility and in turn bioavailability increases with tem-
perature [2, 7]. Temperature is thus a critical factor in the optimum operating 
efficiency of bioreactors to achieve best biotreatment results. Often specialized 
bioreactors are designed with provision for temperature control.

• pH

Similar to temperature, pH affects microbial growth and metabolic pro-
cesses. pH influences microbial cell ionic properties thus microbial growth. 
Microorganisms have minimum, optimum and maximum pH of growth with 
most bacteria for example growing optimally at pH 6–7.5, though there are some 
which thrive best at acidic pHs (acidophiles) or at alkaline pH (alkaliphiles). 
Fungi generally grow at pHs lower than that of bacteria. Reactor operating pH 
has to be set to provide the best pH conditions for growth and enzyme activities. 
Behavior of pollutants is also influenced by pH thus affecting their bioremedia-
tion. For example with metals, pH affects the redox and solubility of metals, 
different forms and valence have different effects on microorganisms [14]. Metal 
solubility increases with a decrease in medium pH and alkaline pH favor metal 
ion precipitation. Often lower pH values are required for metal attachment to 
the microbial cell surface [7, 14]. Microorganisms that produce acids result in 
increased solubility of the metal ions [10]. To provide for best pH conditions, 
buffers are used in media formulations, acids and bases can be added during the 
bioreactor process [13].

• Nutrients

Nutrients are required for growth and metabolism of the microorganisms. 
Several elements are required in biosynthesis and energy production. Carbon is the 
most basic element of living forms and is needed in greater quantities than other 
elements. Other elements that are important in ensuring a balanced nutritional 
bioreactor environment depending on the type of microorganism include hydro-
gen, oxygen, nitrogen, sulfur, phosphorus, iron, calcium and magnesium [10, 11]. 
All necessary macro- and micro- nutrients requirements are provided in reactor 
media. Microorganisms can use the pollutants they are degrading as primary energy 
sources or a primary source of energy is provided to the microorganism in the case 
of co metabolism of the pollutants.

• Moisture

Water is required to support microbial growth and catalysis. Cellular chemical 
reactions occur in aqueous conditions and water is required to ensure the correct 
osmotic pressure is maintained for microbial growth. The amount of water available 
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for microbial growth is called (aW). Most microorganisms grow at water activities 
of 0.98 or higher, osmotolerant species can however grow at a range of low aW [11].

• Electron acceptors

The presence of electron acceptors, e.g., oxygen in aerobic microbes and NO3
1−, 

SO4
2− and Fe (III) oxides in case of anaerobic microbes, also affects the biodegrada-

tion processes.

• Reactor design related factors

Bioreactors have to provide for the best conditions for microbial growth and 
biochemical process to occur. The reactor size, configuration and mode of opera-
tion are key reactor design factors. The reactor should provide favorable physical, 
biological and the combined physical-chemical conditions for the best biological 
remediation processes to be achieved. In designing the bioreactor, favorable physical 
conditions for transport of gases and liquids and solids over time that ensure that 
the physical entity of the bioreactor is favorably adapted to the biological system 
that performs the bioreactions are required [12, 15]. On the other hand there is need 
to ensure that the biophysical and biochemical events taking operate at optimum 
levels under real situation application.

Polluted samples for remediation can be fed into the reactor either as dry or 
slurry matter [9]. Pollutants with hydrophobic properties are often unavailable 
for microbial degradation, particularly if they are bound to soil matrix [7]. Their 
degradation is therefore limited by their transfer to liquid [4]. Minimizing mass 
transfer resistance was found to be a key factor in the degradation of hexachlorocy-
clohexane (HCH) in slurry batch bioreactors [4].

Despite the rapid development of bioreactors due to their widespread use in 
biotechnology, the aspects of maintaining stability and rates of bioprocesses are still 
areas to be addressed. Poor bioreactor construction and design, leading to inad-
equate mixing, may jeopardize the stability and performance of the process [15]. 
Mixing prevents thermal stratification, help maintain uniform conditions in the 
reactor, ensure good contact between microbial culture and media reactants. The 
importance of mixing in bioreactor cannot be over emphasized, poor mixing affect 
microbial process efficiency.

Hydraulic retention times (HRT) required to achieve the necessary remediation 
goals in the bioreactor have to be determined and optimized. Longer HRTs result in 
poor substrate loading which diminishes the microbial population, whereas shorter 
ones do not allow microorganisms to effectively degrade the pollutant and can result 
in microbial wash out from the system [16].

• Organism related factors

Organism related factors include population density, composition, inter and 
intraspecific interaction. Microbes are the most diverse forms of life and have 
developed a wide range of metabolic pathways that enable them to cope under the 
varying ecological conditions including exposure to xenobiotics. A whole range of 
environments ranging from aerobic, anaerobic, acidic, alkaline, and low to high 
temperature have been utilized as sources of microorganisms for bioremediation 
[13]. Only certain species of bacteria and fungi have proven their ability as potent 
pollutant degraders [13]. In the natural environment degradation of pollutants is 
often achieved through complex microbial population interactions. Single or mixed 
microbial cultures are used for pollutant remediation in bioreactors. In the event 
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• Temperature
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most bacteria for example growing optimally at pH 6–7.5, though there are some 
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Fungi generally grow at pHs lower than that of bacteria. Reactor operating pH 
has to be set to provide the best pH conditions for growth and enzyme activities. 
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increased solubility of the metal ions [10]. To provide for best pH conditions, 
buffers are used in media formulations, acids and bases can be added during the 
bioreactor process [13].
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Several elements are required in biosynthesis and energy production. Carbon is the 
most basic element of living forms and is needed in greater quantities than other 
elements. Other elements that are important in ensuring a balanced nutritional 
bioreactor environment depending on the type of microorganism include hydro-
gen, oxygen, nitrogen, sulfur, phosphorus, iron, calcium and magnesium [10, 11]. 
All necessary macro- and micro- nutrients requirements are provided in reactor 
media. Microorganisms can use the pollutants they are degrading as primary energy 
sources or a primary source of energy is provided to the microorganism in the case 
of co metabolism of the pollutants.
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Water is required to support microbial growth and catalysis. Cellular chemical 
reactions occur in aqueous conditions and water is required to ensure the correct 
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for microbial growth is called (aW). Most microorganisms grow at water activities 
of 0.98 or higher, osmotolerant species can however grow at a range of low aW [11].

• Electron acceptors

The presence of electron acceptors, e.g., oxygen in aerobic microbes and NO3
1−, 

SO4
2− and Fe (III) oxides in case of anaerobic microbes, also affects the biodegrada-

tion processes.

• Reactor design related factors

Bioreactors have to provide for the best conditions for microbial growth and 
biochemical process to occur. The reactor size, configuration and mode of opera-
tion are key reactor design factors. The reactor should provide favorable physical, 
biological and the combined physical-chemical conditions for the best biological 
remediation processes to be achieved. In designing the bioreactor, favorable physical 
conditions for transport of gases and liquids and solids over time that ensure that 
the physical entity of the bioreactor is favorably adapted to the biological system 
that performs the bioreactions are required [12, 15]. On the other hand there is need 
to ensure that the biophysical and biochemical events taking operate at optimum 
levels under real situation application.

Polluted samples for remediation can be fed into the reactor either as dry or 
slurry matter [9]. Pollutants with hydrophobic properties are often unavailable 
for microbial degradation, particularly if they are bound to soil matrix [7]. Their 
degradation is therefore limited by their transfer to liquid [4]. Minimizing mass 
transfer resistance was found to be a key factor in the degradation of hexachlorocy-
clohexane (HCH) in slurry batch bioreactors [4].

Despite the rapid development of bioreactors due to their widespread use in 
biotechnology, the aspects of maintaining stability and rates of bioprocesses are still 
areas to be addressed. Poor bioreactor construction and design, leading to inad-
equate mixing, may jeopardize the stability and performance of the process [15]. 
Mixing prevents thermal stratification, help maintain uniform conditions in the 
reactor, ensure good contact between microbial culture and media reactants. The 
importance of mixing in bioreactor cannot be over emphasized, poor mixing affect 
microbial process efficiency.

Hydraulic retention times (HRT) required to achieve the necessary remediation 
goals in the bioreactor have to be determined and optimized. Longer HRTs result in 
poor substrate loading which diminishes the microbial population, whereas shorter 
ones do not allow microorganisms to effectively degrade the pollutant and can result 
in microbial wash out from the system [16].

• Organism related factors

Organism related factors include population density, composition, inter and 
intraspecific interaction. Microbes are the most diverse forms of life and have 
developed a wide range of metabolic pathways that enable them to cope under the 
varying ecological conditions including exposure to xenobiotics. A whole range of 
environments ranging from aerobic, anaerobic, acidic, alkaline, and low to high 
temperature have been utilized as sources of microorganisms for bioremediation 
[13]. Only certain species of bacteria and fungi have proven their ability as potent 
pollutant degraders [13]. In the natural environment degradation of pollutants is 
often achieved through complex microbial population interactions. Single or mixed 
microbial cultures are used for pollutant remediation in bioreactors. In the event 
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where bioagumentation is applied the introduced organisms need to be able to co-
exist with indigenous residents.

Different microorganisms often have different metabolic capabilities, to this 
extend the evaluation of several strains of different microbial players have to be 
investigated in order to come up with the best degraders [13]. In screening and 
comparison of the bio-degradation of PAHs by white rot fungi [17], found out 
that newly screened white rot fungi strains had higher or comparable degradation 
capacity to the model well applauded P. chrysosporium, and these strains did not 
accumulate the metabolite quinone which accumulates as a dead end metabolite in 
P. chrysosporium.

Polluted environments provide sources of microorganisms resistant or acclima-
tized to the pollutant [18]. However microorganisms that are known to have certain 
inherent physiological characteristic, e.g., metabolism of known substrate with 
structural similarity to xenobiotics of interest and/or adaptation to certain envi-
ronmental conditions can be selected. This is the case in several studies that used 
microorganisms for pollutant degradation [11, 17–19].

• Pollutant related factors

Factors that affect bioremediation in bioreactors that are related to the pol-
lutant include: nature of pollutant, i.e., the physical and chemical properties 
including solubility, volatility, molecular complexity, concentration and toxicity. 
Investigations for most pollutant biodegradation have centered on how different 
concentrations, mixed pollutants, solubility and molecular structure can affect 
microbial bioremediation [17, 20]. In the case of PAHs, degradation decreases in the 
order alkane> branched chain alkanes>low molecular weight aromatics> cycloal-
kanes [17]. It should be noted however that some pollutants are resistant to biodeg-
radation (recalcitrant, i.e., resistant to degradation) they are degraded at very low 
pace even if the right microbial population and conditions are present.

3. Microbial bioreactors in bioremediation

Several laboratory, and pilot bioremediation studies have been done using 
microbial (fungi and bacteria) bioreactors [6, 8, 17, 18, 20]. Bioreactor technologies 
may offer effective means for treatment of many contaminants in groundwater, 
soil and air [4, 5, 7, 12]. The bioreactor type of choice for any application should 
be easy to operate and maintain for the selected purpose and application. Table 1 
presents some of the studies that involved the use of bioreactors in bioremediation. 
Flexibility to design bioreactor tailor made for different processes and remediation 
applications makes the use of bioreactors in bioremediation attractive [9]. The 
design should accommodate high biomass from cell growth, supply of necessary 
nutrients and also removal of waste components from the system. A description of 
some bioreactor types and their application is given in Sections 3.1–3.7.

3.1 Slurry phase bioreactors

Slurry phase bioreactors, as the name implies treats polluted media that is within 
a slurry phase. Alternative names are bio-slurry reactors and slurry phase biologi-
cal treatment. Slurry bioreactors offer an ex situ environmentally friendly way for 
remediating mostly soils and sediments from petrochemical hydrocarbons, tars, 
creosotes, chlorinated solvents, herbicides, pesticides and explosives or when a solid 
substrate that is formulated into a slurry is used [4, 6, 25, 26]. Hydrophobic nature 
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of most persistent chemicals makes them sorb to soil or sediments and not easily 
accessible for biodegradation.

Operation of the slurry reactor can be in batch, semi-continuous and continuous 
mode, with the batch process being the most common one [6, 26]. Figure 1 shows 
an illustration of a simplified slurry reactor. Water is mixed with the contaminated 
solid matrix in suitable ratios and this enhances contact between microorganisms, 
pollutant, media and oxygen. Pollutants that are solubilized become more bioavail-
able. Table 2 shows some of the studies that have involved the use of slurry phase 
bioreactors in bioremediation.

3.2 Partitioning bioreactors

Partitioning bioreactors are used in bioremediation when two phases need to 
be achieved, e.g., such as for organic solvents or water immiscible compounds in 

Bioreactor type Application details Reference(s)

Packed bed Different fungi and bacteria used for remediation of 
organochlorine pesticides, PAHs, pharmaceuticals, amines, 
and textile dyes. Packing material varied from organic 
material (sawdust, wood chips) to inert solid materials 
(polyurethane foam, poraver stones); chlorinated aliphatic 
compounds

[14, 17, 21–23]

Fluidised bed Treatment of pharmaceuticals using fungi [20, 22]

Two-phase 
partitioning

Benzene biodegradation by cow dung microflora [24]

Slurry phase Bacterial and fungal remediation of soil from VOC, 
organochlorines, PAHs, 2,4-dichlorophenoxyacetic acid

[4, 6, 25, 26]

Suspended carrier Fungi used for remediation of organochlorine pesticides, 
PAHs, textile dyes.

[21]

Up-flow anaerobic 
stage reactor (UASR)

Bacterial degradation of tylosin [16]

Membrane bioreactor Textile dye in waste water; pharmaceuticals, 
1,2-dichloroethane, 1,2-dichlorobenzene and 2-chlorophenol 
groundwater; metal recovery

[27–31]

Air lift Textile dye effluent decolorization by fungi, olive mill 
effluent, cellulose industry bleaching effluent

[15, 32, 33]

Biotrickling filter Municipal waste water, brewery waste, olive oil mill waste 
water, VOC contaminated air

[32, 34]

Upflow Anaerobic 
Sludge Blanket

Potato waste water, BTEX [9, 35]

Sequence batch 
reactor

Nanosilver, Nanofullerenes [36]

Continuous flow 
Bioreactor

PCP and creosote by some Pseudomonas species [37]

Nonisothermal 
bioreactors

Degradation of phenol by fungal laccase [38]

Continuously stirred 
tank bioreactor 
(CSTR)

For hydrocarbon-rich industrial wastewater effluents by 
mixed microbial cultures, petroleum hydrocarbon

[7, 8]

Table 1. 
Studies that involved the use of bioreactors in bioremediation.
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where bioagumentation is applied the introduced organisms need to be able to co-
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Slurry phase bioreactors, as the name implies treats polluted media that is within 
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remediating mostly soils and sediments from petrochemical hydrocarbons, tars, 
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of most persistent chemicals makes them sorb to soil or sediments and not easily 
accessible for biodegradation.

Operation of the slurry reactor can be in batch, semi-continuous and continuous 
mode, with the batch process being the most common one [6, 26]. Figure 1 shows 
an illustration of a simplified slurry reactor. Water is mixed with the contaminated 
solid matrix in suitable ratios and this enhances contact between microorganisms, 
pollutant, media and oxygen. Pollutants that are solubilized become more bioavail-
able. Table 2 shows some of the studies that have involved the use of slurry phase 
bioreactors in bioremediation.

3.2 Partitioning bioreactors

Partitioning bioreactors are used in bioremediation when two phases need to 
be achieved, e.g., such as for organic solvents or water immiscible compounds in 

Bioreactor type Application details Reference(s)

Packed bed Different fungi and bacteria used for remediation of 
organochlorine pesticides, PAHs, pharmaceuticals, amines, 
and textile dyes. Packing material varied from organic 
material (sawdust, wood chips) to inert solid materials 
(polyurethane foam, poraver stones); chlorinated aliphatic 
compounds

[14, 17, 21–23]

Fluidised bed Treatment of pharmaceuticals using fungi [20, 22]

Two-phase 
partitioning

Benzene biodegradation by cow dung microflora [24]

Slurry phase Bacterial and fungal remediation of soil from VOC, 
organochlorines, PAHs, 2,4-dichlorophenoxyacetic acid

[4, 6, 25, 26]

Suspended carrier Fungi used for remediation of organochlorine pesticides, 
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[21]

Up-flow anaerobic 
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Bacterial degradation of tylosin [16]

Membrane bioreactor Textile dye in waste water; pharmaceuticals, 
1,2-dichloroethane, 1,2-dichlorobenzene and 2-chlorophenol 
groundwater; metal recovery

[27–31]

Air lift Textile dye effluent decolorization by fungi, olive mill 
effluent, cellulose industry bleaching effluent
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Biotrickling filter Municipal waste water, brewery waste, olive oil mill waste 
water, VOC contaminated air

[32, 34]

Upflow Anaerobic 
Sludge Blanket

Potato waste water, BTEX [9, 35]

Sequence batch 
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Nanosilver, Nanofullerenes [36]

Continuous flow 
Bioreactor

PCP and creosote by some Pseudomonas species [37]

Nonisothermal 
bioreactors
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For hydrocarbon-rich industrial wastewater effluents by 
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aqueous solutions. Reactors are designed with the aqueous and organic phase, and 
can be single or multiphased [24]. With toxic hazardous waste, toxicity to degrad-
ing microorganisms is a problem. In partitioning bioreactors, there is a two-phase 
system where a water immiscible and biocompatible organic solvent is allowed to 
float on the surface of a cell containing aqueous phase [45]. This means that high 
amounts of hazardous waste dissolved in a solvent can be added to the reactor 
without the microorganism experiencing inhibitory concentrations of the pollut-
ant [24, 45, 46]. A rigorous process involving selection of the solvent, taking into 
consideration the biological, physical, operational, environmental and economic 
factors is necessary in developing an efficient partitioning biotreatment system. 
Partitioning reactors find application in the remediation of toxic compounds from 
petrochemical industry such as benzene as well as VOC in waste gases of many 
industrial processes [45, 47, 48]. Angelucci et al. [49], successfully tested a continu-
ous two-phase-partitioning reactor in the treatment of tannery wastewater. Several 
other studies involving phase partitioning bioreactors are described [24, 45–50].

3.3 Stirred tank bioreactors

A continuous stirred tank bioreactor consists of a cylindrical vessel with motor 
driven central shaft that supports one or more agitators (impellers). Stirred tank 
bioreactors are the predominantly used design for submerged cultures. Stirred tank 
bioreactors are mechanically agitated where the stirrers are the main gas-dispersing 
tools and provide high values of mass transfer rates coupled with excellent mixing. 
Advantages of the STR include the efficient gas transfer to growing cells, good 
mixing of the contents and flexible operating conditions, besides the commercial 
availability of the bioreactors. The main shortcoming of the stirred tank bioreactor 
is its mechanical agitation which requires energy and stirring can cause shear strain 
on microbial cells.

Gargouri et al. [7] evaluated the use of a continuously stirred tank bioreactor 
(CSTR) in the treatment of hydrocarbon-rich industrial wastewaters and achieved 

Figure 1. 
Simplified slurry reactor [26].
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successful bioremediation using an acclimatized microbial consortium. The 
residual total petroleum hydrocarbon (TPH) decreased from 320 –8 mg TPH l−1. 
The reactor used is shown in Figure 2. Bi [51], applied a continuously stirred tank 
reactor for bioremediation of ethanol, toluene and benzyl alcohol by P. putida.

3.4 Biofilters

A basic biofilter bioreactor consist of a large media bed where pollutants are 
passed through and get degraded by the microorganisms. Biofilters are amongst 
the oldest environmental bioremediation techniques. Biofilters are used mostly 
in waste water treatment as well as in the control of air pollution [34, 52, 53]. A 
number of materials are used for bed media such as peat, composted yard waste, 
bark, coarse soil, gravel or plastic shapes. A typical example of a biofilter is the 
trickling filter which finds extensive application in the treatment of different 
liquid effluents or waste waters or waste that is constituted into liquid. A trickling 
filter is usually a round, vertical tank that contains a support rack and is filled with 
aggregate, ceramic or plastic media and in the middle of the tank is a vertical pipe 
that has a rotary connection with spray nozzles on the top end [34]. A spray arm is 
attached to the rotary connection and has spray nozzles installed along its length for 
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Indigenous microbial 
consortium
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of Total Petroleum 
Hydrocarbon in oily 
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anoxic/microaerophilic 
conditions
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stutzeri, and an Alcaligenes 
species

93.4% of creosote 
degraded in 12 weeks

[41]
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(TNB)
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bacterial isolates

Complete removal 
of the explosive after 
80 days

[42]

Hexachlorocyclohexane 
(HCH)

White rot fungi Bjerkandera 
adusta

Maximal degradations 
of 94.5, 78.5 and 66.1% 
were attained after 
30 days for the-HCH 
isomers, respectively

[4]

High molecular weight 
PAH in soil

PAH-degrading consortium Pyrene degraded 
at 19 mg L−1 day−1, 
chrysene and 
benzo[a]pyrene 
respectively at 3.5 and 
0.94 mg L−1 day−1.

[43]

Chlorpyrifos Enriched indigenous soil 
microorganism

Degradation of 48% 
in aerobic and 31% in 
anaerobic soil slurries

[44]
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Figure 1. 
Simplified slurry reactor [26].

125

Microbial Bioremediation and Different Bioreactors Designs Applied
DOI: http://dx.doi.org/10.5772/intechopen.83661

successful bioremediation using an acclimatized microbial consortium. The 
residual total petroleum hydrocarbon (TPH) decreased from 320 –8 mg TPH l−1. 
The reactor used is shown in Figure 2. Bi [51], applied a continuously stirred tank 
reactor for bioremediation of ethanol, toluene and benzyl alcohol by P. putida.

3.4 Biofilters

A basic biofilter bioreactor consist of a large media bed where pollutants are 
passed through and get degraded by the microorganisms. Biofilters are amongst 
the oldest environmental bioremediation techniques. Biofilters are used mostly 
in waste water treatment as well as in the control of air pollution [34, 52, 53]. A 
number of materials are used for bed media such as peat, composted yard waste, 
bark, coarse soil, gravel or plastic shapes. A typical example of a biofilter is the 
trickling filter which finds extensive application in the treatment of different 
liquid effluents or waste waters or waste that is constituted into liquid. A trickling 
filter is usually a round, vertical tank that contains a support rack and is filled with 
aggregate, ceramic or plastic media and in the middle of the tank is a vertical pipe 
that has a rotary connection with spray nozzles on the top end [34]. A spray arm is 
attached to the rotary connection and has spray nozzles installed along its length for 

Pollutant Microorganism(s) Bioremediation details Reference(s)

Petroleum hydrocarbons 
in oil sludge

Indigenous microbial 
consortium

24% biodegradation 
of Total Petroleum 
Hydrocarbon in oily 
waste

[39]

2,4,6-trinitrotoluene 
(TNT)

Mixed soil bacteria under 
anoxic/microaerophilic 
conditions

99% of 10,000 mg kg−1 
was degraded in 82 days 
under co-metabolism 
with molasses

[40]

PAHs in creosote Degradation by Pseudomonas 
fluorescens, Pseudomonas 
stutzeri, and an Alcaligenes 
species

93.4% of creosote 
degraded in 12 weeks

[41]

Explosives 
2,4,6-trinitrotoluene 
(TNT) and 
2,4,6-trinitrobenzene 
(TNB)

Selected Gram positive 
bacterial isolates

Complete removal 
of the explosive after 
80 days

[42]

Hexachlorocyclohexane 
(HCH)

White rot fungi Bjerkandera 
adusta

Maximal degradations 
of 94.5, 78.5 and 66.1% 
were attained after 
30 days for the-HCH 
isomers, respectively

[4]

High molecular weight 
PAH in soil

PAH-degrading consortium Pyrene degraded 
at 19 mg L−1 day−1, 
chrysene and 
benzo[a]pyrene 
respectively at 3.5 and 
0.94 mg L−1 day−1.

[43]

Chlorpyrifos Enriched indigenous soil 
microorganism

Degradation of 48% 
in aerobic and 31% in 
anaerobic soil slurries

[44]

Table 2. 
Some examples of remediation studies in slurry phase bioreactor.



Biotechnology and Bioengineering

126

distribution of the waste water. Microorganisms grow in biofilm forms on the pack-
ing material surface and are responsible for the degradation of the pollutants from 
the effluent. Schmidt and Anderson [34] described the use of a trickling biofilter 
in the removal of high concentrations of 1-butanol from contaminated air. The 
potential application of the biotrickling filter in industrial off gas treatment was 
evaluated in the removal of high concentrations of 1-butanol from contaminated 
air with efficiency exceeding 80% for butanol concentrations of 0.4–1.2 g m−3 [34]. 
The laboratory-scale perlite-packed biotrickling filter was operated for 60 days 
and demonstrated effective and efficient removal of butanol concentrations up to 
4.65 g m−3 with a maximum elimination capacity of 100 g m−3 h−1 [34].

3.5 Packed bed bioreactors

Packed bed bioreactor systems provide for microbial growth on fixed film sub-
strata. In order to obtain compact reactors and ensure greater treatment reliability, 
fixed film reactors are used. They offer the advantage that dilute aqueous solutions 
can be remediated at high biomass without the need to separate biomass and the 
treated effluent [13, 54]. In packed bed biofilm biotreatment processes, unlike 
suspension cultures there is no need to incorporate special measures such as cen-
trifugation and membrane filters to retain the biomass. This feature makes the use 
of packed bed reactors particularly appropriate in bioreactors systems where large 
substrate—flow through is required. The concentration of cells in a given volume 
may be increased, a factor that leads to enhanced efficiency/productivity of the 
bioreactor and decreased volume of bioreactors [55]. While high biomass concen-
trations can be easily maintained, the medium to biofilm mass transfer of substrate 
is the rate limiting process in packed bed bioreactors [54, 56]. Within the biofilm 
there are considerable differences in the microorganisms’ microenvironment, 
depending on the distance from the surface of the biofilm [54]. Substrates such as 

Figure 2. 
Schematic diagram of the aerobic continuously stirred tank bioreactor (CSTR) used for continuous 
experiments [7].
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oxygen, carbon and nitrogen sources have to cross the biofilm—liquid interface 
by diffusion, thus a diffusion gradient occurs. To calculate the kinetics of conver-
sion in the biofilm processes, two important processes that occur in the system are 
considered and these are (i) transport of solutes over the biofilm and (ii) combined 
reactions and diffusion inside the biofilm [54]. In the packed bed reactors, develop-
ment of excess microbial biomass also occurs leading to hydraulic channeling or loss 
of interstitial fluid volume. To overcome the severe constraints of hydraulic hold up 
within the interior of the reactor extra-capillary space transverse flow bioreactors 
were developed [57].

Selection of suitable substances as packing materials is an important consideration. 
Materials that have been used include nylon web, polyurethane foam, silicone tubing, 
sintered glass, porous ceramics, propylene, stainless steel, agarose and agar gel beads 
[58–67]. The ideal support should be chemically inert in physiological growth medium, 
rigid and porous to facilitate mycelial attachment and re-usable after removal of the 
fungus. Figure 4 shows a  Simplified diagram of a laboratory based packed bed biore-
actor. Examples of remediation studies in packed bed reactors are given in Table 3.

3.6 Airlift bioreactors

Airlift bioreactors can provide an attractive treatment alternative for treatment of 
gaseous or volatile air pollutants. Frequently, the most limiting factor in the perfor-
mance of these reactors is that they are susceptible to being limited by gas-liquid mass 
transfer and by poor mixing of the liquid phase, particularly when they are operating 
at high cell densities [68, 69]. The bioreactor performance is dependent on the pump-
ing (injection) of air and the liquid circulation. The airlift bioreactor can have a forced 

Support Experimental study details References

Polyurethane foam Anaerobic fixed film horizontal flow bench scale reactor. 
Benzene, toluene, ethylbenzene, and xylene, BTEX removal 
with efficiency of 75–99% in 11.4 hrs

[58]

Laterite stones Microbial consortium anaerobic degradation of textile azo dyes, 
61.7% degradation of 55 μg mL−1 of simulated effluent dye.

[59]

Coconut shell bio-char Congo red dye degradation in batch and continuous packed bed 
bioreactors by Brevibacillus parabrevis. A 95.71% removal of in 
6 days of 150 ppm dye.

[60]

Polyurethane foam Bacterial degradation of malathion in batch and continuous 
packed bed bioreactors, removal at 89% for up to 145.4 mg L−1 
day−1

[61]

Wire Mesh Fungal degradation of textile effluent [62]

Wood chips Chlorophenol degradation by Phanerochaete chrysosporium [63]

Sugarcane bagasse Degradation of dyes and industrial effluents by Garnoderma 
weberianum B-18 immobilized in a lab-scale packed-bed 
bioreactor. 55–98% for different dyes tested

[64]

Celite Perchlorate-Contaminated groundwater 800 μg L−l reduced to 
less than 4 μ−1 at 0.3 h retention time

[66]

Polyurethane foam Biodegradation of an actual petroleum wastewater by an 
immobilized biomass of Bacillus cereus

[66]

Polyurethane foam and 
alginate beads

Benzene biodegradation Bacillus sp. M3 at 84 in alginate beads 
and 90% on polyurethane foam within 9 days

[67]

Table 3. 
Some examples of remediation studies in packed bed reactors.
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flow in an internal or external loop as shown in Figure 5. Specific volatile organic 
chemicals may be completely degraded by a microorganism at normal temperature 
and pressure without producing a second polluted byproduct [70]. Nikakhtari and 
Hill [68], applied and External Loop Airlift Bioreactor with a small amount (99% 
porosity) of a stainless steel mesh packing inserted in the riser section for bioremedia-
tion of a phenol polluted air stream. Phenol removal of 100% was achieved using the 
bacterium Pseudomonas putida, and at a phenol loading rate of 22,160 mg h−1 m−3, 
thus demonstrating the novelty and potential VOCs bioremediation application of the 
reactor at high loading rates. Figure 5 presents a  schematic diagram of airlift bioreac-
tor. Several other studies involving the use of airlift bioreactors [19, 69–71].

3.7 Membrane bioreactor

Membrane bioreactors (MBR) combine the use of a membrane that forms a filtra-
tion system and the biological process. The membrane provides a physical barrier that 
separates the liquid from the solid and ensures retention of the solids and good quality 
effluent. The quality of the treated effluent from the membrane bioreactor is of high 
quality than that achieved by employing other techniques, enabling optimal function-
ing of the secondary treatment system [72, 73]. MBR offer the advantages that often 
smaller tank size is used and filtration function of the membrane ensures that solids 
are separated from treated effluent. Membrane fouling has been recognized however 
as a major drawback in the application of membrane bioreactors in bioremediation. 
Also membranes are often expensive thus making the process costly. Development 

Figure 3. 
Schematic diagram of biotrickling filter [34].
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of low cost membrane filters is an ongoing feature in the science of MBR [72]. MBR 
reactors have been used in the biological treatment of domestic and industrial waste 
water. MBR have been evaluated in the remediation of pentachlorophenol in concen-
tration ranges that occur in waste water [73], textile waste water [27], 1,2-dichloro-
ethane, 1,2-dichlorobenzene and 2-chlorophenol [30].

3.8 Other bioreactors in bioremediation

Due to flexibility in bioreactor designs, the configuration of reactors is 
numerous. While an effort has been made here to describe some of the common 

Figure 4. 
Simplified diagram of a laboratory based packed bed bioreactor [21].

Figure 5. 
Schematic diagram of airlift bioreactor with (a) external recirculation and (b) internal recirculation [15].
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bioreactors used for different bioremediation applications, several other bioreactor 
types have not been discussed. These include the UASB which find major applica-
tion in anaerobic digestion of waste waters as well as solid wastes, bio-scrubbers 
which are applied in off gas air pollution control, continuous stirred tank reactors as 
well as rotating contactor reactors.

4. Conclusions

It is evident that a wide range of microbial bioreactors have been developed and 
evaluated in the bioremediation of a wide range of pollutants in water, air and soil. 
Also a wide range of pollutants in physical and chemical properties are amenable 
to microbial degradation. Very diverse microbial species have the capability of 
pollutant degradation naturally and the use of well-developed optimized microbial 
bioreactors ensure improved rates of degradation when compared to degradation 
that happens in situ in the environment under natural environmental conditions.
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to microbial degradation. Very diverse microbial species have the capability of 
pollutant degradation naturally and the use of well-developed optimized microbial 
bioreactors ensure improved rates of degradation when compared to degradation 
that happens in situ in the environment under natural environmental conditions.
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Chapter 10

Phytoremediation of Effluents 
Contaminated with Heavy Metals 
by Floating Aquatic Macrophytes 
Species
Cleide Barbieri de Souza and Gabriel Rodrigues Silva

Abstract

The progress of urbanization and technologies led to the rise of anthropogenic 
activities, which consequently have high production of pollutants, affecting eco-
systems, including aquatic biomes. One of the contaminating forms that cause 
environmental impact is heavy metals, which are produced in large quantities by inap-
propriate disposal of batteries, residential, industrial, agricultural and mining waste. 
Such components generate bioaccumulative effects, classifying them as dangerous 
elements that must be removed from environment. However, in species such as plants, 
this bioaccumulative effect can be exploited, aiming a biotechnological and bioengi-
neering application to remove metals, called phytoremediation, employing floating 
aquatic macrophytes, which have high potential due to their properties retaining 
contaminants. Results obtained were conclusive for adaptation of Eichhornia crassipes 
and Salvinia auriculata as better phytoremediation agents, respectively, while Lemna 
minor and Pistia stratiotes fit better in biomonitoring, which have resistance to certain 
concentrations of metal when related to Cd, Hg, Zn, Ni and Pb.

Keywords: environmental bioengineering, biotechnology, phytoremediation, water, 
heavy metals, floating aquatic macrophytes

1. Introduction

In contemporary society, the great amount of harmful elements produced that 
come to nature has contributed greatly to environmental degradation, such aggres-
sions to the environment are due to several factors, mainly by the pollutants and 
substances that affect the planet and its spheres (atmosphere, lithosphere, hydro-
sphere), as well as affect the biosphere, which participates in these different levels 
and aggregates all life and its different ecological niches. Therefore, it is necessary to 
find alternatives of reduction and even exclusion of these pollutants that affect our 
planet in a devastating way [1, 2].

Since the harmful damages to the environment from human activities were dis-
covered, we look for sources and methods that can maintain sustainability, thinking 
about ecologically sustainable projects, making biodegradable products, looking for 
options to reduce pollutants and contaminants, other substitutions for extraction of 
material resources aimed at less damaging the ecosystem, creating environmental 
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remediation mechanisms, among many other extraordinary ideas that have been 
carefully studied and applied successfully, but which in most cases can not com-
pletely reverse what has already been destroyed [1].

Many techniques have been applied obeying the principle of sustainability, 
achieved through the use of the reasoning of distinct areas of knowledge, which, 
through the same purpose, manage to create products, methods and innovations 
that lead to some environmental benefit. An area of extreme importance that 
contributes greatly to the development of this type of clean technology so necessary 
for the environment is Biotechnology, in which the knowledge of biological sys-
tems, organisms and their products are used for the insertion in processes that can 
generate high impact in the society [3], including by implementing biotechnologi-
cal processes that can reduce contaminants or even improve environmental issues 
on a large scale.

When dealing with techniques that aim at direct environmental improve-
ment, bioremediation is one of the most effective biotechnological alternatives to 
combat pollutants, especially when dealing with larger cases, such as in the case 
of an oil spill. Such technique consists in the removal or transformation of toxic 
elements by living organisms that when associated with a medium confer some 
characteristic that holds the aggressor, making it impossible for this element in its 
harmful form to still be in dispersion or contact with other biological and natural 
resources [4, 5].

“Brazil has a privileged situation in relation to water availability (...) the idea of 
abundance served for a long time as a support to the culture of wasted water avail-
able, and then acquired low value as a resource (...)” [6], due to the excessive water 
loss not only from Brazil, but worldwide, the minimum measures that can be imple-
mented are those of environmental remediation, following the sustainable reasoning.

Plants used in the phytoremediation technique can be used in the terrestrial 
environment to remove organic or inorganic pollutants such as: toxic metals, 
chlorinated solvents, petroleum hydrocarbons, polychlorinated biphenyls and even 
radionuclides [7], as well as several species are used in the aquatic environment 
[8], where one of the genera that can be manipulated are the aquatic macrophytes, 
which has presented great expectations related to the remediation, providing 
numerous benefits in the extraction mainly when they deal with its bioaccumula-
tive principles of heavy metals [9] in the media contaminated, which will be more 
exploited in this work, since they have functions that can be used for the restoration 
of water resources.

In this context, the objective of this work was a review for the evaluation of 
phytoremediating properties of aquatic macrophytes against heavy metals, such as: 
Cd, Hg, Zn, Ni and Pb according to the bioaccumulative capacity of four species of 
macrophytes. These metals were chosen because of their toxic properties or their 
ability to contaminate the environment, and they are present among pollutants with 
higher indices in wastewater and high metal toxicity [8, 9], while the selected plants 
were the most prominent in scientific articles.

2. Methodology

This research was carried out through a collection of information with the 
comparative function of studying and discussing the potential of phytoremediation 
of some species of floating aquatic macrophytes, made through the cross - linking 
of data from scientific articles from sources such as PubMed and Scielo, academic 
papers of high relevance and journals of impact, in order to cover in a global way the 
state of the art of this study.
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3. Hydrical contaminants and heavy metals

The intense urbanization and increase of anthropogenic activities, coupled with 
the surplus population growth, have contributed to the scarcity of primary natural 
resources, extinction of species, among innumerable damages caused by urban and 
industrial pollution that can be cited, such as the increase in the incidence of diseases 
of the nervous system, often caused by heavy metals from vehicles, mining, metal-
lurgy and electroplating; the increase in particulate matter related to the increase 
in the rate of respiratory diseases, besides neoplasias that may arise from several 
origins, among these there are already hypotheses of some harmful pollutants and 
others already proven that are still used in our daily life [1], as an example the nickel, 
an element in great abundance used in metal alloys, electroplating, composition of 
batteries among other products, being related to episodes of contact dermatitis and 
indications of carcinogenicity according to the increase of its concentration [9].

Heavy metals are inorganic compounds, some even considered as essential 
micronutrients for the metabolism of plants and other living beings, but when 
in high concentrations (varying according to the referred compound) can gener-
ate toxic effects on organisms, it is important to note that these effects may vary 
according to circumstances such as the organism tolerance, pH, presence of other 
ions that interfere with bioavailability, among other issues that may interfere with 
the result of contact with the element [10, 11]. With this toxicity, adverse effects 
are caused in plant physiology and metabolism, interacting mainly with their 
enzymes; since the plants are the organisms that theoretically have direct contact 
with these elements, thus they carry forward the damages of the bioaccumula-
tion. These compounds can be captured by plants when they come in contact 
with soil or water that is contaminated with waste, emphasizing the industrial 
and agricultural [12], the latter cited is widely used to exemplify the accumula-
tion of these materials in the food chain. The response of plants to contact with 
heavy metals depends on the concentration and exposure to them, presenting 
some phytotoxicity traits as reduced growth, especially the root system is more 
affected, chlorosis and leaf necrosis followed by traces of senescence and abscis-
sion, which changes lead to lower nutrient uptake and interfere with the biomass 
acquired [13].

4. Environmental biotechnology and bioengineering

Biotechnology is situated, due to its range of possibilities, among one of the 
main tendencies to the vision of the future, always with a look ahead of the possible 
methods to improve the quality of life, besides using resources in a less aggressive 
way. Aiming at the progression of mankind and at the same time environmental 
preservation, several biotechnological routes were created, as examples are much 
cited fields of food production, energy generation, prevention of environmental 
pollution and remediation areas [4].

Bioengineering is widely used in the environmental aspect aiming at the main-
tenance of resources, commonly present in soil erosion recovery processes along 
riverbanks [14], but can also be applied to water bodies, aiming at reestablishment 
with interventions designed from problems such as discharge of domestic, industrial 
and agricultural effluents and diffuse pollution, making possible an improvement in 
the water body in question and consequently of the biota that inhabits it [15].

Among these processes were created “phytotechnologies,” alternative methods 
of remediation with plant utilization, aiming at the cleaning or stabilization of 
contaminants, this being an important function, which becomes more effective 
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when implemented with other mechanisms and primary remediation techniques, 
promoting their decontamination capacities together [16].

There are also different techniques associated with measures to promote 
phytoremediative capacities that have promising results, such as the use of rhizo-
bacteria associated with plants and transgenic practices adopted to overcome their 
absorptive or resistance to toxicity [17]. The application of phytoremediation is 
acceptable because it is a green technology, making phytoremediation a very useful 
technique in environment-related biotechnology, combining the characteristics of 
plant species for gradual decontamination.

5. Vegetable resistance to metals

Plants to acquire resistance to heavy metals have several mechanisms, often 
varying the tolerant characteristics of the plant to different metals, in order to 
prevent these harmful components from reaching their tissues and cells, interact-
ing in metabolic processes and leading to signals toxicity, although not completely 
elucidated, some part of the mechanisms is known. Among the effects that coun-
teract the damages of heavy metals are mentioned: in the E. camaldulensis species 
when exposed to 45 μmol/L−1 cadmium there is increase of carotenoids (related to 
the tolerance to oxidative stress), and there is also an increase in the thickness of the 
epidermis and root endoderm according to the increased doses of the metal and the 
decrease in the thickness of the mesophyll and leaf limb related to the decrease of 
the photosynthetic capacity [7].

Oxidative stress is the toxic effects generated in plants through free radicals or 
reactive oxygen species (ROS) such as hydroxyls, superoxide anions, hydrogen per-
oxides [18] and may cause changes in proteins, DNA and membrane lipid peroxida-
tion, which will interfere in the chlorophyll production inhibiting the production 
of α-aminolevulinic acid, in addition to demonstrating that the plants exposed to 
cadmium had lower water potential than the control group [7].

Reactive oxygen species are constantly produced in plants, this condition can be 
stimulated when in contact with a situation of homeostatic imbalance, as is the case 
of the presence of heavy metals, however the vegetables have an antioxidant defense 
system, to reduce the harmful effects the cells are among the antioxidant metabo-
lites: ascorbate, glutathione, β-carotene, α-tocopherol that sequester or promote 
the degradation of ROS [19]. One of the main mechanisms related to this resistance 
being studied are phytochelatins.

5.1 Phytochelatins

Also called PCs (Phytochelatins), polypeptides are composed, most often by 
glutamic acid, glycine, and with a large amount of cysteine, and the presence of other 
amino acids may occur. Synthesized from glutathione (GSH) in steps catalyzed by the 
enzyme PC synthase, the increase of PC synthesis occurs by the contact of the plant 
with metal ions, inducing the enzyme PC synthase to exert greater activity [20].

There is greater involvement of research involving Cu, Zn, Ni, As and especially 
when it comes to cadmium, there is an increased expression related to PC, both in 
angiosperms, gymnosperms and pteridophytes and even bryophytes, PC are the 
main products associated with resistance because they act as metallic chelants, so 
the plants that have PCs in greater quantity may acquire greater resistance to the 
contaminated environment. On the other hand the functions of phytochelatins in 
the absence of heavy metals are not elucidated, although there are hypotheses of the 
participation of PCs in processes metabolic enzymes that lack metals [21]. Other 
non-plant organisms have PC biosynthesis, such as yeasts, algae and nematodes [22].
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It is worth emphasizing that the metals that can be complexed by the phyto-
chelatins are not all, being more effectively chelating Cadmium (by the incorpora-
tion of sulfides and formation of a cadmium sulfide coated with phytochelatins), 
Pb, Ag and Hg being the last three verified the formation of complexes with 
phytochelatins in vitro; Cd and Cu showed the formation of complexes with PC in 
vivo. The mechanism of metal tolerance attributed to PCs is due, in the presence 
of the metal, to the induction of the enzyme Phytochelatin synthase, which uses 
glutathione as a substrate for PC formation, after which the ion is transported and 
isolated in vacuoles, where they form complexes together to sulfides or organic 
acids [21, 22]. In addition, like the PC’s, the amino acid cysteine that contains the 
sulfur in its structure is present in other clusters also called metallothioneins, which 
have in common a sequence of tripeptides, two of which are cysteine and a variant, 
having their binding capacity due to the sulfhydryl group present, with affinity for 
several metallic ions such as Zn, Hg, Cd, Cu, among others, for transport, storage 
and protection functions against metals and free radicals [23].

5.2 Distinct mechanisms of metal resistance in plants

There are some mechanisms different from the PCs that make the plant acquire 
more tolerance, as it is the case of the increase in the thickness of the wall root tis-
sue, being the endoderm and exoderme root one of the main tissues to retain metals, 
association with microorganisms like fungi in the root region (mycorrhizae), can also 
secrete root exudates, compounds such as organic acids that complex the metal cations 
reducing the extracellular activity of these, are capable of suppressing the transport 
system, thus reducing its absorption, heat shock proteins (HSP) that have already been 
associated with protection of the plasma membrane, complexation or chelation by 
ligands pointed out in researches such as phytochelatin, metallothionein and organic 
acids that reduce the activity of the metal in the cytosol, which when ligated with the 
same are transported to vacuoles and stored, all these are mechanisms of immobiliza-
tion, exclusion, repair of damages or complex, and have not been well elucidated 
yet, so they may have other relations and functions between them [18]. Due to these 
attributes a plant can become a good species for the phytoremediation technique.

6. Phytoremediation

Plants are organisms that maintain a good part of the ecosystem due to their 
beneficial properties to the means in which they are: phytodegradation, phyto-
stimulation, volatilization, phytoprocessing, rhizofiltration, and also serve as a base 
to cover the area of environmental remediation, called phytoremediation. Their 
properties range from natural bioindicators to organisms that can be applied to a 
bioremediative technique; having several functions to remove contaminants, for 
these reasons, it has been proven that studies are still needed to identify species 
capable of acting more effectively [8, 24].

Among the main elements that can be remedied by plants are petroleum hydro-
carbons, agrochemicals, explosives, chlorinated solvents and industrial byproducts, 
organic or even inorganic substances [25]. The focus of this chapter is related to 
heavy metals, which fit the last category mentioned and can also be related to the 
activities of mining [26], causing long-term toxic effects to those who eventually 
come into contact with them.

Phytoremediation mechanisms are widely used in the environment contami-
nated by principles of bioaccumulation, occurring commonly in soil, however, are 
not only limited to this site, due to the variety of species in the flora, such as the 
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There are also different techniques associated with measures to promote 
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technique in environment-related biotechnology, combining the characteristics of 
plant species for gradual decontamination.
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ing in metabolic processes and leading to signals toxicity, although not completely 
elucidated, some part of the mechanisms is known. Among the effects that coun-
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the tolerance to oxidative stress), and there is also an increase in the thickness of the 
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decrease in the thickness of the mesophyll and leaf limb related to the decrease of 
the photosynthetic capacity [7].

Oxidative stress is the toxic effects generated in plants through free radicals or 
reactive oxygen species (ROS) such as hydroxyls, superoxide anions, hydrogen per-
oxides [18] and may cause changes in proteins, DNA and membrane lipid peroxida-
tion, which will interfere in the chlorophyll production inhibiting the production 
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the absence of heavy metals are not elucidated, although there are hypotheses of the 
participation of PCs in processes metabolic enzymes that lack metals [21]. Other 
non-plant organisms have PC biosynthesis, such as yeasts, algae and nematodes [22].
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It is worth emphasizing that the metals that can be complexed by the phyto-
chelatins are not all, being more effectively chelating Cadmium (by the incorpora-
tion of sulfides and formation of a cadmium sulfide coated with phytochelatins), 
Pb, Ag and Hg being the last three verified the formation of complexes with 
phytochelatins in vitro; Cd and Cu showed the formation of complexes with PC in 
vivo. The mechanism of metal tolerance attributed to PCs is due, in the presence 
of the metal, to the induction of the enzyme Phytochelatin synthase, which uses 
glutathione as a substrate for PC formation, after which the ion is transported and 
isolated in vacuoles, where they form complexes together to sulfides or organic 
acids [21, 22]. In addition, like the PC’s, the amino acid cysteine that contains the 
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association with microorganisms like fungi in the root region (mycorrhizae), can also 
secrete root exudates, compounds such as organic acids that complex the metal cations 
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heavy metals, which fit the last category mentioned and can also be related to the 
activities of mining [26], causing long-term toxic effects to those who eventually 
come into contact with them.

Phytoremediation mechanisms are widely used in the environment contami-
nated by principles of bioaccumulation, occurring commonly in soil, however, are 
not only limited to this site, due to the variety of species in the flora, such as the 
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extraction of pollutants from the aquatic environment by aquatic macrophytes, 
which according to the definition of phytoremediative capacities, those that have 
greater resistance to the toxicity of the environment, have great capacity of biomass 
generation in a shorter interval of time, becoming great options for gradual decon-
tamination of the environment, having substantial action in the case of effluents 
containing metals [8, 27].

The phytoremediative features that give the plant favorable conditions for its use, 
according to [8] are: high growth, high biomass production, vigor and resistance to 
toxicity, in which the macrophytes fit perfectly. Of the many benefits that can be 
cited from the use of plants included in these aquatic macrophytes, [28] states that 
“Remedial potential in various environments may under certain circumstances be a 
good alternative to habitat decontamination methods” the possibility of exploring 
the theme in a way that demonstrates the important collaborations of this application 
for the survival of a water ecosystem and its benefits to a contaminated environment, 
mainly exalting the relation of its efficiency in the extraction of heavy metals, always 
evaluating its advantages of removal, efficacy, selectivity and cost of the process.

Thus the phytoremediative process is due to an excellent biotechnological tech-
nique capable of overcoming in terms of expenses and sustainability, since it aims at 
improvements with the minimum impact to nature [27].

6.1 Aquatic macrophytes

Among the aquatic plants are the macrophytes, their group encompasses several 
aquatic plants that are generally divided by their classification of life form, being 
categorized in: free floating, submerged rooted, rooted with floating and emerg-
ing leaves [29]. It also shows that in the neotropical countries, Brazil is among one 
of the largest producers of scientific content related to macrophytes, solidifying 
the interest of the use and knowledge of these species that has great ecological 
importance. Studies have shown that the richness of the species of floating aquatic 
macrophytes comes from the morphoclimatic characteristics, through the rela-
tion between the hydrological characteristics and the diversity patterns of these 
plants [30]. The regions where they have predominance are, respectively, wetlands 
(wastewater treatment areas), lakes-ponds, and also river-streams; there are other 
ecosystems where they are found as the case of the marine environment, however 
they do not present population as expressive as the first three cited previously [29].

Some macrophytes may be considered “weeds,” due to their resistance and 
exponential vegetative growth characteristics, which on the one hand become 
important factors that affect the biomass control of the species treated as pests. 
The Eichhornia, Salvinia, and Pistia genera, when exposed to pesticides that are 
often effective to other plants, do not demonstrate such toxicity in some types of 
superweeds, these resistance attributes that make them good organisms for the 
environmental remediation technique [31].

6.2 Free floating aquatic macrophytes

Macrophytes may be associated with phosphorus and nitrogen concentra-
tions in water, and their development is generally favored by high temperatures. 
When they are classified as floating they have characteristics such as high primary 
productivity, commonly found in waters with moderate current velocity, and are 
limited by the oscillation of the water level, since this can lead to death of the plant 
population of these species. Within this classification of floating macrophytes are 
some species, such as: Eichhornia crassipes, Pistia stratiotes, Salvinia auriculata and 
Lemna minor [32].
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6.2.1 Eichhornia crassipes

The species E. crassipes, known as “aguapé” or “water hyacinth,” is a float-
ing aquatic macrophyte, native to South America and belongs to the family 
Pontederiaceae [31], highly tolerant to polluted environments and effective for 
extracting nutrients and metals such as Cd, Pb and Hg. Research has shown that for 
elements such as Hg, it has great absorption properties, with only the characteristic 
of chlorosis in the plant when exposed, without drastically affecting its growth over 
a long period with a certain quantity of mercury, counting on this attribute even 
in the remediation of water with high levels of K and NO3− [33]. Also, it was dem-
onstrated the ability of this species to absorb many other elements such as Cd, Cu, 
Ni, Pb, Zn, with copper being the most absorbed in the root region, presenting a 
high value bioconcentration factor; for lead, when presented at low concentrations 
demonstrates large accumulation at roots, not finding values as high for the other 
metals in this study [34]. In another comparative study between cadmium values 
absorbed by Aguapé and Salvinia, the Aguapé was more tolerant to the metal, and 
the author associated this resistance with the higher production of thiol compounds 
by Eichhornia crassipes [35]. In another comparative research between E. crassipes, 
P. stratiotes and S. molesta, Aguapé has an advantage over the characteristics of 
phytoremediation of effluents due to its large biomass production capacity and the 
accumulation of several elements at the same time, increasing its biomass by 4.5× in 
only 30 days in the quoted experiment [36, 37].

The absorption capacity of Zn(II) and Cd(II) measured in the biomass (stem 
and leaf) of this macrophyte is respectively 9.3 and 12.4 mg.g−1, as maximum capac-
ity of metal in the plant [9]. As results of metal absorption this species succeeded 
in the bioaccumulation of the metals evidencing greater percentage of removal 
respectively of Zn, Pb and Cu [38].

6.2.2 Pistia stratiotes

The species P. stratiotes, commonly known as “water lettuce”, considered as a 
pest because of its resistance and replication capacity, even by the characteristic of 
regrowth [31]. It belongs to the Araceae family, monocot, commonly distributed in 
tropical and subtropical countries, it is demonstrated that it is a good accumulator 
of Copper (Cu), although other elements can also be captured by it [39].

Studies have demonstrated bioaccumulation values at distinct points of the 
Guarapiranga reservoir localized in SP/Brazil, for different macrophytes. The values 
of bioaccumulation between two macrophytes in three different sites of the same 
reservoir were evaluated, being high values in the E. crassipes of the As, Co, Cu, Mn, 
Ni elements, as well as the accumulation of this species, including the element Zn, 
which has significant difference between the values of Pistia stratiotes. Although 
Pistia, at different collection sites, it was able to obtain results similar to or even 
slightly larger than that of the Aguapé for Cu, Pb and Ni elements [40]. The accu-
mulation value for Zinc is also highlighted in another study in which at the end of 
the third stage of the experiment Zn values were almost zero from an initial solution 
with 0.01 mg.L−1, indicating that it may also be employed in remediation [41].

6.2.3 Salvinia auriculata

This species of macrophyte in the family Salviniaceae is a plant in which each 
individual has three hairy verticillate leaves, being two floating, has high capacity 
of absorption of many elements as the other plants, however studies have shown 
the response of potential bioindicator of this species to cadmium, because even at a 
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solution concentration of 10 μmol.L−1, it presents very great toxicity, consequently 
leading to oxidative stress, foliar necrosis and death. These results state that the 
possibility of Salvinia auriculata remediation of Cd is not as effective, leading to a 
possible ecological indicator for this species, since the accumulation data presented 
are not high due to its sensitivity when exposed to metal [42]. In another study it 
is also proposed that when the amounts of zinc in the water are above the amount 
allowed by the legislation, 5 mg.L−1 this species already shows signs of toxicity, a 
result that is biased toward its use in biomonitoring (reaction bioindicator) of con-
taminated sites, whereas for Pb it is considered to be a good accumulator mainly in 
the submerged part of the plant. This absorption occurs through the plasma mem-
brane and presented a better accumulated value in the concentration of 5 mg.L−1 in 
the solution, and although it decreased its biomass, their clonal reproduction was 
not completely lost [43]. In a comparative study of this species with two more of the 
same family, S. molesta and S. natans, the results obtained indicate that the bioac-
cumulation values of S. auriculata are not the largest compared to these two species 
for the metals Cd, Hg, Pb, Ni and Zn, often meeting as intermediary between them, 
although their employability in phytoremediation is still possible [44].

6.2.4 Lemna minor

Also known as “duckweed”, has a cumulative capacity, in a study carried out by 
[45], makes a comparison with the Azolla filiculoides, obtaining results of good Mn 
accumulation by Lemna, although higher concentration of other metals in Azolla, 
and concluded that both plants are candidates for phytoremediation of contami-
nated and wastewater. Another study demonstrated that in addition to wastewater 
treatment the macrophyte can be used for aquatic toxicity tests, taking into account 
its sensitivity to heavy metals and herbicides, as well as the possibility of being used 
as animal feed (pigs, poultry, cattle, among others) provided that do not contains 
any toxic substances included [46].

In an experiment done by [47] the efficiency of Hg removal is tested by compar-
ing the species E. crassipes and Lemna minor, proving a higher uptake by the first, 
both with indications of morphological changes due to toxicity, and although the 
rapid reproduction of Lemna minor, the one with the most resistance is E. crassipes. 
According to [48], when compared to other plant species Lemna minor is not the 
first desirable one to be chosen, since its performance does not support peaks of 
contaminant concentration and grows well in places with low concentration pol-
lution although these are also of risk because its bioaccumulation is great, it would 
be ideal to use it for attributions such as polishing the water after pretreatment or 
even using its sensitivity characteristics for biomonitoring. Another comparison is 
made between P. stratiotes, L. minor and Spirodela intermedia, where they obtained 
excellent absorption values, especially P. stratiotes, although the L. minor species did 
not survive at the end of the experiment, the theory proposed by the author due 
to vegetal cover in the water layer that prevents the increase of oxygen dissolved in 
the recipient, leading to the death of individuals [49]. Research indicates that there 
is the capacity of using this plant also to increase the oxygenation of deep waters, 
called phytodepuration [50].

6.3 Phytoremediation mechanism

The remedial capacity of a plant is directly linked to its absorptive and cumula-
tive potential of metals, with the help of proteins from the plants themselves acting 
as chelators, thus being able to isolate these substances in vacuoles with the inten-
tion of reducing toxicity to the organism itself [12]. Through phytochelatin that 
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acts as chelator and also of other proteins, the metals join to this protein and form 
complexes, being able to be transported to vacuoles, as a form of defense for the 
compound does not attack the vegetable organism [51].

According to the remediation mechanisms provided by the plants, the character-
istics of phytoextraction, phytodegradation, phytostabilization, phytostimulation, 
phytovolatilization, phytotransformation and rhizofiltration are included [52].

6.3.1 Phytoextraction

Absorption of contaminant, with transport and storage at a particular plant site (roots, 
leaves, stems), it is also indicated that heavy metals hyperaccumulating plants are com-
monly used in this technique, and phytoextraction becomes effective only if the plants 
are removed before and during the degradation process, soils contaminated by Ag, Cd, 
Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Zn and the radionuclides of Sr., Cs, Pu and U (unstable 
chemical elements that emit radiation) can be remedied by this technique [53, 54].

6.3.2 Phytodegradation

Due to the mechanisms of the plant, some products are degraded by the 
metabolism processes and are usually organic, but there are some inorganic 
compounds that can also be degraded, among them: TNT (Trinitrotoluene), 
DDT (DichloroDiphenylTricloroethane), TCE (Trichlorethylene), HCB 
(Hexachlorobenzene) and PCB’s (Polychlorinated Biphenyls) [54].

6.3.3 Phytostabilization

When it is not possible the degradation of the contaminating element, precipita-
tion of this component occurs in the rhizospheric region, between the root and the 
soil, applicable mainly when it comes to metals like Cd, Cr, Cu, Hg, Pb and Zn, so it 
is necessary tolerant plants for adequate stabilization [54].

6.3.4 Phytostimulation

The plant in the rhizosphere region produces substances that accelerate the deg-
radation of the organic component, in addition to stimulating the proliferation and 
development of microorganisms such as bacteria and fungi, which may help in the 
process of uptake and degradation of contaminants, one of the main compounds 
remedied in these petroleum hydrocarbons [52].

6.3.5 Phytovolatilization

Process occurred to contaminants that may be volatilized after metabolization or 
biodegradation in the rhizosphere. It is also mentioned in a study that some com-
pounds can be released by the direct action of the plant through the surface of the 
leaves, and that still they can be contaminants, being able to accumulate also in fruits 
and in the stem, among the inorganic components that can be volatilized are Se and 
Hg, although the use of this technique is still questionable for some authors [54].

6.3.6 Phytotransformation

The contaminant product is biotransformed, that is, converted to the less harm-
ful substance, a feature that is very useful for the remediation of organic com-
pounds, and this process can be understood as the metabolization of the pollutant 
in less toxic forms by the plant itself [52].
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acts as chelator and also of other proteins, the metals join to this protein and form 
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Biotechnology and Bioengineering

146

6.3.7 Rhizofiltration

When the phytoextraction is applied in a hydroponic medium, it has the name 
of rhizofiltration, it consists of the adsorption of the contaminants through the 
combination of the extraction and stabilization, is suitable for the removal of Pb, 
Cd, Cu, Ni, Zn, as well as some radionuclides [54].

6.4 Phytoremediative applications

As some of the many examples of decontamination made by plants, it can 
be demonstrated [55], where in a contaminated environment (Arroio de Santa 
Barbara, Rio Grande do Sul, Brazil) species of macrophytes of the families 
Asteraceae, Araliaceae, Poaceae, Araceae and Alismataceae were collected, includ-
ing Pistia stratiotes. In this study, the concentration of bioconcentrated metals in 
these plants was measured. The obtained values proved that the remediation is 
effective because of its bioconcentration and resistance to the contaminants, and 
the metals studied and accumulated in this study were Zn, Cr, Pb, Ni and Mn.

A study by [56] suggested the technique of decontamination by plants and 
applied in wetlands with 20 L of effluent received by the Mussuré Creek, Paraíba, 
Brazil, to verify the efficacy of phytoremediation of three species. Divergent 
genus and species of plants have been studied, as Lemna sp., Pistia stratiotes, and 
Eichhornia crassipes, obtaining results such as color reduction, turbidity, biochemi-
cal oxygen demand (BOD), being efficient for treatment of domestic effluent, 
besides being a simple and low cost system.

Other contaminant removal applications can be described, such as those cited in 
[57], Indian mustard becomes effective in the removal of Cd, Cr, Cu, Ni, Pb and Zn; 
the sunflower that has accumulating property (in hydroponic means) of Pb, U and 
even Cs-137 and Sr-90 that are radioactive isotopes demonstrating a wide phytore-
mediative capacity of several different species.

In parallel, some authors cite different methodologies, through transgenic 
plants, such as the CYP2B6 gene insertion of the human cytochrome P450, inducing 
the tolerance of the rice plant, and when compared to a control group, conferred 
resistance to herbicides, reaching the result that the plant can effectively remove 
contaminants such as Metolachlor, a member of the chloroacetanilide herbicide 
family. This proposed editing of genes to extend resistant attributes of plants has 
been well discussed in articles for biotechnological purposes [58].

6.5 Phytoremediation advantages by floating aquatic macrophytes

Phytoremediation is of great value when compared to other methods of environ-
mental decontamination because its variety of contaminants that can be captured 
from the environment is very broad, including metals, radionuclides, various catego-
ries of organic pollutants, functioning as an efficient ecologically acceptable method 
with very low cost, although the remediation characteristics are dependent on the 
concentration of pollutants that generate toxicity to the plants that will come into con-
tact, logically varying species, type of pollutant and environmental characteristics, so 
it is necessary in these cases to use other methods of direct decontamination [59].

This method is among one of the biotechnological techniques available for 
environmental decontamination, although it is more used in tropical climate 
countries, its application in Brazil also has a wide expectation due to the vast flora 
and temperature suitable for the development of the plant specimens, which 
consequently facilitates success when adopting the phytoremediation technique. As 
a mean of mitigating the situation of water bodies contamination, there are already 

147

Phytoremediation of Effluents Contaminated with Heavy Metals by Floating Aquatic…
DOI: http://dx.doi.org/10.5772/intechopen.83645

studies proving the efficacy and relevance of the phytoremediative process of float-
ing aquatic macrophytes, their applications if well studied should lead to a gradual 
decontamination of the environment, as long as their characteristics are analyzed 
before to apply them in situ. According to the studied macrophytes, one of the most 
outstanding in the literature was the Eichhornia crassipes species, which has resis-
tance attributes, including to pesticides [31], their replication rate and accumulation 
are favorable for the metals analyzed [38, 40], however it is necessary to emphasize 
that the other species may still be appropriate for the environmental remediation 
functions, since it is noted that the values of bioaccumulation, absorption and 
tolerance to metals have divergences in each experiment. Such plants are effective 
in the capture of heavy metals in the aquatic environment, and may even serve as 
biosensors, such as the species S. auriculata [41] and L. minor [46, 48] that are more 
suitable for this task or for the polishing of the water, according to the morphologi-
cal characteristics presented when in contact with potential contaminants. The four 
species (Eichhornia crassipes, Pistia stratiotes, Salvinia auriculata and Lemna minor) 
are of great value in the aspect of contaminant removal [38, 41, 44, 45] because 
they facilitate the post-capture process of metals, where floating macrophytes take 
advantage over the rooted ones and contribute to the process of plant removal, 
consequently the extraction of the metals from the medium is facilitated.

There are some difficulties encountered in the application of the technique such 
as: time to obtain the results not immediate, doubt about the correct techniques 
of plant fate post treatment still existing and not be completely profitable for 
patenting as has been shown by [7], on the other hand, there are advantages of this 
method like the public acceptance and its attractiveness, the possibility of being 
applied in preventive methods, or even allied with other types of remediation, such 
as its excellent polishing capacity in already functioning water treatment systems, 
besides its economical characteristic satisfactory.

Although it is considered to be a green and ecologically acceptable technol-
ogy, special care should be taken, such as the need for research and technological 
development, to verify pre and post-harvest phases of biomass from the site being 
treated, such as: the best species to remediate certain contaminants, to be aware of 
the route and transformation of the contaminants in the body of the vegetable, to 
destine to the biomass in suitable places. All these requirements are required for 
detailed strategies to achieve results as expected to avoid transferring contamination 
to other receptor bodies [7]. Many methods are used for decontamination; however, 
the use of vegetable mass for such a function has a great advantage over costs.

7. Destinations of plant biomass after treatment

After remediation of the contaminated effluent or body of water, the biomass 
incorporates the metals and retains them, that is, it still has the bioaccumulated 
heavy metals that need to be removed from the contact with the medium and can be 
submitted to manual processes or even mechanics for the withdrawal of the vegetal 
specimens, reaching the stage of isolation of the vegetal mass, thus avoiding a new 
dispersion of the contaminants post extraction. However a final disposal is required, 
often subjecting it to harmful environments such as the deposit of these contami-
nants in landfill and incineration; the latter technique is mentioned as a proposal to 
reduce the volume of plants and to generate energy by means of heat, also contribut-
ing to the removal of metals [8], However, research suggests the incorporation of the 
biomass used in the treatment of ceramic blocks, proposing an efficient method of 
transformation of the products obtained, promoting a new environmentally accept-
able use, without generating more contaminants and dispensing with incineration 
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[26], also studies affirm that the incorporation of the vegetal components in the 
ceramic sector is possible because the clay favors in the inertization of the as a way of 
preserving natural resources and avoiding further degradation of the environment. 
In the same work are mentioned researches of incorporation of macrophytes used 
after the technique of phytoremediation with large amounts of copper and chro-
mium, proving in both the viability of inclusion of a percentage of the biomass in the 
clay leading to the consequent inertization of metals [60].

Measures such as the use of biomass in boilers, furnaces and for electric power gen-
eration, as well as the production of biogas in biodigesters, are proposed to avoid the 
final disposal of these macrophytes as solid residue, however, when used after the phy-
toremediation method, all caution is required to remove toxic components and avoid 
recontamination [60]. Although the phytoremediative method is a great technique and 
low cost, it has some contradictory factors that cause doubt in the application, one of 
them is the relation of the correct disposition of the contaminated material.

The elaboration of this work stems from the need to improve the study of 
phytoremediative capacities of certain species of aquatic macrophytes, especially 
those of the floating type (not rooted), due to the benefits brought to their pro-
cesses of decontamination or removal of heavy metals, this is a subject which can be 
more explored and there is a certain lack in the technical-scientific scope related to 
this topic. With the present work, the characteristics of these macrophytes can be 
praised with in-depth study, relating their respective adaptations that lead to meth-
ods that may be less aggressive to treat water contaminated with metallic ions of the 
environment. The choice of the theme is also related to the diversity of the flora of 
aquatic macrophytes in the Brazilian region and the ideal temperature for growth, 
cited by several authors [30, 61, 62], among many other researchers who reaffirm 
the vast flora existing in Brazil, which including, is being increasingly investigated 
for phytoremediative aspects, due to the conditions of the numerous pollutants 
generated. Since the final disposal is considered one of the crucial procedures for 
phytoremediation, and seen that if not applied correctly can lead to a rebound 
contamination, there is a need for emphasize final destination processes in forward 
researches, suggesting an improvement of the phytoremediative technique if the 
appropriate destination is taken, reaching in that way the original idea of decon-
taminating phytotechnologies, amplifying percentages of removal [60].

8. Conclusions

Among the four species of floating aquatic macrophytes with phytoremediation 
potential cited in this study, Eichhornia crassipes stands out due to the number of 
studies and data available and a great capacity of biosorption and mass production 
combined with resistance to contaminants, although this species has great values 
of accumulation in relation to the others, it is unlikely to affirm that it would be the 
best alternative in all situations, questions of environmental temperature, pH, bio-
availability, and mainly time of extraction related to metals and their interactions, 
biological oscillations that cause variations between each scientific experiment and 
that should not be disregarded, require more study to adapt more concrete values of 
absorption to each species. The potential uses of water hyacinth have been cited in 
studies such as their ability to remove radionuclides, wastewater from a wide range 
of sources (industrial, petrochemical, metallurgic, agriculture, pharmaceutical and 
personal care products waste, herbicides, even Polycyclic Aromatic Hydrocarbons 
can be included, recognized by your higher efficiency for being a hyperaccumulator, 
that can reduce turbidity by 92,5%, Cd by 97,5%, Ni 95,1% and Hg 99,9%, results 
acquired in researches depending of the concentrations of metal in water [63].
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Abstract

The biological nitrogen removal (BNR) involves two processes: nitrification 
and denitrification. Denitrification occurs almost exclusively under facultative 
anaerobic or microaerophilic conditions; however, aerobic denitrification can occur 
in aerated reactors. In this chapter, the feasibility of achieving nitrogen removal 
using a lab-scale biological sequencing batch reactor (SBR) exposed to anoxic/oxic 
(AN/OX) phases is described in order to attain aerobic denitrification. The SBR 
was fed with acetate and ammonium sulfate. Nitrite generation was controlled in 
order to avoid the N2O production by nitrifier denitrification. Experiments under 
four different operating conditions were carried out: low and high aeration, each 
one with low and high organic loads. For all the tested conditions, a complete COD 
removal was achieved. The highest inorganic N removal close to 80% was obtained 
at pH = 7.5, high organic load (880 mg COD/(L day)) and high aeration given by 
12 h cycle, AN/OX ratio = 0.5:1.0, and dissolved oxygen concentration higher than 
4.0 mg O2/L. Nitrification followed by high-rate aerobic denitrification took place 
during the aerobic phase. Denitrification took place mainly from the intracellular 
reserves of polyhydroxyalkanoates (PHA) during the aerobic phase. The proposed 
AN/OX system constitutes a simple and potentially eco-friendly process for biologi-
cal nitrogen removal, providing N2 as the end product and decreasing the formation 
of N2O, a powerful greenhouse gas.
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1. Introduction

The biological removal of nitrogen (N) comprises two processes: nitrification 
and denitrification. The nitrification is a strict aerobic process that involves the 
oxidation of ammonia (NH3) to nitrate (NO3
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ammonia is oxidized to nitrite (NO2
−), by means of ammonia-oxidizing bacteria 

(AOB), and then nitrite is oxidized to nitrate by the nitrite-oxidizing bacteria 
(NOB) [1]. In the second step, named denitrification, nitrate is converted into a 
gaseous product, nitrous oxide (N2O) or molecular nitrogen (N2), which is finally 
eliminated into the atmosphere. Denitrification is an anoxic process performed by 
heterotrophic bacteria using nitrite and/or nitrate as the electron acceptor. In full 
denitrification, NO3

− is reduced to NO2
− and then to nitric oxide (NO), N2O, and 

finally to N2 [2].
Nitrosomonas is the most common genus of autotrophic bacteria capable of 

oxidizing ammonium to nitrite; however, Nitrosococcus, Nitrosospira, Nitrosovibrio, 
and Nitrosolobus also have that ability. These ammonium oxidizers belong to the 
beta subdivision of the Proteobacteria [3]. Nitrobacter, Nitrospira, Nitrospina, 
Nitrococcus, and Nitrocystis are known to be involved in the nitrite oxidation [3]. 
Nitrite-oxidizing genera belong to the alpha, gamma, and delta subdivisions of the 
Proteobacteria [4]. Denitrification is carried out by several bacterial genera such 
as Achromobacter, Aerobacter, Alcaligenes, Bacillus, Brevibacterium, Lactobacillus, 
Micrococcus, Proteus, Pseudomonas, and Spirillum [5].

Carbon is not a difficult compound to eliminate by biological processes; on the 
contrary, one of the most common problems in wastewater treatment plants is the 
lack of organic carbon to carry out the denitrification process. Particularly, treat-
ment plants with low chemical oxygen demand/nitrogen (COD/N) ratios exhibit 
difficulties for nitrogen removal due to a shortage of organic substrate [6, 7].

Several biological processes have been proposed for nitrogen removal. The 
modified Ludzack-Ettinger process is a widespread conventional technology 
for nitrogen biological removal. This process is a modification of a conventional 
activated sludge process where an anoxic reactor is located upstream of the aerobic 
reactor. This process with pre-anoxic configuration is commonly named anoxic/
oxic (AN/OX) process. In the first reactor, denitrification is carried out using 
organic carbon from wastewater. For this, the process requires an internal recycle 
that carries nitrate, generated from ammonia by the nitrification process (aerobic 
reactor), to the anoxic reactor. The amount of nitrate removed in the anoxic reac-
tor depends on both the recycle flow and availability of influent organic carbon. 
Several disadvantages are associated with this process: (a) high costs involved in 
the recirculation; (b) production of nitrogen oxides as end products, instead of N2, 
which is caused by microaerophilic conditions, generated by recirculation [8]; and 
(c) limitation of the carbon source in the anoxic tank, caused by the recirculation 
of the nitrate-rich mixed liquor, resulting in accumulation of intermediate products 
such as nitrites and nitrogen oxides [9].

Systems based on postanoxic denitrification have the anoxic tank located down-
stream of the aerobic tank. Nitrification and consumption of the organic carbon 
take place in the first reactor. Denitrification is carried out in the anoxic stage. Thus, 
mixed liquor recycle from the aerobic to the anoxic stage is not required. However, 
this oxic/anoxic (OX/AN) system leads usually to a total consumption of the organic 
carbon. This configuration was firstly proposed by Wuhrmann [10], where organic 
substrates required for denitrification were probably supplied from endogenous 
death and lysis of active biomass [11]. Then, Wuhrmann process was modified to 
improve denitrification by carbon addition [11]. However, additional operational 
costs are caused by the addition of exogenous carbon such as methanol or acetate 
[12]. Another disadvantage is attributed to the postanoxic denitrification process. 
Microaerophilic conditions generated from the transfer of oxygen by mixing in the 
anoxic reactor can exert an inhibitory effect on the denitrification rate [13]. This 
phenomenon can finally trigger the production of nitrogen oxides due to incom-
plete denitrification.
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Three main routes for biological production of N2O have been proposed: 
hydroxylamine oxidation and nitrifier denitrification, both processes by AOB, and 
heterotrophic denitrification by heterotrophic denitrifiers [14]. N2O emissions from 
heterotrophic denitrification can occur under microaerophilic conditions, because 
oxygen could inhibit the activity of nitrous oxide reductase [15]. At low DOC, N 
removal takes place via partial nitrification, and formed nitrite is denitrified to N2/
N2O by AOB [16].

Simultaneous nitrification and denitrification (SND) are an alternative pro-
cess to the conventional configurations previously described. The SND process 
is carried out in a single reactor where partial nitrification, from ammonia to 
nitrite, coupled to denitrification, takes place. SND process is based on gradients 
of dissolved oxygen (DO) within the flocs. The nitrifying autotrophic bacteria 
are distributed on the periphery of the floc, where the dissolved oxygen concen-
tration (DOC) is above 2 mg O2/L, while the denitrifying bacteria are located 
inside the floc, where the concentration of oxygen is very low [17, 18]. Large flocs 
(>125 μm) allow generating an oxygen gradient with anoxic conditions in the 
center of the floc [19, 20]. SND can be accomplished at low DOC [21]. However, at 
concentrations of about 0.4 mg O2/L, N2O instead of N2 may be the final product 
of denitrification [22]. In addition, nitrite accumulation above 1 mg/L triggers the 
production of N2O, and at higher nitrite levels, the denitrification process could be 
inhibited [21].

Another alternative process to the conventional nitrification-denitrification 
is based on shortcut nitrification (nitritation) followed by denitritation. In this 
process, AOBs oxidize NH4

+ to NO2
−, and then, the formed NO2

− is denitrified [23]. 
Nitrogen elimination via nitrite requires high ammonia concentration and low 
DOC (<0.4 mg O2/L) in order to prevent NOB growth [24]. In this process, oxygen 
consumption (aerobic phase) and organic carbon demand (anoxic stage) are 
reduced 25 and 40%, respectively, in comparison to the conventional nitrification-
denitrification [25]. However, NO2

− accumulated after nitritation is considered a 
key factor that triggers the N2O generation by means of the nitrifier denitrification 
in a low DO environment [26]. Partial nitritation/anammox was proposed 20 years 
ago as key strategy for achieving a more sustainable treatment of municipal waste-
water. Partial nitritation/anammox is an autotrophic nitrogen removal process 
based on two successive processes: partial oxidation of ammonium to nitrite by 
AOBs followed by oxidation of the residual ammonium with the formed nitrite 
to nitrogen gas [27]. The last process named anammox is carried out by a group 
of Planctomycete bacteria, which grow with CO2 as the sole carbon source and use 
nitrite as the electron donor [3]. Partial nitrification, which occurs usually at low 
DO conditions (involving lower energy demands), can lead to NO2

− accumulation. 
Nitrifier denitrification, in the presence of NO2

− and low DO, has been considered 
the most likely pathway of production of N2O in both nitritation reactor and anam-
mox reactor [23].

Advanced N-removal processes such as partial nitrification-denitrification 
(shortcut nitrification, nitritation, followed by denitritation), SND, or partial 
nitritation-anammox are applied with the view to reducing the energy demands. 
However, N2O emissions still occur and can even be higher than the ones observed 
during conventional nitrification-denitrification [23].

Aerobic denitrification is an alternative process to conventional anoxic 
denitrification, which can achieve complete denitrification at high oxygen con-
centrations. This process constitutes a good strategy to diminish N2O emissions 
[28]. A total of 37 species (14 genera) has been reported as potential aerobic 
denitrifiers, which belong mainly to α, β, and γ Proteobacteria [29]. Citrobacter 
diversus [30], Alcaligenes faecalis [31], Pseudomonas aeruginosa [32], Microvirgula 
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aerodenitrificans [33], Paracoccus denitrificans [32], and Bacillus licheniformis [34], 
among others, have been reported to be able to carry out aerobic denitrification. 
Ji et al. [29] have proposed that nitrate and oxygen co-respiration is a microbial 
adaption that allows the degradation of toxic nitrate in an aerobic environment. 
Aerobic denitrification can be an auxiliary pathway next to aerobic respiration 
[35]. It has been suggested that the enzymatic system for aerobic and anaerobic 
denitrification is probably the same. Anaerobic denitrification is negatively 
affected by aerobic conditions, being widely accepted that nitrous oxide reduc-
tase is inhibited by oxygen. However, N2 generation as final product under high 
oxygen concentrations suggests the probable existence of different nitrous oxide 
reductases, which are insensitive to oxygen [35]. Denitrification via nitric oxide 
dismutation has been also proposed. In this process, denitrification of nitrate 
and nitrite to nitric oxide is followed by dismutation of nitric oxide into oxygen 
and N2, which did not require nitrous oxide reductase. However, it still needs to 
be investigated if nitric oxide dismutation is a common and widespread process 
between bacteria [35].

The organic carbon required for denitrification has been considered the critical 
element in conventional nitrogen removal processes [36]. Therefore, it is crucial 
to achieve a nitrogen removal process using completely the organic carbon from 
wastewaters. Intracellular carbon such as PHA (polyhydroxyalkanoates) and/
or glycogen is commonly stored in wastewater treatment systems. These carbon 
reserves could drive denitrification. Anaerobic/oxic (ANA/OX) configuration can 
enrich two kinds of organisms: polyphosphate-accumulating organisms (PAOs) and 
glycogen-accumulating organisms (GAOs) [37]. PAOs and GAOs are able to store 
PHA and glycogen. Denitrifying PAOs and denitrifying GAOs are able to denitrify 
using PHA and/or glycogen as carbon source.

The sequential batch reactor (SBR) is one of the main technologies for the 
biological treatment of wastewaters, being successfully used in urban wastewater 
[38, 39], as in industrial wastewaters [40, 41]. A SBR with anaerobic/oxic/anoxic 
configuration (ANA/OX/AN SBR) has been used for the removal of carbon and 
nitrogen. Efficient nitrogen removal via nitrification followed by post-denitrifica-
tion, without the addition of external organic carbon, was reported. For this, PHA 
and glycogen stored during the anaerobic phase were later used as electron donors 
during post-anoxic denitrification. Denitrification was attributed to denitrifying 
glycogen-accumulating organisms [36].

In this chapter, a nitrogen removal process based on nitrification-aerobic 
denitrification was proposed. An anoxic/oxic (AN/OX) SBR with DOC higher than 
1.5 mg O2/L during the aerobic period was utilized. In this system, two require-
ments must be met: (a) growth of denitrifying bacteria able to store internally 
sufficient carbon reserves (PHA and/or glycogen) in the anoxic phase and (b) 
ability of the denitrifying bacteria to denitrify during the aerobic phase by using 
the intracellular carbon reserves. The AN/OX SBR would avoid both mixed liquor 
recirculation and exogenous carbon addition, and additionally potential emissions 
of N2O could be minimized. Thus, the proposed system offers important advan-
tages with respect to both conventional nitrification-denitrification and advanced 
N-removal processes.

2. Activated sludge reactor

A lab-scale SBR (1.2 L working volume) was operated for 10 months. 
The SBR was inoculated with sludge from a lab-scale activated sludge plant 
in Center of Research and Development in Food Cryotechnology (CIDCA, 
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UNLP-CONICET-CIC, Argentina). The SBR was operated with cycles comprising 
the following phases: reaction (with anoxic and aerobic stages), biomass settling, 
and supernatant draw. The reactor was completely mixed at a stirring rate of 
100 rpm, except during the settle and draw periods. The reactor was automatically 
controlled by a data acquisition and control system (DACS) developed in the elec-
tronic laboratory of CIDCA; pH was measured by a pH probe (Phoenix, Houston, 
TX, USA). Air was introduced through porous diffusers at the bottom of the reactor. 
Dissolved oxygen concentration was measured by a DO probe (Ingold Mettler 
Toledo, Urdorf, Switzerland) and expressed as percentage of the oxygen saturation 
level (OSL) by the DACS. The SBR scheme is shown in Figure 1.

3. Volumetric oxygen transfer coefficient

Oxygen is known to increase the oxidative state of biological systems, which 
could negatively affect anaerobic and anoxic processes. Microaerophilic conditions 
can be caused by stirring. The volumetric oxygen transfer coefficient (kLa, h−1) is 
an important parameter in the aerobic wastewater treatment, particularly when 
anaerobic or anoxic conditions are required. In the present study, kLa was deter-
mined in order to evaluate the oxygen amount supplied to the reactor by agitation 
during the anoxic phase. kLa was measured by the clean water non-steady-state 
method [43] at 20°C, agitation rate of 100 rpm, and different aeration rates 
(vvm = 12–137 L/(L h)). Firstly, the SBR (1.2 L) was continuously aerated until the 
saturation concentration of oxygen (DOC*, mg O2/L) in water was reached. Then, 
DO is completely removed by the addition of sodium sulfite. Finally, the aeration 
was turned on to the oxygen saturation level. DOC was measured at several points 
during the aeration period. kLa in the reactor was measured by integration of the 
following equation:

Figure 1. 
Scheme of the lab-scale sequencing batch reactor (from Alzate Marin et al. [42]).
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    dDOC _____ dt   =  k  L   a  ( DOC   ∗ − DOC)    (1)

where DOC* is the saturation concentration of oxygen in water (mg O2/L) at the 
working temperature and DOC is the dissolved oxygen concentration (mg O2/L) at 
time (t). The driving force of the oxygen transfer process is given for the difference 
between DOC* and DOC.

A linear relationship between kLa and the aeration rate has been proposed by the 
following expression:

   k  L   a = m AER + n  (2)

where AER is the aeration rate (L/(L h)), m is the slope (L/L), and n (h−1) cor-
responds to the kLa produced by stirring without aeration (AER = 0). The param-
eters m and n were determined through linear regression analysis (Sigma Plot 10.0) 
resulting in 0.10 L/L and 2.34 h−1, respectively.

For clean water, at working conditions of the SBR, 25°C, stirring rate of 
100 rpm, and without aeration, a kLa value of 2.63 h−1 was estimated by using the 
following expression [43]:

   k  L    a   (25ºC)    =  k  L    a   (20ºC)     1.024    (25−20)    (3)

Based on this estimation, it was assumed that only stirring will cause oxygen 
penetration through liquid surface during the anoxic stage of the SBR operation.

4. Synthetic wastewater and operating conditions

Synthetic wastewater (SWW) contained sodium acetate (carbon and energy 
source), ammonium sulfate (nitrogen source), and potassium phosphate (phosphorus 
source). A micronutrient solution (1 ml) was added to the SWW (1 L) [44]; influent 
COD/N/P ratio was 100:10:5. SWW was fed to the reactor in the first 2 min of the 
anoxic period. Mixed liquor was withdrawn at the end of the aerobic phase, leading 
to a cellular residence time (CRT) of 10 days. Treated wastewater was removed from 
the SBR after settling period. A volumetric exchange ratio of about 27% was set. The 
effects of different operating parameters, such as DOC, organic load, cycle duration, 
and AN/OX ratio on the ability of nitrification and denitrification were studied.

5. Analytical methods

The SBR was monitored by determination of the following physical–chemical 
parameters: oxidation-reduction potential (ORP, mV), orthophosphate (PO4

3−-P, 
mg/L), ammonia nitrogen (NH3-N, mg/L), nitrate nitrogen (NO3

−-N, mg/L), 
nitrite nitrogen (NO2

−-N, mg/L), soluble COD (CODS, mg/L), and total COD 
(CODT, mg/L). The oxidation-reduction potential is a measure of the oxidative state 
in an aqueous system. ORP reflects the concentration of DO, organic substrate, 
activity of organisms, and some toxic compounds in the system, the DOC being the 
most important factor [45]. The ORP of the SBR was measured off-line using an 
ORP probe (Phoenix, Houston, TX, USA). The other physical-chemical parameters 
were determined by spectrophotometric methods using commercial reagents (Hach 
Company, Loveland, CO). CODS corresponded to the organic substrate. Biomass 
concentration was determined as COD (CODB, mg/L) from the difference between 
CODT and CODS. CODB was correlated with volatile suspended solids (VSS, mg/L). 
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Intracellular poly-P and PHA granules were detected by Neisser and Sudan Black 
staining, respectively [46]. Total carbohydrate (TC) content was determined fol-
lowing a modified version of the anthrone method proposed by Jenkins et al. [47].

6. Inorganic nitrogen removal

Inorganic nitrogen (Ni) corresponded to the sum of ammonia, nitrite, and 
nitrate concentrations. The inorganic nitrogen removal (NiR) was measured 
throughout the operational cycle as follows:

  % NiR =  (1 −    Ni  t   ___  Ni  O    )  100  (4)

where NiO is the Ni concentration at the start of the anoxic phase (mg/L) given 
by the NH3-N from the wastewater and NiT corresponds to the Ni concentration 
(mg/L) at time t of the SBR operational cycle. Residual nitrate and nitrite (from of 
the previous cycle) were not considered in the determination of NiO.

7.  Simultaneous nitrification-denitrification (SND) followed by 
denitrification (DN)

Simultaneous nitrification and denitrification (SND) took place from the begin-
ning of the aerobic phase until the moment when the ammonium was exhausted. 
Later, subsequent nitrogen removal occurred by denitrification (DN).

Nitrogen removed via SND was determined in the aerobic phase from the 
difference between the amounts of oxidized ammonia nitrogen (NH3-Noxidized) and 
oxidized nitrogen (NOx

−-N: NO3
−-N + NO2

−-N). For SND determination,  
NH3-Noxidized was calculated from the difference between the total NH3-N consump-
tion and NH3-N assimilated into heterotrophic biomass (NH3-Nassimilated). Nitrogen 
assimilated by nitrifying bacteria was assumed to be negligible [48]. The total 
consumption of NH3-N was determined by spectrophotometry. NH3-N assimilated 
into heterotrophic biomass was estimated for the aerobic period in the presence of 
ammonium. For this, theoretical mass balances of carbon and nitrogen were carried 
out using typical values for stoichiometric coefficients of the studied biological pro-
cess. In SBR with feast-famine regime, PHB (polyhydroxybutyrate) is synthetized 
from acetate under anaerobic or anoxic phase, and then biomass is produced during 
the aerobic phase from stored PHB. In our system, PHB production was estimated 
using a yield YPHB/Acetate of 0.52 C-mol PHB/C-mol Ac for anoxic condition [49]. 
Available acetate for PHB synthesis was estimated from difference between initial 
COD and COD required for anoxic denitrification using a stoichiometric coefficient 
of 3.8 mg CODAc/mg NO3

−-N. Biomass production from PHB was estimated assum-
ing a heterotrophic biomass yield YX/PHB of 0.5 C-mol X/C-mol PHB. Finally,  
NH3-Nassimilated by heterotrophs was determined assuming a biomass molecular 
formula of CH1.8O0.5N0.2, which is equivalent to 24.6 g VSS/C-mol X [48].

SND was calculated from the following equation [48]:

  % SND =  (1 −     NO  X     
−
  − N ___________  NH  3   −  N  oxidized    )  100   (5)

where NOx
−-N is the sum of the oxidized nitrogen species (nitrite and nitrate) 

at the moment when ammonia was exhausted and NH3-Noxidized corresponds to the 
ammonia nitrogen oxidized during the aerobic period.
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Nitrogen removed via denitrification (DN) was calculated from the difference 
between oxidized nitrogen at the end of nitrification (NOx

−-NFN) and oxidized 
nitrogen at the end of the aerobic phase (NOx

−-NFA) as follows:

  % DN =  (1 −     NO  x     
−
  −  N  FA   _________ 

  NO  x     −  −  N  FN  
  )  100  (6)

8. Experimental design

Experiments were carried out at low and high dissolved oxygen concentrations 
(oxygen saturation levels, OSL, of 20 and 60%, respectively) using in each case low 
and high organic loads (440 and 880 mg COD/L day). The following notation was 
used to describe and report the results of the experiments: low oxygen concentra-
tion and low organic load (LOLC), low oxygen concentration and high organic 
load (LOHC), high oxygen concentration and low organic load (HOLC), and high 
oxygen concentration and high organic load (HOHC).

9. Experiments at low dissolved oxygen concentrations

In these experiments, the effect of organic load on the nitrification process was 
evaluated at low DOC. An oxygen saturation level (OSL) of 20%, equivalent to a 
DOC of 1.6 mg O2/L, was set for the aerobic phase (Table 1). Experiments were 
carried out at two different organic volumetric loads. In experiment low oxygen 
concentration and low organic load (LOLC), 440 mg COD/(L day) was used, and 
in experiment low oxygen concentration and high organic load (LOHC), the value 
was 880 mg COD/(L day).

In the experiments LOLC, the SBR showed at steady state a good performance with 
a biomass concentration of 1220 ± 215 mg CODB/L. For organic carbon, a removal 
higher than 99% was reached in anoxic phase. Ammoniacal nitrogen removal was 
about 99%, mainly in the aerobic phase (Figure 2). In this phase, about 70% of the 
ammonium was nitrified up to nitrate as was determined by mass balance. According 
to these results, a redox potential of about +295 mV was measured during the aerobic 
phase, which involves a suitable oxidizing environment for autotrophic nitrification. 
It must be considered that ORP values between +100 and +350 mV are necessary for 
the nitrification process to take place [50]. A relatively low concentration of oxygen 
(<2.0 mg O2/L) was enough to achieve a good nitrifying activity without accumula-
tion of nitrite. Volumetric and specific nitrification rates are shown in Table 2.

PHA accumulation followed by degradation of the polymer took place in the 
anoxic and aerobic phases, respectively, as was detected by Sudan Black staining. 
Cocci-shaped cells arranged in tetrads (tetrad-forming organisms, TFOs) displayed 
that metabolic ability (Figure 3a and b). Some subgroups of Alphaproteobacteria 
and Gammaproteobacteria exhibit TFO morphology with GAO phenotype. These 
microorganisms are commonly associated with enhanced biological phosphorus 
removal (EBPR) deterioration [51]. In the present study, TFOs corresponded likely 
to some group of GAO commonly found in systems without EBPR.

PHA could be used as intracellular carbon source for denitrification. However, 
poor denitrification took place since at the end of the operational cycle, the final 
effluent exhibited a nitrate concentration of 4.75 ± 0.25 mg NO3

−-N/L, equivalent 
to about 70–80% of the nitrified ammoniacal nitrogen. According to these results, 
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nitrogen removal through the SND and DN processes represented 11 ± 10% and 
5 ± 5%, respectively. The final effluent exhibited an inorganic nitrogen concentra-
tion of 4.84 ± 0.40 mg N/L, which resulted in a mean discharge of 5.80 mg N/day. 
These results involved an inorganic nitrogen removal of 45 ± 2% (Table 2). This 
poor nitrogen removal was associated with the low denitrification ability of the 
system. It must be considered that the residual nitrate, after the discharge of the 
final effluent, was completely removed by denitrification in the first 90 min of  
the following cycle (Figure 2).

Poly-P staining by Neisser method resulted negative (Figure 3c), and soluble 
phosphorus (orthophosphate) concentration did not show important changes 
(Figure 2). These results involve that PAO activity and hence the EBPR process did 
not take place. According to these findings, positive ORP values (+286 ± 8 mV) were 

Parameters Experiment LOLC Experiment LOHC

Anoxic phase (min) 150 150

Aerobic phase (min) 150 150

Settling phase (min) 50 50

Draw phase (min) 10 10

Total cycle length (h) 6 6

Anoxic/aerobic ratio 1.0:1.0 1.0:1.0

Temperature (°C) 25 ± 0.5 25 ± 0.5

pH (anoxic and aerobic phases) 7.0 ± 0.1 7.0 ± 0.1

Oxygen saturation level (%) 20 20

Organic volumetric load (mg COD/(L day)) 440 880

Nitrogen volumetric load (mg NH3-N/(L day)) 44 88

Phosphorus volumetric load (mg P/(L day)) 22 44

Adapted from Alzate Marin et al. [42].

Table 1. 
Operating conditions for experiments at low oxygen concentration.

Figure 2. 
Changes of phosphorus and nitrogen concentrations during operational cycles of the steady-state 
SBR. Experiment with low oxygen concentration and low organic load (LOLC). (□) Orthophosphate 
(PO4

3−-P, mg P/L), (●) ammonia (NH3-N, mg N/L), (■) nitrate (NO3
−-N, mg N/L), (▲) nitrite (NO2

−-N, 
mg N/L), and (○) % inorganic nitrogen removal (% NiR).
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anoxic and aerobic phases, respectively, as was detected by Sudan Black staining. 
Cocci-shaped cells arranged in tetrads (tetrad-forming organisms, TFOs) displayed 
that metabolic ability (Figure 3a and b). Some subgroups of Alphaproteobacteria 
and Gammaproteobacteria exhibit TFO morphology with GAO phenotype. These 
microorganisms are commonly associated with enhanced biological phosphorus 
removal (EBPR) deterioration [51]. In the present study, TFOs corresponded likely 
to some group of GAO commonly found in systems without EBPR.

PHA could be used as intracellular carbon source for denitrification. However, 
poor denitrification took place since at the end of the operational cycle, the final 
effluent exhibited a nitrate concentration of 4.75 ± 0.25 mg NO3

−-N/L, equivalent 
to about 70–80% of the nitrified ammoniacal nitrogen. According to these results, 
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nitrogen removal through the SND and DN processes represented 11 ± 10% and 
5 ± 5%, respectively. The final effluent exhibited an inorganic nitrogen concentra-
tion of 4.84 ± 0.40 mg N/L, which resulted in a mean discharge of 5.80 mg N/day. 
These results involved an inorganic nitrogen removal of 45 ± 2% (Table 2). This 
poor nitrogen removal was associated with the low denitrification ability of the 
system. It must be considered that the residual nitrate, after the discharge of the 
final effluent, was completely removed by denitrification in the first 90 min of  
the following cycle (Figure 2).

Poly-P staining by Neisser method resulted negative (Figure 3c), and soluble 
phosphorus (orthophosphate) concentration did not show important changes 
(Figure 2). These results involve that PAO activity and hence the EBPR process did 
not take place. According to these findings, positive ORP values (+286 ± 8 mV) were 

Parameters Experiment LOLC Experiment LOHC

Anoxic phase (min) 150 150

Aerobic phase (min) 150 150

Settling phase (min) 50 50

Draw phase (min) 10 10

Total cycle length (h) 6 6

Anoxic/aerobic ratio 1.0:1.0 1.0:1.0

Temperature (°C) 25 ± 0.5 25 ± 0.5

pH (anoxic and aerobic phases) 7.0 ± 0.1 7.0 ± 0.1

Oxygen saturation level (%) 20 20

Organic volumetric load (mg COD/(L day)) 440 880

Nitrogen volumetric load (mg NH3-N/(L day)) 44 88

Phosphorus volumetric load (mg P/(L day)) 22 44

Adapted from Alzate Marin et al. [42].

Table 1. 
Operating conditions for experiments at low oxygen concentration.

Figure 2. 
Changes of phosphorus and nitrogen concentrations during operational cycles of the steady-state 
SBR. Experiment with low oxygen concentration and low organic load (LOLC). (□) Orthophosphate 
(PO4

3−-P, mg P/L), (●) ammonia (NH3-N, mg N/L), (■) nitrate (NO3
−-N, mg N/L), (▲) nitrite (NO2

−-N, 
mg N/L), and (○) % inorganic nitrogen removal (% NiR).
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recorded throughout the anoxic phase, which are not suitable for anaerobic PHA 
metabolism. It is well known that negative ORP values between −50 and − 200 mV 
are usually required for anaerobic polyphosphate breakdown [52]. In the anoxic 
phase, zero DOC was registered, and a kLa value of 2.63 h−1 was estimated by 
using Eq. (3). For these conditions, an oxygen transfer rate of 21.3 mg O2/(L h) 
was estimated at 25°C by using Eq. (1). The oxygen transfer by stirring increased 
the oxidative state (positive ORP) during the anoxic phase. It can be assumed that 
this phenomenon would lead to unfavorable ecological conditions for anaerobic 
metabolism of PAOs.

In the experiments with low oxygen concentration and high organic  
load (LOHC), the organic volumetric load was increased from 440 to 880 mg COD/
(L day) under identical operational conditions to those of the experiment  
LOLC (Figure 4). The nitrogen and phosphorus volumetric load were 88 mg 

Figure 3. 
Micrographs of activated sludge stained with Sudan black (a and b) and Neisser (c). (a) Tetrad-forming 
organisms (TFOs) showing positive PHA staining (final anoxic phase), (b) TFOs with negative PHA staining 
(final aerobic phase), and (c) negative Neisser staining.

Parameters Experiment LOLC Experiment HOLC Experiment HOHC

VNR (mg NH3-N/(L h)) 3.96 ± 0.10 3.71 ± 0.45 4.09 ± 0.08

SNR (mg NH3-N/(g VSS h)) 4.22 ± 0.10 4.14 ± 0.48 1.33 ± 0.00

VDNR (mg NO3
−-N/(L h)) ND 2.53 ± 0.96 2.57 ± 0.36

SDNR (mg NO3
−-N/(g VSS h)) ND 2.94 ± 1.10 0.83 ± 0.10

% NAS — 10.0 ± 1.0 28.7 ± 0.5

% SND 11 ± 10 0 ± 0 9 ± 2

% DN 5 ± 5 55 ± 3 57 ± 2

% AR 99 ± 1 99 ± 1 99 ± 1

% NiR 45 ± 2 67 ± 2 78 ± 1

Adapted from Alzate Marin et al. [42].
ND, not determined.

Table 2. 
Biological parameters of the SBR for the different experiments.
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NH3-N/(L day) and 44 mg P/(L day), respectively, in order to maintain the same 
COD/N/P ratio (100:10:5) (Table 1). The steady-state SBR reached a biomass 
concentration of 1850 ± 120 mg CODB/L. Ammoniacal nitrogen was removed only 
15% throughout the operational cycle. Poor nitrification was observed as only 
7% of ammonia from anoxic phase was nitrified, even though adequate oxidizing 
conditions were registered during the aerobic phase (ORP > +100 mV). Low nitrate 
concentrations were generated, and hence the denitrification process did not take 
place; nitrite was not accumulated. The final effluent showed a high inorganic 
nitrogen concentration (43.5 ± 0.20 mg N/L), resulting in a mean discharge of 
57.42 mg N/day. Thus, a poor Ni removal of only 8% was achieved (Figure 4). It 
is important to highlight that even though the influent nitrogen load was only two 
times higher to that of the experiment LOLC, the daily nitrogen discharge was 
about ten times greater than that corresponding to the previous assay. EBPR activity 
was not observed; as was previously discussed for experiment LOLC, oxidizing con-
ditions during the anoxic phase (positive ORP) were unfavorable for PAO growth.

In the tested system, a COD/N/P ratio of 100:10:5 was utilized in experiments 
LOLC and LOHC in order to ensure excess conditions of nitrogen and phosphorus. 
Nevertheless, a relatively low DO concentration was used, which can lead to compe-
tition between heterotrophic and nitrifying bacteria. In the experiment LOHC, the 
higher organic load led to a greater intracellular PHA production, in anoxic phase, 
in comparison to LOLC. Thus, a higher growth of heterotrophic bacteria from PHA 
took place in the aerobic phase, which would involve a greater oxygen uptake rate 
by heterotrophs. This observation was reported by Third et al. [48] working with an 
aerobic SBR fed with acetate. Nitrifying bacteria, with very low growth rate, were 
likely outcompeted by heterotroph overgrowth under low oxygen availability. This 
phenomenon could explain the poor nitrifying activity in experiment LOHC. In 
conclusion, the organic load stimulated strongly the competition by oxygen 
between heterotrophic and nitrifying bacteria at low DO concentrations.

10. Experiments at high dissolved oxygen concentration

In these assays, at high dissolved oxygen concentration, a value of OSL (60%), 
equivalent to a DOC of 4.8 mg O2/L, was set for the aerobic phase (Table 3). As in 

Figure 4. 
Changes of phosphorus and nitrogen concentrations during operational cycles of the steady-state 
SBR. Experiment with low oxygen concentration and high organic load (LOHC). (□) Orthophosphate 
(PO4

3−-P, mg P/L), (●) ammonia (NH3-N, mg N/L), (■) nitrate (NO3
−-N, mg N/L), (▲) nitrite (NO2

−-N, 
mg N/L), and (○) % inorganic nitrogen removal (% NiR) (adapted from Alzate Marin et al. [42]).
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recorded throughout the anoxic phase, which are not suitable for anaerobic PHA 
metabolism. It is well known that negative ORP values between −50 and − 200 mV 
are usually required for anaerobic polyphosphate breakdown [52]. In the anoxic 
phase, zero DOC was registered, and a kLa value of 2.63 h−1 was estimated by 
using Eq. (3). For these conditions, an oxygen transfer rate of 21.3 mg O2/(L h) 
was estimated at 25°C by using Eq. (1). The oxygen transfer by stirring increased 
the oxidative state (positive ORP) during the anoxic phase. It can be assumed that 
this phenomenon would lead to unfavorable ecological conditions for anaerobic 
metabolism of PAOs.

In the experiments with low oxygen concentration and high organic  
load (LOHC), the organic volumetric load was increased from 440 to 880 mg COD/
(L day) under identical operational conditions to those of the experiment  
LOLC (Figure 4). The nitrogen and phosphorus volumetric load were 88 mg 

Figure 3. 
Micrographs of activated sludge stained with Sudan black (a and b) and Neisser (c). (a) Tetrad-forming 
organisms (TFOs) showing positive PHA staining (final anoxic phase), (b) TFOs with negative PHA staining 
(final aerobic phase), and (c) negative Neisser staining.

Parameters Experiment LOLC Experiment HOLC Experiment HOHC

VNR (mg NH3-N/(L h)) 3.96 ± 0.10 3.71 ± 0.45 4.09 ± 0.08

SNR (mg NH3-N/(g VSS h)) 4.22 ± 0.10 4.14 ± 0.48 1.33 ± 0.00

VDNR (mg NO3
−-N/(L h)) ND 2.53 ± 0.96 2.57 ± 0.36

SDNR (mg NO3
−-N/(g VSS h)) ND 2.94 ± 1.10 0.83 ± 0.10

% NAS — 10.0 ± 1.0 28.7 ± 0.5

% SND 11 ± 10 0 ± 0 9 ± 2

% DN 5 ± 5 55 ± 3 57 ± 2

% AR 99 ± 1 99 ± 1 99 ± 1

% NiR 45 ± 2 67 ± 2 78 ± 1

Adapted from Alzate Marin et al. [42].
ND, not determined.

Table 2. 
Biological parameters of the SBR for the different experiments.
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NH3-N/(L day) and 44 mg P/(L day), respectively, in order to maintain the same 
COD/N/P ratio (100:10:5) (Table 1). The steady-state SBR reached a biomass 
concentration of 1850 ± 120 mg CODB/L. Ammoniacal nitrogen was removed only 
15% throughout the operational cycle. Poor nitrification was observed as only 
7% of ammonia from anoxic phase was nitrified, even though adequate oxidizing 
conditions were registered during the aerobic phase (ORP > +100 mV). Low nitrate 
concentrations were generated, and hence the denitrification process did not take 
place; nitrite was not accumulated. The final effluent showed a high inorganic 
nitrogen concentration (43.5 ± 0.20 mg N/L), resulting in a mean discharge of 
57.42 mg N/day. Thus, a poor Ni removal of only 8% was achieved (Figure 4). It 
is important to highlight that even though the influent nitrogen load was only two 
times higher to that of the experiment LOLC, the daily nitrogen discharge was 
about ten times greater than that corresponding to the previous assay. EBPR activity 
was not observed; as was previously discussed for experiment LOLC, oxidizing con-
ditions during the anoxic phase (positive ORP) were unfavorable for PAO growth.

In the tested system, a COD/N/P ratio of 100:10:5 was utilized in experiments 
LOLC and LOHC in order to ensure excess conditions of nitrogen and phosphorus. 
Nevertheless, a relatively low DO concentration was used, which can lead to compe-
tition between heterotrophic and nitrifying bacteria. In the experiment LOHC, the 
higher organic load led to a greater intracellular PHA production, in anoxic phase, 
in comparison to LOLC. Thus, a higher growth of heterotrophic bacteria from PHA 
took place in the aerobic phase, which would involve a greater oxygen uptake rate 
by heterotrophs. This observation was reported by Third et al. [48] working with an 
aerobic SBR fed with acetate. Nitrifying bacteria, with very low growth rate, were 
likely outcompeted by heterotroph overgrowth under low oxygen availability. This 
phenomenon could explain the poor nitrifying activity in experiment LOHC. In 
conclusion, the organic load stimulated strongly the competition by oxygen 
between heterotrophic and nitrifying bacteria at low DO concentrations.

10. Experiments at high dissolved oxygen concentration

In these assays, at high dissolved oxygen concentration, a value of OSL (60%), 
equivalent to a DOC of 4.8 mg O2/L, was set for the aerobic phase (Table 3). As in 

Figure 4. 
Changes of phosphorus and nitrogen concentrations during operational cycles of the steady-state 
SBR. Experiment with low oxygen concentration and high organic load (LOHC). (□) Orthophosphate 
(PO4

3−-P, mg P/L), (●) ammonia (NH3-N, mg N/L), (■) nitrate (NO3
−-N, mg N/L), (▲) nitrite (NO2

−-N, 
mg N/L), and (○) % inorganic nitrogen removal (% NiR) (adapted from Alzate Marin et al. [42]).
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the previous experiments, two organic volumetric loads were evaluated: 440 and 
880 (mg COD/(L day)) (Table 3). The effects of cycle duration, anoxic/aerobic 
ratio, and organic load on the denitrification process were evaluated. The purpose 
of these experiments was to determine optimal experimental conditions to attain 
a good denitrifying activity and hence an acceptable process of nitrogen removal. 
Therefore, in addition to achieving efficient nitrification, sufficient organic carbon 
must be supplied for the denitrification process to take place. High oxygen avail-
ability permitted to minimize competition by oxygen between heterotrophic and 
nitrifying bacteria. In these experiments, the extension of the operating cycle was 
increased from 6 h to 12 h, and the anoxic/aerobic ratio was decreased from 1.0:1.0 
to 0.5:1.0. These conditions were set in order to provide a longer aerobic period to 
favor the denitrification process.

In the experiment HOLC, the volumetric loads of organic carbon, nitrogen, and 
phosphorus were the same as those used in the experiment LOLC. All the operating 
conditions are shown in Table 3.

The COD/N/P ratio (100:10:5) and oxygen saturation level (60%) used in this 
assay would minimize competition between heterotrophs and nitrifiers. Oxidizing 
conditions were registered in the anoxic phase (ORP = +187 ± 13), being unfavor-
able for the EBPR process to occur. Ammonium was almost completely removed 
(99%). About 80% was eliminated in the aerobic phase. Nitrification produced 
nitrate concentrations of about 10–12 mg NO3

−-N/L in the first 2 h of the aerobic 
period. ORP values higher than +190 mV favored the nitrifying activity. Then, 
the nitrate concentration gradually decreased, which was attributed to the activity 
of denitrifying bacteria (Figure 5). The mean discharge of nitrate was 3.2 mg N/
day. This concentration was about 32% lower than the one obtained in experiment 
LOLC for a same nitrogen volumetric load.

Residual nitrate was denitrified at the beginning of the following cycle (anoxic 
phase). Nitrite was not accumulated in the SBR, as was also observed in the previous 
experiments. The mean discharge of inorganic nitrogen was 3.2 mg N/day (cor-
responding totally to nitrate), being about 45% lower than the results obtained in 
experiment LOLC. According to the nitrogen mass balance, about 85% of the incom-
ing ammonia in aerobic period was nitrified; nitrogen assimilation by heterotrophic 
bacteria corresponded to 15%. Nitrogen assimilated by heterotrophs represented 

Parameters Experiment HOLC Experiment HOHC

Anoxic phase (min) 220 220

Aerobic phase (min) 440 440

Settling phase (min) 51 51

Draw phase (min) 9 9

Total cycle length (h) 12 12

Anoxic/aerobic ratio 0.5:1.0 0.5:1.0

Temperature (°C) 25 ± 0.5 25 ± 0.5

pH (anoxic and aerobic phases) 7.5 ± 0.1 7.5 ± 0.1

Oxygen saturation level (%) 60 60

Organic volumetric load (mg COD/(L day)) 440 880

Nitrogen volumetric load (mg NH3-N/(L day)) 44 44

Phosphorous volumetric load (mg P/(L day)) 22 44

Table 3. 
Operational conditions for experiments at high dissolved oxygen concentration with different organic loads.
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10% of the total ammonia load applied to the SBR. Volumetric and specific nitrifica-
tion rates were not significantly different to those determined in the experiment 
LOLC. SND did not take place; denitrification began once the nitrification process 
was completed; 55 ± 3% of the generated nitrate was removed (Table 2).

Nitrification followed by denitrification was the most important process for 
nitrogen removal. The elimination of Ni was about 50% higher than that achieved 
in experiment LOLC (Table 2). The greater efficiency for nitrogen removal was 
attributed to a higher denitrifying activity in the experiment HOLC. In addition, 
the improved denitrification process of this assay can be attributed to a greater 
extension of the aerobic phase. However, the denitrification was probably limited 
by a low availability of intracellular organic carbon during the aerobic phase. In 
the experiment HOHC, the organic volumetric load was increased from 440 to 
880 mg COD/(L day), while the ammoniacal nitrogen load was the same as that 
corresponding to the HOLC (44 mg NH3-N/(L day)). This led to an increase in the 
COD/N ratio from 100:10 to 100:5. The volumetric load of phosphorus was 29 mg  
P/(L day). The other operating conditions were identical to those used in the 
experiment HOLC (Table 3).

Organic substrate was completely removed in anoxic phase. Ammonium was 
almost depleted during the process; about 80–85% was eliminated in the aerobic 
phase (Figure 6). Nitrogen assimilated by heterotrophs represented almost 30% 
of the incoming ammonia to the SBR (Table 2). Oxidizing conditions were similar 
to those corresponding to previous assays, with positive ORP values. The specific 
nitrification rate was significantly lower than that corresponding to the assay 
HOLC (Table 2). This result was attributed to the enrichment of the biomass in 
heterotrophic bacteria because of the higher organic load applied in experiment 
HOHC. Biomass concentration was twice the value reached in the HOLC assay.

The SND process showed little improvement. The denitrification was similar to 
that obtained in experiment HOLC, and the specific denitrification rate was signifi-
cantly lower than that observed in the previous experiment. The mean discharge of 
inorganic nitrogen was 2.2 mg N/day. The inorganic nitrogen removal was 78 ± 1%, 
being significantly higher than that observed in the previous assay (Table 2). In 
the experiments HOHC, the higher organic load generated a greater PHA produc-
tion, as was estimated by material balance, in comparison with HOLC assay. Thus, 
a higher content of endogenous carbon and energy reserve for the denitrification 

Figure 5. 
Changes of the phosphorus and nitrogen concentrations during an operational cycle of the steady-state  
SBR (experiment HOLC). (□) orthophosphate (PO4

3−-P, mg P/L), (●) ammonia (NH3-N, mg N/L), (■) 
nitrate (NO3

−-N, mg N/L), (▲) nitrite (NO2
−-N, mg N/L), and (○) % inorganic nitrogen removal (% NiR) 

(adapted from Alzate Marin et al. [42]).
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the previous experiments, two organic volumetric loads were evaluated: 440 and 
880 (mg COD/(L day)) (Table 3). The effects of cycle duration, anoxic/aerobic 
ratio, and organic load on the denitrification process were evaluated. The purpose 
of these experiments was to determine optimal experimental conditions to attain 
a good denitrifying activity and hence an acceptable process of nitrogen removal. 
Therefore, in addition to achieving efficient nitrification, sufficient organic carbon 
must be supplied for the denitrification process to take place. High oxygen avail-
ability permitted to minimize competition by oxygen between heterotrophic and 
nitrifying bacteria. In these experiments, the extension of the operating cycle was 
increased from 6 h to 12 h, and the anoxic/aerobic ratio was decreased from 1.0:1.0 
to 0.5:1.0. These conditions were set in order to provide a longer aerobic period to 
favor the denitrification process.

In the experiment HOLC, the volumetric loads of organic carbon, nitrogen, and 
phosphorus were the same as those used in the experiment LOLC. All the operating 
conditions are shown in Table 3.

The COD/N/P ratio (100:10:5) and oxygen saturation level (60%) used in this 
assay would minimize competition between heterotrophs and nitrifiers. Oxidizing 
conditions were registered in the anoxic phase (ORP = +187 ± 13), being unfavor-
able for the EBPR process to occur. Ammonium was almost completely removed 
(99%). About 80% was eliminated in the aerobic phase. Nitrification produced 
nitrate concentrations of about 10–12 mg NO3

−-N/L in the first 2 h of the aerobic 
period. ORP values higher than +190 mV favored the nitrifying activity. Then, 
the nitrate concentration gradually decreased, which was attributed to the activity 
of denitrifying bacteria (Figure 5). The mean discharge of nitrate was 3.2 mg N/
day. This concentration was about 32% lower than the one obtained in experiment 
LOLC for a same nitrogen volumetric load.

Residual nitrate was denitrified at the beginning of the following cycle (anoxic 
phase). Nitrite was not accumulated in the SBR, as was also observed in the previous 
experiments. The mean discharge of inorganic nitrogen was 3.2 mg N/day (cor-
responding totally to nitrate), being about 45% lower than the results obtained in 
experiment LOLC. According to the nitrogen mass balance, about 85% of the incom-
ing ammonia in aerobic period was nitrified; nitrogen assimilation by heterotrophic 
bacteria corresponded to 15%. Nitrogen assimilated by heterotrophs represented 

Parameters Experiment HOLC Experiment HOHC

Anoxic phase (min) 220 220

Aerobic phase (min) 440 440

Settling phase (min) 51 51

Draw phase (min) 9 9

Total cycle length (h) 12 12

Anoxic/aerobic ratio 0.5:1.0 0.5:1.0

Temperature (°C) 25 ± 0.5 25 ± 0.5

pH (anoxic and aerobic phases) 7.5 ± 0.1 7.5 ± 0.1

Oxygen saturation level (%) 60 60

Organic volumetric load (mg COD/(L day)) 440 880

Nitrogen volumetric load (mg NH3-N/(L day)) 44 44

Phosphorous volumetric load (mg P/(L day)) 22 44

Table 3. 
Operational conditions for experiments at high dissolved oxygen concentration with different organic loads.
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10% of the total ammonia load applied to the SBR. Volumetric and specific nitrifica-
tion rates were not significantly different to those determined in the experiment 
LOLC. SND did not take place; denitrification began once the nitrification process 
was completed; 55 ± 3% of the generated nitrate was removed (Table 2).

Nitrification followed by denitrification was the most important process for 
nitrogen removal. The elimination of Ni was about 50% higher than that achieved 
in experiment LOLC (Table 2). The greater efficiency for nitrogen removal was 
attributed to a higher denitrifying activity in the experiment HOLC. In addition, 
the improved denitrification process of this assay can be attributed to a greater 
extension of the aerobic phase. However, the denitrification was probably limited 
by a low availability of intracellular organic carbon during the aerobic phase. In 
the experiment HOHC, the organic volumetric load was increased from 440 to 
880 mg COD/(L day), while the ammoniacal nitrogen load was the same as that 
corresponding to the HOLC (44 mg NH3-N/(L day)). This led to an increase in the 
COD/N ratio from 100:10 to 100:5. The volumetric load of phosphorus was 29 mg  
P/(L day). The other operating conditions were identical to those used in the 
experiment HOLC (Table 3).

Organic substrate was completely removed in anoxic phase. Ammonium was 
almost depleted during the process; about 80–85% was eliminated in the aerobic 
phase (Figure 6). Nitrogen assimilated by heterotrophs represented almost 30% 
of the incoming ammonia to the SBR (Table 2). Oxidizing conditions were similar 
to those corresponding to previous assays, with positive ORP values. The specific 
nitrification rate was significantly lower than that corresponding to the assay 
HOLC (Table 2). This result was attributed to the enrichment of the biomass in 
heterotrophic bacteria because of the higher organic load applied in experiment 
HOHC. Biomass concentration was twice the value reached in the HOLC assay.

The SND process showed little improvement. The denitrification was similar to 
that obtained in experiment HOLC, and the specific denitrification rate was signifi-
cantly lower than that observed in the previous experiment. The mean discharge of 
inorganic nitrogen was 2.2 mg N/day. The inorganic nitrogen removal was 78 ± 1%, 
being significantly higher than that observed in the previous assay (Table 2). In 
the experiments HOHC, the higher organic load generated a greater PHA produc-
tion, as was estimated by material balance, in comparison with HOLC assay. Thus, 
a higher content of endogenous carbon and energy reserve for the denitrification 

Figure 5. 
Changes of the phosphorus and nitrogen concentrations during an operational cycle of the steady-state  
SBR (experiment HOLC). (□) orthophosphate (PO4

3−-P, mg P/L), (●) ammonia (NH3-N, mg N/L), (■) 
nitrate (NO3

−-N, mg N/L), (▲) nitrite (NO2
−-N, mg N/L), and (○) % inorganic nitrogen removal (% NiR) 

(adapted from Alzate Marin et al. [42]).
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process was available. However, the higher efficiency of inorganic nitrogen removal 
attained in experiment HOHC was attributed mainly to a greater assimilation of 
nitrogen by heterotrophic bacteria, which was about three times larger than that 
observed at low organic load (Table 2).

As was mentioned, the highest inorganic nitrogen removal was attained in the 
experiments HOHC; however, the specific denitrification rate was significantly 
lower than that corresponding to the assay HOLC. It must be considered that a high 
organic load led to an excessive growth of heterotrophs, which probably involved 
an intense competition by different growth factors among heterotrophic bacteria. 
Under these conditions, it can be inferred that denitrifying bacteria would prefera-
bly use oxygen as the final acceptor of electrons instead of nitrate, which represents 
a competitive advantage in terms of energy efficiency. This would explain the low 
specific denitrification rate obtained in the HOHC experiment.

11.  Endogenous carbon sources as affecting microbial consortia in 
denitrification process

In all the experiments, the denitrification process at aerobic phase took place 
without external organic carbon. Denitrification occurred from intracellular carbon 
and energy reserves; the specific denitrification rates obtained were higher than 
those corresponding to endogenous decay (0.2–0.6 mg NO3

−-N/(g VSS h) [53]). 
Under steady-state conditions, the total carbohydrate (TC) concentration of the 
biomass was determined by the anthrone method throughout the operational cycle 
of the reactor. TC increased slightly during the anoxic phase and initial period of 
the aerobic phase, and then it decreased slightly at the end of the aerobic phase. 
These TC changes could not be attributed to cyclic changes of intracellular glyco-
gen, which are typical of reactors with anaerobic/aerobic regime. In these systems, 
the microbial community is commonly enriched with GAOs and/or PAOs, which are 
responsible for the degradation and synthesis of glycogen during the anaerobic and 
aerobic stages, respectively. In the case of GAOs, glycogen constitutes the primary 
source of energy for both uptake of exogenous organic carbon and PHA storage 
during the initial anaerobic stage [51, 54]. Then, glycogen is replenished aerobically 
from PHA. In the anoxic/oxic SBR of the present study, GAOs as tetrad-arranged 
cocci and positive PHA staining were microscopically detected. However, typical 

Figure 6. 
Changes of the phosphorus and nitrogen concentrations during an operational cycle of the steady-state SBR 
(experiment HOHC). (□) orthophosphate (PO4

3−-P, mg P/L), (●) ammonia (NH3-N, mg N/L), (■) nitrate 
(NO3

−-N, mg N/L), (▲) nitrite (NO2
−-N, mg N/L), and (○) % inorganic nitrogen removal (% NiR).
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GAO metabolism regarding glycogen cycling was not observed. TC increase was 
mainly attributed to microbial growth instead of glycogen accumulation, even 
though a light glycogen increase during the anoxic phase of the operational cycle 
cannot be discarded. Slight decay of TC at final aerobic phase could be attributed 
to the glycogen component. Anyway, GAO was not a representative microbial 
phenotype in the anoxic-oxic SBR. This result could be explained considering that 
oxidative conditions were prevalent in the anoxic period generated by the high 
oxygen transfer during the agitation.

Based on this analysis, it can be argued that the denitrification achieved in the 
SBR took place from the intracellular reserves of PHA during the aerobic phase. 
Denitrification process could also be driven from intracellular glycogen but to a 
lesser extent. PAOs and GAOs are able to denitrify using intracellular carbon source. 
In the present study, PAO activity was not observed. The absence of EBPR activity 
was associated to high oxidative conditions not favorable to PAOs during anoxic 
phase more than to the GAO-PAO competition. GAOs with tetrad-type morphology 
were probably responsible of the denitrification process; however, the denitrifying 
activity of other microbial groups should not be discarded.

The specific denitrification rates obtained in the present study were similar 
(experiment HOHC) or higher (experiment HOLC) than those reported in litera-
ture for anoxic denitrification carried out by PAOs; intracellular glycogen was the 
carbon source used for anoxic denitrification [9, 55]. Vocks et al. [56] reported a 
similar SDNR to that obtained in the experiment HOLC, using a membrane bio-
reactor (ANA/OX/AN); denitrifying GAOs were considered as responsible for the 
denitrification using stored glycogen as internal carbon source [56]. Li et al. [36] 
reported SDNRs of 0.5 and 1.24 mg NO3

−-N/(g VSS h) using glycogen and PHA, 
respectively, at anoxic conditions. These SDNRs were similar to that obtained in 
the experiment HOHC and 2–6 times lower than that corresponding to experiment 
HOLC.

Anoxic denitrification rates are commonly higher than those obtained under 
aerobic conditions [57]. In contrast, the specific denitrification rates (SDNR) 
obtained in the present study, at bulk DO concentration higher than 4.0 mg O2/L, 
were similar or higher to those reported for anoxic conditions.

12. Conclusions

A lab-scale sequencing batch reactor (SBR) operated with two phases, anoxic 
and aerobic, achieved complete COD removal. At low DO concentration, the nitri-
fication process depended on the organic load. Low DO concentration and relatively 
high organic load (LOHC) led to significant growth of heterotrophic bacteria and 
poor nitrification. At low DO concentration and low organic load (LOLC), a good 
nitrifying activity led to an inorganic nitrogen removal of about 45%. It is known 
that in activated sludge systems, competition by growth factors (macro- and micro-
nutrients and DO) between heterotrophic and nitrifying bacteria can occur. In both 
experiments, LOLC and LOHC, a COD/N/P ratio of 100:10:5 assured excess condi-
tions of nitrogen and phosphorus. Nevertheless, competition by oxygen between 
both groups of microorganisms took place at high organic load.

With reference to the experiments carried out at high oxygen concentration 
(HOLC and HOHC), a high DOC minimized competition by oxygen between 
heterotrophs and nitrifiers. Higher inorganic nitrogen removal (67–78%) was 
achieved at the following conditions: pH = 7.5, higher dissolved oxygen concentra-
tion, and prolonged aerobic phase. Nitrification followed by denitrification during 
the aerobic phase was the most important process for nitrogen removal. The 
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process was available. However, the higher efficiency of inorganic nitrogen removal 
attained in experiment HOHC was attributed mainly to a greater assimilation of 
nitrogen by heterotrophic bacteria, which was about three times larger than that 
observed at low organic load (Table 2).

As was mentioned, the highest inorganic nitrogen removal was attained in the 
experiments HOHC; however, the specific denitrification rate was significantly 
lower than that corresponding to the assay HOLC. It must be considered that a high 
organic load led to an excessive growth of heterotrophs, which probably involved 
an intense competition by different growth factors among heterotrophic bacteria. 
Under these conditions, it can be inferred that denitrifying bacteria would prefera-
bly use oxygen as the final acceptor of electrons instead of nitrate, which represents 
a competitive advantage in terms of energy efficiency. This would explain the low 
specific denitrification rate obtained in the HOHC experiment.

11.  Endogenous carbon sources as affecting microbial consortia in 
denitrification process

In all the experiments, the denitrification process at aerobic phase took place 
without external organic carbon. Denitrification occurred from intracellular carbon 
and energy reserves; the specific denitrification rates obtained were higher than 
those corresponding to endogenous decay (0.2–0.6 mg NO3

−-N/(g VSS h) [53]). 
Under steady-state conditions, the total carbohydrate (TC) concentration of the 
biomass was determined by the anthrone method throughout the operational cycle 
of the reactor. TC increased slightly during the anoxic phase and initial period of 
the aerobic phase, and then it decreased slightly at the end of the aerobic phase. 
These TC changes could not be attributed to cyclic changes of intracellular glyco-
gen, which are typical of reactors with anaerobic/aerobic regime. In these systems, 
the microbial community is commonly enriched with GAOs and/or PAOs, which are 
responsible for the degradation and synthesis of glycogen during the anaerobic and 
aerobic stages, respectively. In the case of GAOs, glycogen constitutes the primary 
source of energy for both uptake of exogenous organic carbon and PHA storage 
during the initial anaerobic stage [51, 54]. Then, glycogen is replenished aerobically 
from PHA. In the anoxic/oxic SBR of the present study, GAOs as tetrad-arranged 
cocci and positive PHA staining were microscopically detected. However, typical 

Figure 6. 
Changes of the phosphorus and nitrogen concentrations during an operational cycle of the steady-state SBR 
(experiment HOHC). (□) orthophosphate (PO4

3−-P, mg P/L), (●) ammonia (NH3-N, mg N/L), (■) nitrate 
(NO3

−-N, mg N/L), (▲) nitrite (NO2
−-N, mg N/L), and (○) % inorganic nitrogen removal (% NiR).
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GAO metabolism regarding glycogen cycling was not observed. TC increase was 
mainly attributed to microbial growth instead of glycogen accumulation, even 
though a light glycogen increase during the anoxic phase of the operational cycle 
cannot be discarded. Slight decay of TC at final aerobic phase could be attributed 
to the glycogen component. Anyway, GAO was not a representative microbial 
phenotype in the anoxic-oxic SBR. This result could be explained considering that 
oxidative conditions were prevalent in the anoxic period generated by the high 
oxygen transfer during the agitation.

Based on this analysis, it can be argued that the denitrification achieved in the 
SBR took place from the intracellular reserves of PHA during the aerobic phase. 
Denitrification process could also be driven from intracellular glycogen but to a 
lesser extent. PAOs and GAOs are able to denitrify using intracellular carbon source. 
In the present study, PAO activity was not observed. The absence of EBPR activity 
was associated to high oxidative conditions not favorable to PAOs during anoxic 
phase more than to the GAO-PAO competition. GAOs with tetrad-type morphology 
were probably responsible of the denitrification process; however, the denitrifying 
activity of other microbial groups should not be discarded.

The specific denitrification rates obtained in the present study were similar 
(experiment HOHC) or higher (experiment HOLC) than those reported in litera-
ture for anoxic denitrification carried out by PAOs; intracellular glycogen was the 
carbon source used for anoxic denitrification [9, 55]. Vocks et al. [56] reported a 
similar SDNR to that obtained in the experiment HOLC, using a membrane bio-
reactor (ANA/OX/AN); denitrifying GAOs were considered as responsible for the 
denitrification using stored glycogen as internal carbon source [56]. Li et al. [36] 
reported SDNRs of 0.5 and 1.24 mg NO3

−-N/(g VSS h) using glycogen and PHA, 
respectively, at anoxic conditions. These SDNRs were similar to that obtained in 
the experiment HOHC and 2–6 times lower than that corresponding to experiment 
HOLC.

Anoxic denitrification rates are commonly higher than those obtained under 
aerobic conditions [57]. In contrast, the specific denitrification rates (SDNR) 
obtained in the present study, at bulk DO concentration higher than 4.0 mg O2/L, 
were similar or higher to those reported for anoxic conditions.

12. Conclusions

A lab-scale sequencing batch reactor (SBR) operated with two phases, anoxic 
and aerobic, achieved complete COD removal. At low DO concentration, the nitri-
fication process depended on the organic load. Low DO concentration and relatively 
high organic load (LOHC) led to significant growth of heterotrophic bacteria and 
poor nitrification. At low DO concentration and low organic load (LOLC), a good 
nitrifying activity led to an inorganic nitrogen removal of about 45%. It is known 
that in activated sludge systems, competition by growth factors (macro- and micro-
nutrients and DO) between heterotrophic and nitrifying bacteria can occur. In both 
experiments, LOLC and LOHC, a COD/N/P ratio of 100:10:5 assured excess condi-
tions of nitrogen and phosphorus. Nevertheless, competition by oxygen between 
both groups of microorganisms took place at high organic load.

With reference to the experiments carried out at high oxygen concentration 
(HOLC and HOHC), a high DOC minimized competition by oxygen between 
heterotrophs and nitrifiers. Higher inorganic nitrogen removal (67–78%) was 
achieved at the following conditions: pH = 7.5, higher dissolved oxygen concentra-
tion, and prolonged aerobic phase. Nitrification followed by denitrification during 
the aerobic phase was the most important process for nitrogen removal. The 



Biotechnology and Bioengineering

170

elimination of Ni was 50–70% higher than that achieved in experiment LOLC. The 
greater efficiency for nitrogen removal was attributed to a higher denitrifying 
activity, due to a greater extension of the aerobic phase. From the results obtained 
using high dissolved oxygen concentrations (HOLC and HOHC), it can be con-
cluded that there was no shortage of intracellular carbon and energy reserve. 
Thus, organic carbon was not the limiting substrate for the denitrification process 
under aerobic conditions. Denitrification took place mainly from the intracel-
lular reserves of PHA during the aerobic phase. Aerobic denitrification could be 
attributed to glycogen-accumulating organism (GAOs) with tetrad-type morphol-
ogy; activity of polyphosphate-accumulating organisms (PAOs) was not observed. 
Other microbial groups have probably contributed to the denitrifying activity. The 
nitrification followed by denitrification, under aerobic conditions, analyzed in 
the present chapter, is an alternative process to the conventional configurations. 
The specific denitrification rates, at bulk DO concentration higher than 4.0 mg 
O2/L, were similar or higher to those reported for anoxic conditions. It is widely 
accepted that in an aerobic environment, denitrifying bacteria can survive in the 
anaerobic/anoxic center of the microbial flocs. If not, denitrifiers could tolerate 
oxygen so that the denitrification process is not affected. Aerobic denitrifiers can 
use alternatively nitrate or oxygen as final electron acceptor. In the present study, 
denitrifying activity was attributed to the aerobic denitrification process.

The proposed AN/OX system constitutes a simple and potentially eco-friendly 
process for biological nitrogen removal, providing N2 as the end product and 
decreasing the formation of N2O, a greenhouse gas that has an important influence 
on atmosphere warming.
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