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Preface

The book—Infectious Diseases and Nanomedicine III—is a peer-reviewed
special issue of the Springer’s book series Advances in Experimental Med-
icine and Biology, comprising papers in broader fields of infectious diseases
and nanomedicine. A wide variety of topics presented in this book offers
readers global perspectives on different disciplines, including virology,
bacteriology, clinical microbiology, infectious diseases, antimicrobials and
resistance, genomics, nanomaterials, Ayurvedic drugs, and applications of
nanotechnology in the management of infectious diseases.

This is a compilation of original researches, review articles, and opinions
from the experts who presented their findings at the Second International
Conference on Infectious Diseases and Nanomedicine (ICIDN) held during
December 15–18, 2015, in Park Village Hotel and Resort, Budhanilkantha,
Kathmandu, Nepal. The ICIDN-2015, a triennial conference series, was
jointly organized by the Nepalese Forum for Medical Microbiology, Nepal
Polymer Institute, and the CAS-TWAS Centre of Excellence for Biotech-
nology (CoEBio) of the Chinese Academy of Sciences, in association with
the Kathmandu University, the Nepal Academy of Science and Technology,
with support from the American Society for Microbiology, and the European
Society of Clinical Microbiology and Infectious Diseases. The conference
was also accompanied by a pre-conference workshop on the current trends of
researches in infectious diseases and nanomedicine. Attended by more than
200 participants, including a dozen of eminent scientists, from 20 counties
across the globe, ICIDN-2015 had the motto of “Interdisciplinary Collabo-
rative Education for Research & Innovation in Biomedical Sciences.”

It is expected that this book provides resources for interested readers and
those actively working in the related fields of infectious diseases and
nanomedicine.

Kathmandu, Nepal Rameshwar Adhikari
Fort Worth, TX, USA Santosh Thapa
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Vaccinia Virus Protein C6:
A Multifunctional Interferon
Antagonist

Geoffrey L. Smith

Abstract
Vaccinia virus (VACV) is the prototypic
member of the Orthopoxvirus genus of the
Poxviridae. It is also the live vaccine that was
used to eradicate smallpox. Like other pox-
viruses, VACV replicates in the cytoplasm and
has a large double-stranded (ds)DNA genome
and a complex virion. Approximately, half of
the VACV genes are nonessential for virus
replication in cell culture but encode a remark-
able array of immunomodulators that antago-
nise the innate immune response to virus
infection. This short review concerns one such
protein, C6, that is a multifunctional inhibitor
of interferon. C6 can both diminish the
production of interferon and inhibit
interferon-induced signalling and thereby the
expression of interferon-stimulated genes.

Keywords
Vaccinia virus � Immune evasion � Interferon
IRF3 � JAK–STAT pathway � STAT2
Vaccines

Introduction

Vaccinia virus (VAV) is the live vaccine used to
eradicate smallpox [1] but its origin and natural
host remain unknown [2]. It is the most inten-
sively studied poxvirus and is a member of the
orthopoxvirus genus that also includes variola
virus (the cause of smallpox), cowpox virus (the
vaccine used by Edward Jenner in 1796 to pre-
vent smallpox), monkeypox virus, camelpox
virus and ectromelia virus [3]. These viruses are
morphologically indistinguishable and antigeni-
cally cross-reactive such that infection with any
member of the genus provides protection against
all other members of this genus. The widespread
use of VACV as a live vaccine led to the eradi-
cation of smallpox. The last naturally occurring
case was in Somalia in 1977 and after a further
2 years of surveillance the World Health Orga-
nization certified that eradication was complete.
Smallpox and rinderpest remain the only virus
diseases to have been eradicated.

VACV strain Copenhagen was the first
VACV strain to be sequenced and has a 191-kbp
dsDNA genome encoding about 200 genes [4].
Analysis of the arrangement of these genes and
their conservation shows that genes in the central
100 kb are highly conserved between different
strains of VACV and other orthopoxviruses, but
genes toward either terminus are more variable
and are mostly nonessential for virus replication
[5, 6] (Fig. 1). These latter genes encode proteins

G. L. Smith (&)
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Tennis Court Road, Cambridge CB2 1QP, UK
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© Springer Nature Singapore Pte Ltd. 2018
R. Adhikari and S. Thapa (eds.), Infectious Diseases and Nanomedicine III,
Advances in Experimental Medicine and Biology 1052, https://doi.org/10.1007/978-981-10-7572-8_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-7572-8_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-7572-8_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-7572-8_1&amp;domain=pdf


that influence the virulence and host range of the
virus and many of them function by interfering
with the host response to infection. The number
and variety of these immunomodulatory proteins
is remarkable and a notable feature is that VACV
encodes several proteins that target the same
cellular pathway, for review see [7]. For instance,
there are multiple proteins that inhibit induction
of programmed cell death [8], or the activation of
the transcription factors interferon regulatory
factor (IRF)3, nuclear factor kappa B (NF-κB), or
the Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) pathway [9].
Despite having multiple proteins that target each
of these pathways, the functions of the individual
VACV proteins are nonredundant because dele-
tion of any one protein causes a change to the
virulence or immunogenicity of the virus in vivo
[7]. This short article concerns protein C6 that is
a multifunctional inhibitor of interferon (IFN).

Interferons

IFNs are species-specific glycoproteins that
induce an antiviral state in cells bearing the
appropriate receptors [11, 12]. There are three
types of IFN. Type I IFNs include IFNα and
IFNβ and several others, and these bind to the
type I IFN receptor (IFNR) that is expressed
ubiquitously. IFNγ is the only type II IFN, and

this binds to a type II IFNγR that also has
widespread distribution [13]. Type III IFNs, or
IFN lambdas, were discovered more recently,
and include IFNλ1-4. These bind to type III
IFNλR that is expressed in epithelial tissue. As
well as inducing an antiviral state in cells, IFNs
contribute to the inflammatory response to
infection and IFNγ is particularly important for
the development of cell-mediated immunity,
such as cytotoxic T cells, that are responsible for
recognition and lysis of virus-infected cells.

The induction of IFN expression is illustrated
with IFNβ (Fig. 2). Virus infection is sensed by
detection of pathogen-associated molecular pat-
terns (PAMPs) by pathogen recognition receptors
(PRRs) and this activates signalling pathways
that culminate in the activation of transcription
factors such as IRF3, NF-κB and AP-1. These
transcription factors then migrate to the nucleus
and, collectively, form the enhanceosome that
activates transcription from the IFNβ promoter
[14, 15]. IFNβ mRNA is then translated in the
cytoplasm and IFNβ is secreted from the cell. To
activate an antiviral response, IFNβ and other
type I IFNs bind to the type I IFNR to induce a
signalling cascade that culminates in the
expression of IFN-stimulated genes (ISGs). It is
these ISG products that mediate antiviral activity.

Type I and III IFNs induce phosphorylation of
STAT1 and STAT2 that enables the formation
of STAT1–STAT2 heterodimers. These then

Fig. 1 Diagram illustrating the VACV genome and the
functions of genes present in the central conserved region
and the terminal variable regions. The linear dsDNA
genome of *190 kbp encoding about 200 genes is shown

as a horizontal line. The open boxes at each end represent
the inverted terminal repeats in which DNA at one end is
also present at the opposite end in inverted orientation
Adapted from [10]
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associate with IRF9 to form the ISGF3 complex,
which translocates into the nucleus and binds to
promoters bearing the IFN-stimulated response
element (ISRE). This causes the expression of
hundreds of different ISGs. Type II IFN (IFNγ)
induces a different signalling pathway that
involves the phosphorylation of STAT1, the
formation of STAT1 homodimers and their
translocation into the nucleus where they bind to
promoters bearing the IFNγ-associated sequence
(GAS). This also induces the expression of many
ISGs, some of which are also induced by type I
and III IFNs, but others are only induced by
IFNγ. The signalling pathways leading to the
induction of IFN expression and the expression
of ISGs are summarised in Fig. 2. These path-
ways provide viruses with the opportunity to
intervene at multiple stages to block the pro-
duction of IFNs, the binding of IFNs to IFNRs,

JAK–STAT signalling or the antiviral activity of
specific ISGs. For a review of the IFNs and virus
countermeasures, see [16] and for details of
proteins expressed by VACV that antagonise the
IFN system, see [9].

Protein C6

Protein C6 was first identified in a screen of
VACV proteins for inhibitors of activation of the
IFNβ promoter [17]. Cells transfected with a
plasmid containing the IFNβ promoter linked to a
luciferase reporter gene were stimulated by
transfection with poly I:C or poly dA:dT, or by
infection with Sendai virus to induce expression
of luciferase. In parallel, cells treated in this way
were also transfected with a plasmid expressing
protein C6, and this inhibited IFNβ-promoter

Fig. 2 Diagram showing a simplified scheme for the
induction and action of IFNβ. Toll-like receptors (TLRs)
or other pattern recognition receptors (PRRs) recognise
virus PAMPs and activate the transcription factors NF-κB,
IRF3 and AP-1. These translocate into the nucleus and
drive transcription from the IFNβ gene. IFNβ is secreted
from the cell and binds to the type I IFNR to activate the

JAK–STAT pathway and transcription of IFN-stimulated
genes (ISGs) bearing the IFN-stimulated response element
(ISRE). ISG products such as Mx, protein kinase R
(PKR) and 2′5′-oligoadenylate synthetase (OAS) function
in the cytoplasm to block virus replication. The positions
at which protein C6 (red circles) interferes with these
pathways are illustrated

Vaccinia Virus Protein C6: A Multifunctional Interferon … 3



activation by all these stimuli. The IFNβ pro-
moter contains binding sites for the transcription
factors NF-κB, IRF3 and AP-1 and to test which
transcription factors C6 inhibited, reporter plas-
mids expressing luciferase driven by NF-κB or
IRF3 responsive promoters were stimulated in
the presence or absence of C6. This showed that
C6 was an inhibitor of IRF3, but not NF-κB,
activation. Mechanistically, C6 prevented the
activation of TANK-binding kinase 1 (TBK1)
and IKKε by interacting with the scaffold pro-
teins TANK, SINTBAD and NAP1. Conse-
quently, IRF3 was not phosphorylated or
translocated into the nucleus [17] (Fig. 2).

During VACV infection, protein C6 is
expressed early, before virus DNA replication, so
that it is able to inhibit the induction of IFNβ
expression quickly. Immunofluorescence and
biochemical fractionation of cells showed that C6
is present in both the cytoplasm and nucleus [17].
Sequence comparisons had showed that C6
shared amino acid similarity with several other
small VACV proteins [4, 18]. Subsequently, these
were shown to also be expressed early during
infection and are now known to be members of a
B-cell lymphoma protein 2 (Bcl-2) family [19].
This similarity was recognised only when the
three-dimensional structure of members of this
virus protein family was determined by X-ray
crystallography or nuclear magnetic resonance,
because there is little similarity in primary amino
acid sequence. The structures of the virus proteins
had a close structural relationship with cellular
Bcl-2 family proteins, which regulate the induc-
tion of programmed cell death (apoptosis). VACV
Bcl-2 family members for which structures have
been determined include N1 [20, 21], B14 [22],
A52 [22], K7 [23], A46 [24, 25], F1 [26] and A49
[27]. Other members of this family are predicted
by virtue of amino acid similarity to members
whose structure has been determined [19].

The importance of C6 for virus virulence was
investigated using a VACV mutant engineered to
lack the C6L gene (vΔC6), or in which the C6L
gene was not expressed due to mutation of the
translation initiation codon (vC6-FS). Compared
to wild-type and a revertant virus (formed by
reinsertion of the C6L gene into vΔC6 at its

natural locus), both vΔC6 and vC6-FS were less
virulent [17]. This was shown in two mouse
models of infection. The first was an intranasal
model in which animals develop a respiratory
infection and the virus can spread to other organs
depending on the dose of virus administered.
Outcome is measured by body mass and by
development of signs of illness [28, 29]. The
second is an intradermal infection of the ear
pinna that induces only a local infection and
mimics dermal vaccination [30, 31]. In this case,
outcome is measured by the size of local lesion
and there are no systemic signs of illness. In both
models, viruses lacking C6 were less virulent
than controls [17]. Despite this, immunisation
with vΔC6 induced better immunological mem-
ory so that vaccinated mice were better protected
against intranasal infection with wild-type virus 1
month after vaccination [32]. However, when C6
was deleted together with either the N1L gene or
K7L gene, or both genes, the double or triple
deletion mutant viruses were less potent vaccines
than viruses in which only a single gene was
deleted [33]. This was likely attributable to the
progressive attenuation caused by deletion of
each additional gene [33]. A study using the
modified virus Ankara (MVA) strain of VACV
in which the C6L gene was deleted also showed
an enhanced immune response, in this case
against foreign antigen expressed by this
recombinant virus [34].

Further study of the C6 showed another
function in blocking type I IFN-induced sig-
nalling via the JAK–STAT pathway [35]. Sur-
prisingly, expression of C6 in cells treated with
IFNβ inhibited expression of luciferase from a
plasmid in which luciferase was driven by the
ISRE promoter. This effect of C6 was confirmed
by measuring the level of transcription of
endogenous ISGs following IFN stimulation in
the presence or absence of C6, and by measure-
ment of the level of expression of ISG products
by ELISA and immunofluorescence.

How C6 inhibits the pathway was investigated
by determining the stage at which the pathway
was blocked by C6. After addition of type I IFN,
phosphorylation of both STAT1 and STAT2 was
normal in the presence of C6, while in parallel

4 G. L. Smith



this was blocked by other viral inhibitors such as
the parainfluenza virus V5 protein. Further, in the
presence of C6, the STAT1 and STAT2 proteins
could dimerise, and assemble with ISG3 to form
the ISGF3 complex that translocated into the
nucleus. This complex was also able to bind
ISRE-containing DNA. Nonetheless, in the
presence of C6, transcription was blocked [35].
This indicated that C6 was acting very late in the
pathway within the nucleus, and is somehow
perturbing the assembly or function of the tran-
scriptional machinery on promoters bearing the
ISRE (Fig. 2). Exactly, how this occurs remains
unclear, but an unbiased proteomic screen for
cellular proteins that co-purify with C6 showed
that STAT2 was co-purified with C6 [35]. Fur-
ther mapping of the region of STAT2 needed for
this interaction identified the transactivation
domain (TAD) at the C terminus as necessary for
this interaction. Transfer of the C-terminal 104
amino acids of STAT2 to IRF9 enabled the
IRF9-STAT2 fusion protein to co-precipitate
with C6. Whether there is a direct interaction
between C6 and STAT2, or whether this is via
another protein(s), is unknown. Mechanistically,
it is possible that C6 blocks the interactions of
the STAT2 TAD with other factors and these
interactions are needed for activation of tran-
scription. However, confirmation of this will
require further work to investigate if interactions
between the STAT2 TAD and other factors are
perturbed by C6. Additionally, structural deter-
mination of C6 in complex with cellular binding
partners is needed, as is the isolation of a mutant
C6 protein that no longer co-precipitates with
STAT2 and has lost the ability to inhibit the
JAK–STAT pathway, while retaining other bio-
logical activity, such as inhibition of IRF3 acti-
vation and binding to the TBK1 adaptor proteins.

Other Inhibitors of IFN Encoded
by VACV

In addition to C6 and other inhibitors of activation
of IRF3 or NF-κB, some other VACV-encoded
IFN antagonists are mentioned here. Most VACV
inhibitors act within the infected cell, either in the

cytoplasm or nucleus, to block the induction of
IFN expression, or the JAK–STAT signalling
pathways leading to expression of ISGs.
These VACV defences are effective at preventing
the antiviral activity of IFN within the infected
cell, but cannot combat the activity of IFNs that
are produced from uninfected cells recruited to
the site of infection. However, VACV also targets
IFNs extracellularly by the expression of secreted
proteins called B8 and B18. B8 binds IFNγ and
prevents it reaching the IFNγR on cells [36–38].
Similarly, B18 binds to type I IFNs extracellu-
larly, either in solution or on the cell surface, and
so prevents signal transduction from the type I
IFNR [39–42]. In addition to these extracellular
antagonists, VACV has another strategy to block
JAK–STAT signalling. It encodes a phosphatase,
called vH1, that is packaged within virus particles
[43, 44]. This protein is released into infected
cells immediately after infection and virus
uncoating, before even the early VACV genes are
expressed, and it functions to dephosphorylate
STAT1 and STAT2 to prevent signalling deriving
from engagement of IFNs with IFNRs [43, 44].
Another VACV protein that is packaged within
virions and can antagonise innate immunity
immediately after infection is the B1 serine–
threonine protein kinase [45, 46]. B1 phospho-
rylates the barrier to autointegration factor (BAF)
and prevents BAF from binding to virus DNA to
block DNA replication [46]. Thus, VACV
expresses proteins that function either in the
cytoplasm or nucleus or extracellularly to combat
the antiviral activities of IFNs.

Summary

VACV expresses many proteins that antagonise
the IFN system and these can function to block
induction of IFN expression, the binding of IFNs
to IFNRs, the signalling pathways that IFN
induces, or the activity of ISG products. The
large number of proteins that VACV devotes to
interfering with interferon is testament to how
potent the IFN system is in the restriction of
viruses. Protein C6 is just one example and is a
small intracellular protein with similarity to Bcl-2
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proteins that has two different mechanisms to
antagonise IFN. First, it blocks the induction of
IFNβ by binding to the TBK1 adaptor proteins in
the cytoplasm to inhibit activation of IRF3.
Second, it co-purifies with STAT2 and functions
within the nucleus to block transcription of genes
bearing the ISRE.
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Significance of Vi Negative Isolates
of Salmonella Enterica Serovar Typhi

Abdul Haque

Abstract
Typhoid is a major global disease. The
causative agent, Salmonella enterica serovar
Typhi (S. Typhi) has a capsular antigen called
Vi antigen which is traditionally considered to
be the main cause of virulence. All the current
vaccines are based on Vi antigen. However,
the realization of the fact that there are
S. Typhi strains which lack Vi antigen but
still exist naturally and can cause disease has
stirred great scientific interest. It is also
interesting to note that their relative preva-
lence is affected by climatic conditions. Now
it is established that Vi positive and Vi
negative S. Typhi have different modes of
pathogenesis; and as recent studies suggest,
different structure of polysaccharide antigens.
This means that current vaccines are not
effective against a significant number of
S. Typhi strains which not only affect the
success of vaccination programs but also help
in rapid emergence of Vi negative S. Typhi
due to natural selection. The focus should be
on vaccines based on antigens which are
universally present in all S. Typhi. One such
candidate is O-specific polysaccharides

(OSPs). Successful attempts have been made
to prepare conjugate vaccines based on OSPs.

Keyword
Typhoid � OSP antigen � Conjugate vaccines

Introduction

Typhoid is an acute infectious febrile illness with
anorexia, headache, malaise and abdominal dis-
comfort. Although hygienic conditions have
improved generally, typhoid fever is still a sig-
nificant health concern in lesser developed
countries. According to WHO, there were 22
million new cases in 2004, 5% of which were
fatal [1]. However in 2010, the figure had risen to
33 million cases per year [2]. Typhoid is the
fourth most common cause of death in Pakistan
[3].

Typhoid is caused by Salmonella enterica
serovar Typhi (S. Typhi) which are gram nega-
tive bacilli belonging to family Enterobacteri-
aceae. Unlike many other Salmonella serovars,
S. Typhi is restricted to human populations.

S. Typhi genome size is *5 million base
pairs with 4000 genes. S. Typhi isolates are
highly related (clonal) and there was a single
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point of origin *30,000–50,000 years ago. S.
Typhi has acquired some genes recently includ-
ing those encoding the Vi antigen [4].

Vi Antigen

Vi capsular polysaccharide was identified as the
major virulence factor of S. Typhi in 1934 by
Felix [5]. It has been focused both as an essential
virulence factor and a protective antigen of
S. Typhi. The internationally used typhoid vac-
cines are based on Vi polysaccharide.

Its production is controlled by Vi operon
which is located on a large 134 kb pathogenicity
island SPI7 with two loci tviA and tviB. Tran-
cription is controlled by factors such as osmo-
larity [6]. SPI7 are unstable genetic elements [7].
These elements may be lost during in vitro pas-
sage. SPI7 may be lost entirely [8] or there may
be partial excision of Vi operon [9]. The syn-
thesis of Vi polysaccharide, is controlled by
ompR-envZ and rscB-rscC, depending on level of
osmolarity [10]. Size of Vi-antigen-encoding
region is 15 kb as determined by recombination
experiments. [11].

The S. Typhi Vi antigen is a glycan. A soil
bacterium Achromobacter also has genetic locus
for this antigen but it possesses a Vi
antigen-specific depolymerase enzyme VexE
missing in S. Typhi resulting in different physical
properties [12].

Vi Negative S. Typhi

The emergence of Vi negative isolates of S. Typhi
in recent years has sparked a lot of interest
because these isolates have direct implications on
future development of typhoid vaccines which are
currently almost exclusively Vi polysaccharide
based. The Vi negative strains of S. Typhi were
initially reported in 1960s. During 1970s, several
reports of Vi negative strains emerged from var-
ious countries including Jamaica, Indonesia, New
Zealand and Malaysia. In 1999–2000, an epi-
demic of typhoid due to Vi negative strains of S.
Typhi was reported from India [13]. These reports

placed the efficacy of typhoid vaccines based on
the Vi antigen in doubt.

The difference between Vi polysaccharide and
O-antigen display (VW variation) is known since
early days [14]. rpoS gene is considered to be
responsible for this phenomenon [10]. S. Typhi
reported from clinical laboratories may be Vi
negative due to down regulation of Vi operon
thus giving false negative results. Vi negativity
may be due to the absence of the 134 kb SPI-7.
This finding led to the proposal that SPI-7 may
be able to excise from the chromosome and act in
similar fashion to a conjugative transposon [15].

These studies were carried out on cultivated
bacteria and in some cases, stored S. Typhi iso-
lates. It raised doubts that storage might be the
reason for Vi negativity and loss of SPI-7.

Naturally Occurring Vi Negative
S. Typhi

In recent years, it has been shown that Vi nega-
tive S. Typhi exist naturally [9, 16].

We found tviA and tviB negativity in 15% of
all S. Typhi isolates (2005) with absence of SPI-7
in 4%. Sixty stored isolates of S. Typhi from the
Faisalabad region of Pakistan were explored for
lack of Vi expression by PCR for tviA and tviB
and SPI-7. Only two isolates were negative for
SPI-7 but nine (15%) lacked both tviA and tviB.
Blood samples from typhoid patients were
investigated to establish natural presence of this
phenomenon. Of the 48 blood samples, 42
showed fliC positive PCR for S. Typhi. Among
these, tviA and tviB were not detected in four
samples; and three of these (75%) were positive
for SPI-7. These results demonstrated that viaB-
negative, SPI-7-positive S. Typhi are naturally
occurring and can be detected by PCR on the
peripheral blood of typhoid patients [9] (Fig. 1).

These findings were subsequently substanti-
ated by reports from Nepal [17]. There is a great
discrepancy among reports from different parts of
the world regarding the relative frequency of
Vi-negative S. Typhi (ranging from less than 1 to
25.7%). In areas of significant occurrence they
are overtaking classical Vi positive isolates with
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passage of time. Why they are significantly pre-
sent in some areas but not others? An explanation
is required to develop a consensus because there
is a danger that the importance of these emerging
pathogens may get ignored due to contradictory
reports.

As mentioned above, our study in 2005 [9]
showed 15% isolates as Vi negative. In another
study conducted in 2009, we found 21% isolates
as Vi negative [18]. In 2010, Maurya et al. [19]
reported 35% S. Typhi isolates as Vi negative.
They used tRNA–pheU and fliC amplification to
detect loss of SPI-7 and viaB operon deletion due
to storage in isolates collected during 1987–
2006. All 111 isolates were positive for fliC gene
but 39 were negative for viaB operon. As many
as 106 isolates showed presence of SPI-7. SPI-7
presence was not affected by repeated culture and
long-term storage; but viaB operon was not so
stable suggesting a role of selection pressure.

On the other hand, Wain et al. [20] found less
than 1% S. Typhi as Vi negative in a study
conducted in Karachi, Pakistan. Presence of
genetic locus required for Vi expression was
studied by using a multiplex PCR. Among 2,222

S. Typhi clinical isolates, 12 showed Vi nega-
tivity by serology, but only one was negative by
PCR. This result was supported by
immunofluorescence. Similarly Sur et al. [21]
reported negligible number of Vi negative
S. Typhi from Kolkata, India.

How We Can Explain This Difference
in Reports?

When outside the body, bacteria pass through
various stress conditions ranging from very low
temperatures to scorching heat, low to very high
humidity, and varying osmotic conditions to
name a few. So it is logical to say that in envi-
ronment where conditions remain mostly con-
ducive for growth and replication, they do not
have to fight a battle for survival and need not to
shed off the excessive baggage. However in
harsh conditions they either shed off the
non-essential genes or make them dormant.

S. Typhi passes a considerable period of its
life outside the body in feces, or soil. It is
reported that it may survive up to 1 year in soil

Fig. 1 Flow diagram showing the results of investigation of 60 stored isolates of S. Typhi from Faisalabad, Pakistan to
express Vi antigen
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[22]. It is during this period that it faces stress
conditions and is prone to lose its Vi operon.

Now let us consider the various reports
regarding occurrence of Vi negative isolates of
S. Typhi. As shown in Table 1, significant
presence of these isolates has been reported from
Faisalabad, Pakistan [9, 18] as well as from
Delhi, India [16]. The percentage ranges from 8
to 25. 7. On the other hand, less than 1% pres-
ence has been documented from Karachi [20]
and Kolkata [21].

The annual temperatures at Faisalabad and
Delhi vary from 4° to 41 °C (Table 1). This
relatively wide range of temperature which bor-
ders on extremes is usually accompanied by very
dry weather for most of the year. It is only for a
few months that temperatures and humidity are
optimum for bacterial growth.

On the other hand, in Karachi and Kolkata
where Vi negative S. Typhi isolates are rarely
found, the temperature is moderate almost
throughout the year (ranging from 19 to 30.5 °C)
with high humidity because of coastal area. This
makes the conditions favorable for bacterial
growth and they do not have to face extreme
stress conditions. There is a report on an outbreak
of Vi negative S. Typhi in Kolkata [13] but it was
an epidemic of short duration which might had a
source outside that area.

Another point of great importance is that in the
areas where these isolates have been detected in
significant number, they are replacing Vi positive
isolates over time. In 2000, the % occurrence was
8% [16], which increased to 15% [9] in 2005,
25.7% [18] in 2009 and 35% in 2010 [19].

It is important to note that there have been no
extended Vi vaccination programs in these areas
which would have created selective pressure. It
means that Vi negative isolates are outwitting Vi
positive isolates in this natural battle for survival.
It also means that these isolates have better
adaptability as compared with Vi positive coun-
terparts and are increasing their numbers merrily.
It is an alarming situation which underlines the
need to establish their importance.

Pathogenesis of Vi Positive and Vi
Negative S. Typhi

It is well known that Vi capsule is lost during
artificial storage. Storage at low temperature
enforces conditions of stress in which bacteria
cannot proliferate. There is minimum supply of
nutrients and they are living in almost zero
metabolic state. In such conditions, they shed off
the unnecessary package of genes—only those
are kept which are essentially required. Vi
operon or even SPI7 are not essential so we find

Table 1 Effect of climatic conditions on relative occurence of Vi positive and Vi negative S. Typhi isolates

Report Vi +ve
S. Typhi (%)

Vi –ve
S. Typhi (%)

Area of
study

Temperature fluctuation
(Average) (°C)

Humidity %
(Average)

Mehta and
Arya [16]

91.2 8.0 Delhi Max: 39.0 Max: 73

Min: 7.0 Min: 33

Wain et al. [20] 99.4 0.6 Karachi Max: 30.5 Data N/A

Min: 21.3

Baker et al. [9] 85.0 15.0 Faisalabad Max: 41.0 Data N/A

Min: 4.8

Ali et al. [18] 74.3 25.7 Faisalabad Max: 41.0 Data N/A

Min: 4.8

Sur et al. [21] 100.0 0.0 Kolkata Max: 30.0 Max: 83

Min: 19.0 Min: 58

Note Weather reference from http://en.wikipedia.org/wiki/
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that Vi negativity is due to lose of either whole of
SPI7 or Vi operon.

So if Vi capsule is absent, what about patho-
genesis of S. Typhi? Various studies clearly
indicate that Vi negative and Vi positive S. Typhi
have different modes of pathogenesis.

It has been shown by Hart et al. [23] that
S. Typhimurium is more resistant to blood and
serum as compared to S. Typhi but Vi expression
improves resistance to complement and phago-
cytes by reducing C3 and C5b-9 deposition, and
decreasing overall antibody binding.

We recently studied the comparative growth
of Vi positive and Vi negative S. Typhi isolates
in an ex vivo human whole blood model [24].
Whole blood and a control enrichment medium
(Tryptic soy broth-TSB) were employed to study
four isolates of each type. Capsulated (Vi posi-
tive) strains formed smooth circular colonies and
had shorter lag and generation time resulting in
faster growth. In blood, lag time was double in
Vi negative isolates. Their number reduced up to
81% during the first 12 h. However in TSB,
growth curve was similar indicating that Vi
capsule is dispensable for bacterial
growth in vitro. It was shown for the first time
that lack of Vi antigen slows growth on initial
contact with human blood, but gradually they get
adjusted.

Intracellular survival of Vi positive and Vi
negative S. Typhi in macrophage cell lines was
studied by Hirose et al. [25]. Growth of Vi
negative S. Typhi was inhibited in both mouse
and human macrophage cell lines. The Vi posi-
tive S. Typhi were able to survive in resting
human macrophage cell line by suppressing the
production of tumor necrosis factor-alpha
(TNF-alpha), whereas it was stimulated by
Vi-negative S. Typhi and S. Typhimurium.

The loss of Vi antigen does not affect the
survival outside the body. Its role is to resist
against phagocytosis and serum complement
[26]. Even once inside the body, these pathogens
do not essentially need Vi capsule for
pathogenicity. It is not required for invasion of
eukaryotic cells as cell invasion is facilitated by
Type IVB pili [27]. The dispensability of Vi
capsule is amply demonstrated in S. Paratyphi A

which causes a disease similar to S. Typhi but
does not possess Vi antigen [28]. In fact, it has
been experimentally shown that removal of Vi
capsule enhances the invasion of epithelial cells
[7].

So it can be said that the Vi negative isolates
of S. Typhi have found ways to bypass Vi cap-
sule totally and complete their life cycle suc-
cessfully. In fact, it has been reported that they
are poor formers of biofilm as well [29] which
indicates a decreased necessity to produce
polysaccharides in general.

S. Typhi requires intact motility and secretion
of the invasion-promoting Sip proteins for entry
into intestinal cells. These proteins are targets of
the type III secretion machinery encoded by the
inv, spa and prg loci.

Arricau et al. [30] observed that the produc-
tion of Sip proteins, flagellin and Vi antigen is
differentially modulated by the RcsB–RcsC reg-
ulatory system and osmolarity at both transcrip-
tional and post-translational levels. Maximal
production of Vi polysaccharide prevented the
secretion of Sip proteins and flagellin. Tran-
scription of iagA, invF and sipB was positively
influenced by increasing concentration of NaCl
but it had negative influence on Vi antigen
biosynthesis. It was clearly shown that RcsB and
osmolarity modulated the invasive capacity of
S. Typhi.

Structural Analysis
of Lipopolysaccharides of Vi Positive
and Vi Negative S. Typhi

From the discussion above it has become clear
that Vi negative S. Typhi has separate identity,
can occur naturally and have different modes of
pathogenesis as compared to Vi positive
S. Typhi. It necessitates detailed structural stud-
ies to gather more information to combat these
emerging pathogens.

The cell walls of gram negative bacteria are
quite different from those of gram positive bac-
teria. The lipopolysaccharides in the outer
membrane play a major role in pathogenicity and
antigenicity of gram negative bacteria. Although
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these structures of S. Typhi have been studied in
detail, comparative studies of these structures
between Vi negative and Vi positive S. Typhi
have not been carried out.

There are three parts of lipopolysaccharides in
the outer membrane: lipid A, core (inner and
outer), and O-specific polysaccharides (OSPs)
(Fig. 2).

Lipid A is endotoxic center and generally
conserved. Variations in structure occurs from
types of amino sugars, degrees of phosphoryla-
tion, presence of phosphate substituents, and
nature, chain length, number and location of fatty
acyl chains.

Core acts as a link between lipid A and
OSP. Inner core (towards lipid A) consists of
unusual sugars like Kdo and heptoses. Outer core

(towards OSP) consists of common hexoses such
as glucose and galactose.

OSP is a surface antigen. It is serologically
specific and show enormous structure variability.
There are repeating units of 2–8 monosaccha-
rides differing in nature, ring form, sequence,
substitution and type of linkage.

We have started a project for fatty acid pro-
filing and structural analysis of Lipid A and
structural analyses of O-Specific Polysaccharide
(OSP).

We used Gas Chromatography-Mass Spec-
trometry (GC-MS) for fatty acid analysis of lipid
A, compositional or sugar analysis, and methy-
lation or linkage analysis of OSP. Liquid
Chromatography-Mass Spectrometry (LC-MS)
was used for detailed structural analysis through
Tandem MS of lipid A.

Fig. 2 Structure of bacterial lipopolysaccharides [31]
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It was found that Vi positive isolates had more
abundance of mono-phosphorylated tetra and
pentaacylated lipid A structures whereas Vi
negative isolates showed higher intensities of
mono and biophosphorylated hexa and hepta
acylated lipid A variants (Haque et al. unpub-
lished data). It can be inferred that Vi-negative
isolates of S. Typhi invest more on lipid A
molecule by having higher amount of hexa and
hepta acylated lipid A structures to make its
membrane more compact and resistant to host
defense mechanism. Both types of isolates
exhibited heterogeneity and showed significant
difference in covalent modifications in lipid A
structures which may contribute in endotoxic
variation.

We used Nuclear Magnetic Resonance
(NMR) to determine number, types of sugars,
conformation and linkages of OSP. Chemistry of
OSP of both types was found to be significantly
different not only in the nature of sugar residues
of their repeating units but also in positions and
linkages.

Our investigations showed that OSP of Vi
negative S. Typhi has hydrophobic sugar tyve-
lose on branched position providing a
hydrophobic coating to bacterial surface, which
may give additional protection from host defence
mechanisms (Haque et al., unpublished data).
This difference in chemistry of OSP, indicates
that virulence mechanisms of both types may be
different.

Preparation of Conjugate Vaccines
Effective Against Both Vi Negative
and Vi Positive S. Typhi

Conjugate vaccines have been a great success
story for bacteria having polysaccharide
antigens.

Polysaccharide antigens consist of repeated
units which enable them to bypass antigen pre-
senting cells (APC) and interact directly with B
lymphocytes to induce antibody synthesis.
Because of relatively low molecular weight, most

of the OSP do not elicit serum antibodies at any
age. Therefore, they are considered as haptens
[32]. Polysaccharide based vaccines are ineffec-
tive in young children less than 2 year old even
with booster doses [33].

Conjugation of the polysaccharide antigen
with a protein is the basis of conjugate vaccine
which acts as a T-cell dependent antigen, with all
the associated advantages [34].

After conjugation with a protein, following
benefits are gained:

1. Because of protein presence, cellular immune
system is evoked leading to higher production
of antibodies.

2. Co-presence of carrier protein turns polysac-
charide to a T-dependent antigen. These
conjugates bind to polysaccharide-specific
pre-B cells.

3. IgG1 and IgG3 subclasses dominate antibody
responses to protein antigens.

4. Memory cells are formed.
5. Affinity maturation takes place resulting in

refinement of B cells and improvement of
antibody quality.

Currently licensed polysaccharide-protein
conjugate vaccines include Neisseria meningi-
tidis, Hemophilus influenzae type b, and Strep-
tococcus pneumonia [35, 36]. Vi-rEPA conjugate
vaccine, prepared by using a nontoxic recombi-
nant Pseudomonas aeruginosa exotoxin A
(rEPA), has shown better immunogenicity in
children aged 5–14 years and adults [37] and
90% efficacy in children age 2–5 years [38]. The
emergence of Vi negative S. Typhi has necessi-
tated the need of a polysaccharide which is uni-
versally present in all S. Typhi unlike Vi antigen
which is present only in Vi positive S. Typhi.
O-specific polysaccharides (OSP) are ideally
suited for this purpose.

We started work on preparation of immuno-
genic conjugates of O-specific polysaccharides
(OSP) of S. Typhi with diphtheria toxoid (DT).
Adipic acid dihydrazide (ADH) was used as a
linker to conjugate diphtheria toxoid (DT) with
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OSP of S. Typhi. Mice were used as a model to
evaluate these conjugates (OSP-AH-DT) for their
immunogenicity. As compared with
lipopolysaccharides alone, they showed signifi-
cantly higher levels of IgG ELISA titers
(P = 0.0241 and 0.0245). It was found that three
injections with 4-weeks interval resulted in better
response than regimen of three injections with
2-weeks interval. This showed the success of
diphtheria toxoid as a carrier protein for conju-
gation with Salmonella OSP [39] (Fig. 3).

We extended this study and used OSP of Vi
negative S. Typhi as antigen. Recombinant exo-
protein A of Pseudomonas aeruginosa (rEPA)
and human serum albumin (HSA) were used as
carrier proteins to prepare four different conju-
gates using either an intermediate linker mole-
cule, adipic acid dihydrazide (ADH) or direct
reductive amination. A significantly higher anti-
body titer was observed in mice injected with
conjugate-1 (OSP-HSA) and conjugate 2
(OSP-rEPA) as compared to OSP alone. But
antibody production triggered by conjugate 3
(OSP ADH -HSA) and conjugate 4 (OSP ADH -
rEPA) were insignificant. We concluded that
reductive amination is the superior method to
prepare the S. Typhi OSP glycoconjugate.
Additionally, rEPA is a better carrier protein than
HSA. Therefore, OSP-rEPA conjugate can be
very effective typhoid vaccines candidate [Haque
et al. unpublished data].

Concluding Remarks

Vi negative S. Typhi are emerging as a serious
threat. They occur naturally and have different
mode of pathogenesis. They have changed the
concept of typhoid vaccines. There is a need to
know more about these pathogens and how they
compare with classical Vi positive S. Typhi. It is
also important that new vaccines should be based
on antigens which are present in both types of
S. Typhi. Conjugate vaccines are a popular
choice because of inherent advantages and
notable progress has been made in this direction.
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Changing Trend of Infectious
Diseases in Nepal

Shiba Kumar Rai

Abstract
Many infectious/communicable diseases
(IDs) are endemic in Nepal. Until a decade
and half ago, IDs were the major cause of both
morbidity and mortality accounting 70% for
both. However, as a result of various preven-
tive measures implemented by both the state
and non-state actors, the overall IDs have
shown a changing (declining) trend. The most
impressive decline has been seen in the
intestinal helminth infection. Though the
overall burden of IDs is decreasing, several
newer infectious diseases (emerging infec-
tions) namely, dengue fever, scrub typhus,
influenza (H5N1 and H1N1), and others are
posing a great public health problem. On the
other hand, though sporadic, outbreaks of
endemic diseases together with HIV-TB coin-
fection and infection with drug resistance
microbes during recent years have constituted
a serious public health as well as medical
problem. On the contrary, with the decline of

IDs, noninfectious diseases (noncommunica-
ble disease, NCD) namely, diabetes, cancer
(and cancer therapy), and others are on the rise
particularly in urban areas. Hence, currently
Nepal is trapped in “double burden” of
diseases. Risk of opportunistic infection has
increased in immunocompromised person
with NCD. To address the present situation,
the multi-sectoral plan and strategies devel-
oped must be implemented effectively.

Keywords
Infectious diseases � Communicable diseases
Nepal

Introduction

Federal Democratic Republic of Nepal is a
brick-shaped small land-linked country situated
in South Asia between China in the north and
India in the south, east, and west. Nepal is located
at 26° 26′ north to 30° 26′ north latitude and 80°
03′ east to 88° 15′west longitude. The total area is
147,181 km2 with a length of about 800 km (east
to west) and width of 90 to 230 km (north to
south). It lies in high seismic zone; just along the
“fault line” of two tectonic plates; the Indian plate
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and Eurasian plate and therefore, earthquake
occurs frequently. A devastating earthquake of
magnitude M7.8 struck in Gorkha District (80 km
north-west of Kathmandu—28.250°N latitude
and 84.116°E longitude) on April 25, 2015
causing severe impact (both direct and indirect)
on human health and economy [1, 2].

Administratively, Nepal is divided into seven
provinces, 75 Districts, and 744 local levels
(Sthaniya Taha) (Metropolitan cities = 4;
Sub-metropolitan cities = 13; Municipalities =
246 and Village Councils = 481). Ecologically, it
is divided into three broad regions; Mountain
(subalpine and alpine region) (>3,000 m to as
high as 8,848 m), Hill (subtropical and temperate
region) (1,000–3,000 m), and Terai (plain and
tropical area) (1,000 m). Hence, Nepal has
highly diversified ecosystem with various kinds
of flora and fauna including microbiota. How-
ever, the ecosystem in Nepal is threatened by
multiple factors such as loss, degradation, and
alteration of natural habitats, overexploitation,
alien species invasion, pollution of water bodies,
and others including natural disasters, climate
change, demographic changes, poverty, and
weak law enforcement [3].

According to census 2011, total population is
approximately 27 million, out of which about
one-fifth live in rural (village) setting. Life
expectancy at birth is 69 years [4]. The popula-
tion growth rate is 1.35% (decreased from 2.62%
in 1981 to 1.35% in 2011). Literacy rate is 65.9%
(increased from 23.3% in 1981 to 65.9% in
2011) though still there is a gap of 17.7%
between males (75.1%) and females (57.4%).

Total fertility rate has been reduced by half
during the last two decades (4.6 births per women
in 1996 to 2.3 births per women in 2016) [5].
Maternal health care has improved significantly
(antenatal care by skilled provider increased from
44% in 1996 to 84% in 2016; delivery at health
facility increased from 18% in 1996 to 57% in
2016; and delivery attended by skill provider
increased from 19% in 1996 to 58% in 2016).
Vaccine (such as BCG, DPT, Polio, Measles)
coverage has also increased significantly (43% in
1996 to over 78% in 2016). Nutritional status on
children has also improved (stunting 57% 1996

has decreased to 36% in 2016; wasting 15% in
1996 to 10% in 2016; and underweight 42% in
1996 to 27% in 2016). Because of all these,
neonatal, infant, and under-five mortality rates
have also reduced significantly (neonatal mortal-
ity rate: 50 in 1996 to 21 in 2016; infant mortality
rate: 78 in 1996 to 32 in 2016; and under-5
mortality rate: 118 in 1996 to 39 in 2016).
Because of these achievements, Nepal has been
awarded “Child Survival Award” (2009) by
GAVI (global alliance for vaccines and immu-
nizations) and “UN MDG-5 Award” (2010) by
UN for its achievement in progress child health
and maternal health, respectively.

Infectious Diseases in the Past

Planned development of health sector in Nepal
began with the first planned development process
that began in 1956 (2013 BS). The health system
now has been widely expanded in the country.
Until two decades ago, infectious diseases
(mainly water and airborne diseases including
rabies, tetanus, and others) were the common
cause of morbidity and mortality in Nepal. About
70% of all health problems and cause of death
was associated with infectious diseases [6, 7].
Many children were dying due to easily pre-
ventable communicable diseases primarily diar-
rhea and/or dysentery, typhoid fever,
tuberculosis, and other respiratory infections.
Until two decades ago, intestinal parasitic infec-
tion in some communities was very high (over
70%) and multi-parasitic infection was common
[8–11]. Among the soil-transmitted helminth
infection, Ascaris lumbricoides infection alone
was over 75% in some communities with a mean
annual prevalence of 35% among patients visit-
ing a teaching hospital in capital city, Kathmandu
[10–12]. Over one-third of soil samples tested
revealed helminth parasites eggs [13].

High prevalence of soil-transmitted helminth
(STH) infection in Nepal was associated with
open defecation and in some places, use of feces
as fertilizer [10–12]. Until the year 2000, infec-
tious (communicable) diseases were in the top of
“top-10 diseases” in Nepal [6, 7, 14]. Many
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endemic infectious (communicable) diseases in
Nepal, however, have shown a declining trend
particularly during the last 10–15 years.
Vaccine-preventable diseases such as diphtheria,
pertussis (whooping cough), tetanus, polio,
measles, and mumps have shown sharp decline.
In addition, waterborne and food-borne infec-
tious diseases such as diarrhea, dysentery,
typhoid (enteric) fever, hepatitis (A and E), and
intestinal parasitic infections particularly the
soil-transmitted helminth (STH) infections are
also decreasing [10, 15].

High morbidity and mortality rates due to
infectious diseases in the past were associated
mainly with poor sanitary and hygienic condition
of people [6, 7, 11]. Infectious diseases as the
cause of death among Nepalese, however, have
come down to 49.7% in 2007 from 70% in the
year 2000 [6, 7, 16]. However, epidemic-prone
diseases, such as cholera and acute gastroenteri-
tis, are endemic in all regions of the country with
a constant threat to the public health system [17].

Water and Food-Borne Infection

Diarrheal Diseases
Until a decade ago, diarrheal disease (including
cholera and dysentery) was in second position in
the list of “top-10 diseases” [18]. However, now
the position (rank) has gone down below of the
disease list. Nevertheless, diarrhea still consti-
tutes one of the most common causes of mor-
bidity and mortality among children especially
among under-five children. Approximately four
percent of deaths are associated with diarrheal
disease. Enteropathogens have been detected in
over two-third of diarrheal feces [19]. Among the
travelers, diarrhea is usually caused by Campy-
lobacter, enterotoxigenic Escherichia coli
(ETEC), Shigella sp., Vibrio cholerae, Giardia
lamblia, Entamoeba histolytica, Cyclospora
cayetanensis, and Cryptosporidium parvum
including Rotavirus and other viruses [20].

Parasitic diarrhea and dysentery: Different
intestinal protozoa causing diarrheal disease
include G. lamblia, E. histolytica, C. cayeta-
nensis, and C. parvum are commonly implicated.

E. histolytica is implicated also in dysentery.
Though intestinal helminth parasite has been
declined significantly, prevalence of protozoan
parasites (E. histolytica and G. lamblia),
remained stable over the time, with higher
prevalence of G. lamblia in urban areas [15]. Up
to 43% of water samples tested in Kathmandu
Valley have shown Giardia cysts suggesting that
most of the infection occurs due to drinking of
contaminated water [21]. To address this issue,
“ODF (open defecation free) Campaign” has
been launched under the “Sanitation and Hygie-
nic Master Plan-2011” of Government of Nepal
[22].

Bacterial diarrhea and dysentery: Diarrheal
disease-causing bacteria include enterotoxigenic
Esherichia coli (ETEC), Shigella sp., Campy-
lobacter sp., Vibrio cholerae, and others. This is
mainly attributed to bacterial contamination of
drinking water, which is very common in Nepal
[23].

Cholera has remained endemic since long
time to till date with several big epidemics in the
past even in Kathmandu Valley and elsewhere in
the country. Largest cholera outbreak occurred in
Jajarkot District and neighboring Districts in
2009; affecting thirty thousand and causing more
than 500 deaths [24]. Up to 26.3% diarrheal
cases have been found associated with V. cho-
lerae. Most of the V. cholerae as well as other
bacterial isolates are multidrug resistant. Cholera
outbreak due to drug-resistant V. cholerae
serogroup O1 biotype El Tor serotype Ogawa in
Nepal has also occurred (2012). Among the
Vibrio species, V. cholerae has been isolated in
43.5% of sewerage/river system in Kathmandu
Valley [25]. All V. cholerae isolates we isolated
in 2016 rainy summer had O1rfb gene and were
positive for virulence gene such as ctxA, ctxB,
tcpA, tcpI, hlyA, rtxA, rtxC, rstR, zot, and ace.

Viral diarrhea: It is mainly caused by Rota-
virus. However, in few cases, Norovirus and
Adenovirus are also detected [26]. Up to 32.3%
of diarrheal cases are found associated with
Rotavirus of genotypes: G12P [6] (32.9%) and
G1P [8] (19.5%) [27, 28]. Of the Norovirus,
genotypes: GII.4 Sydney (34.6%) and GII.7
(19.2%) are common.
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Typhoid Fever
Typhoid fever caused by Salmonella enter-
ica serovars Typhi and Paratyphi A (S. Typhi
and S. Paratyphi A) is endemic in Nepal with
peak during pre-monsoon and monsoon season.
It is common mainly in communities with poor
environmental sanitation leading to the contam-
ination of drinking water and poor hygienic
condition [23]. Enteric fever is seen to affect
young population. However, year to year num-
bers of enteric fever cases have been seen slightly
decreasing as recorded at one of the tertiary level
hospitals in Kathmandu Valley but yet causing a
considerable burden (S. enterica serovars Typhi:
68.5% and S. enterica serovars Paratyphi A
31.5%) [29]. The decrease in the number of
enteric fever cases during recent years appears to
be attributed to the improvement of sanitary and
hygienic condition even in the rural areas pri-
marily because of open defecation free campaign
[22]. Outbreaks occur occasionally and some of
times due to multidrug-resistant organism spread
from a single point source [30] (Fig. 1).

Interestingly, enteric fever due to S. enterica
serovars Paratyphi A is increasing in Nepal (from

25.0% in years 1993–1997 to 41.0% in years
2008–2011 [31]. Though drug resistance in the
organisms was a great problem in the past,
meta-analysis has shown to significantly decrease
in the odds of multidrug resistance (MDR) over
time for both S. enterica serovars Typhi and S.
enterica serovars Paratyphi A (P < 0.01); how-
ever, prevalence of MDR S. enterica serovars
Paratyphi A was lower at each time block com-
pared with S. enterica serovars Typhi [31].

Viral Hepatitis (A and E)
Waterborne viral hepatitis caused by Hepatitis A
virus (HAV) and Hepatitis E virus (HEV) is
common in Nepal with occasional epidemic.
Anti-HAV antibody has been reported in 99.1% of
study population indicating almost everyone in
the community is exposed to HAV [32]. However,
the Kathmandu Valley is considered to be
hyperendemic of HEV and is responsible for acute
hepatitis [33]. Recently, in 2014, big outbreak of
hepatitis due to HEV occurred in Biratnagar
(second largest city in the country) [34]. This is
mainly associated with fecal contamination of
drinking water everywhere in the country [23].

Fig. 1 Enteric fever case burden in patients attending a tertiary level hospital in Kathmandu Valley (2005–2009) [29]
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Air Borne Infections

Acute Respiratory Infection
ARI caused by various kinds of pathogens is an
important public health problem in Nepal par-
ticularly among under-five children. Many peo-
ple suffer several episodes of ARI, many of them
are self-resolved while others develop severe and
complicated ARI and some even with fatal out-
come. Recently, many “flu outbreaks” caused by
various strains. Influenza A viruses have occur-
red across the country (details are given in
“emerging infection” section). Both community
and hospital-acquired (nosocomial) lower respi-
ratory tract infections caused by MDR pathogens
are on the rise. However, ARI has shown a
declining trend (both in new cases: 33.37% in
2004/2005 to 31.0% in 2006/2007 and new
severe cases: 2.1% in 2004/2005 to 1.2% in
2006/2007) [35]. Currently, ARI cases in
under-five children are believed to be about 7.0%
[36] with higher case in winter season and are
associated mainly with both indoor and outdoor
pollution, low socioeconomic status and nutri-
tional condition.

Tuberculosis
Tuberculosis (TB) was one of the most important
causes of public health problems in Nepal since a
long time. Till one and half decade ago, TB
estimated to cause 8,000–11,000 deaths per year.
In the year 2000/01, over 31,000 TB patients
were registered and treated under the National
Tuberculosis Program (NTP), of which 13,000
were new smear positive [37]. The TB control
program has achieved its goal in controlling TB
significantly primarily due to effective case
detection and treatment by DOTS (introduced in
1996) (with success rates of 85% or greater).
However, TB remains as one of the major public
health problems in Nepal and considered to be
disease of poverty (malnutrition). According to
Annual Report 2014, a total of 37,025 cases of
TB were registered in 2014 out of which 51.0%
were pulmonary TB mostly in people aged 15–
24 years [38]. According to report, TB-HIV

co-infection rate in Nepal is 2.4% (HIV among
TB) and 11.6% (TB among HIV) based on the
sentinel survey, 2011/12 and the TB program has
saved 31,187 lives in 2014 nationally, but still
1049 deaths were reported among general TB
cases [38]. However, there is big challenge of
multidrug-resistant TB. Currently, 45% of total
population is infected with TB, 40,000 people are
infected with TB every year; 20,000 new sputum
positive cases every year and 5000–7000 people
die each year from TB [39].

STH and Other Infections

The decreasing trend of STH infection seen in
the past (1986–1992) has been speeded up during
the last one and half decade specially after the
introduction of deworming program at school,
improvement in environmental sanitation and
freely available antihelminthic drugs at the
healthcare facilities [10]. As a result, according
to a systematic review, a sharp decrease in
prevalence of STHs among school-aged children
in Nepal in last decade with prevalence dropping
below 5% for each of STHs with no variation in
prevalence in rural and urban areas has been
achieved (Fig. 2) [15]. Intestinal parasites par-
ticularly STH are known to cause malnutrition
and its associated manifestations. Previous stud-
ies from Nepal have established that STH cause
anemia, vitamin A deficiency, and other
micronutrient deficiency among Nepalese [40,
41]. This might have contributed in the
decreasing proportion of malnourished children
during recent years [5].

Rabies
Though epidemiology and impact of rabies in
Nepal are not known well, rabies is endemic in
Nepal since long time. As more than 75% of the
total anti-rabies vaccine used in Nepal was being
used to treat the victims of dog bite cases in
Kathmandu Valley, government launched rabies
control program with killing of stray dogs in the
valley and with the production of rabies vaccine
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within the country. Also, different non-state
actors have been conducting rabies control
activities over the years [42, 43]. During the
period of 1992–1996, a total of 181 human rabid
cases were reported (diagnosed clinically; among
them one which was diagnosed by mouse inoc-
ulation) and were from 37 different Districts with
the history of dog bite [44]. Per year, rabies is
reported to kill about 100 livestock and 10–100
humans, while about 1,000 livestock and 35,000
humans are reported to receive rabies postexpo-
sure prophylaxis, however, these estimates are

very likely to be serious underestimations of the
true rabies burden [45] (Fig. 3).

Ocular Infections
Ocular infections (conjunctivitis, retinitis, ble-
pharitis and others) caused by bacteria and fungi
are common in Nepal. Few cases of ocular cys-
ticercosis, toxoplasmosis, and toxocariasis have
also been reported [11]. Recently, Herpes virus
associated eye disease is reported to be 10.3%
[46]. Epidemic of acute hemorrhagic conjunc-
tivitis occurs on every 2 to 3 years and is found

Fig. 2 Sharp decrease in the prevalence of STH in Nepal past decades [15]

Fig. 3 Map of rabies outbreak in Nepal (2005–2014) [45]
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to be associated with viruses such as Adenovirus
and Coxsackie virus [47]. Interestingly, a mys-
terious ocular manifestation known as SHAPU
(seasonal hyperacute panuveitis) predominantly
affecting the children is reported only from Nepal
[48]. It is presumed to be associated with a white
Tussock moth however; bacteria (Streptococcus
pneumoniae and Acinetobacter sp.) have also
been isolated from SHAPU patients with granu-
lomatous inflammation [48, 49].

Helicobacter Pylori Infection
Helicobacter pylori infection is common in
Nepal. The reported prevalence in gastroduode-
nal diseases (as studied by rapid urease and
serological tests, reportedly ranged from 39.0 to
86.6% [50]. In a study, 29.5% endoscopied
biopsy materials taken from patients with gas-
troduodenal complaints were positive H. pylori
[50]. Histological study has shown prevalence of
H. pylori in 50.5% [51]. H. pylori antibody has
been found 16.7% of children (5–16 years) with
recurrent abdominal pain indicating that expo-
sure to bacteria begins from small age [52]. Drug
resistance in H. pylori isolates has been a
challenge.

Sexually Transmitted Infections (STI)
STI is common in Nepal but the data are scarce
as most of the studies are carried out in high risk
groups. Among the patients visiting the tertiary
care center for sexually transmitted diseases,
majority were of 15–24 years with male to
female ratio of 3.19:1 and 52.3% were married
[53]. The common STI included genital wart,
syphilis, gonorrhea, nongonococcal urethritis,
Herpes simplex virus infection, HIV/AIDS, and
moluscum contagiosum were more common, and
according to occupation, students were most
common followed by security personnel, house-
wives, businessmen, unemployed, transport
staffs, and others.

HIV infection first reported in 1985 reached its
peak in 2005–2009 and then has shown a slow
declining trend every year. Currently, over
60,000 people are estimated to be infected and
common among sexually active age group

particularly among male migrant workers. Over-
all HIV prevalence in Nepal is estimated at 0.30%
in the adult population and it is categorized as a
concentrated epidemic [54]. The TB-HIV
co-infection rate (the prevalence of HIV infec-
tion among TB patients) in Nepal is 2.4% [55].

Two-third of patients had polygamous rela-
tionship and married person living singly had
more frequent extramarital sexual contact; most
common type of partner for sex debut was
wife/husband followed by friends and others
including commercial sex workers, and patients
aged 15–24 years had multiple (2–4) sex partners
[53]. Of the patients studied, only 7.7% used
condoms consistently [53]. One study showed
high STI prevalence among drivers/conductors
and migrant workers of sexually active age group
[54]. Hence, STI is more common inDistricts with
highways running through. When, these sexual
behaviors and relationships are considered, STI in
the community appears to be spreading fast but go
unrecorded as many patients get treated confi-
dentially at private clinics. Therefore, the burden
of STIs appears to be huge in Nepal [54].

Endemic Vector-Borne Infections

Japanese Encephalitis (JE)
JE in Nepal is endemic in Terai (plain) region
and constitutes a big public health problem since
its entry in 1978 during which similar big out-
break occurred in Indian State of Uttar Pradesh
[56]. Cases start to appear in the month of April–
May and reach its peak (in thousands) during
August–September and declines from October
with an average annual mortality rate of 150–
300. In 2005, a total of 26,667 cumulative JE
cases and total of 5,381 cumulative deaths with
average case fatality rate of 20.2% since 1978
was reported [57]. More than 50% of morbidity
and 60% of mortality occurred in children (aged
below 15 years). JE initially confined in Terai
with hyperendemicity in western Terai Districts
has now spread to hilly and even in mountain
regions as emerging infectious disease [56, 58–
60] (Fig. 4).
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Considering the JE burden and a devastating
JE outbreak in 2005 (with 2,000 deaths in poor
and rural communities in Terai area), mass JE
vaccination campaign in JE affected areas was
launched in 2006. JE vaccination has shown
significant reduction if JE cases in Nepal. A re-
cent impact analysis of immunization showed
that vaccination prevented thousands of cases of
JE and cut the JE rates in Nepal by at least 78%
[61].

Malaria
Despite efforts made to control malaria since
1954, malaria still constitutes one of the major
public health problems in Nepal. About 84% of
populations were estimated to be at risk of malaria
in 2012 with 4% at high risk [62]. About one
million people live in areas with a reported inci-
dence of more than one case per thousand popu-
lations per year [63]. The recorded confirmed
malaria cases from 1963 to 2012 showed highest
peak in 1985, after which, as a result of various
malaria control efforts made, a significant decline
in malaria cases (12,750 in 2002 vs. 2,092 in
2012; decline by 84%) has been observed with
some outbreaks in between [62].

Though incidence of malaria has declined
sharply during last two decades, malaria is
spreading to hilly and even mountainous regions
(mainly in river valley/belt and foot hills) as well
(Fig. 5 Left) [64]. This appears primarily due to
vector adaptation and north–south roads linking
endemic Terai area and hilly/mountain region
and climate change [3]. It is noteworthy that the
incidence of indigenous malaria in Nepal is
decreasing during last one decade, however, on
the contrary, the incidence of imported malaria
cases is on the rise (Fig. 5, Right) [64]. All most
all imported cases are coming from India and are
caused by Plasmodium falciparum most of
which are drug resistant.

Considering the gravity of malaria burden,
Nepal Malaria Strategic Plan 2011–2016 has a
vision of malaria-free Nepal by 2026 and is
based on the “Long Term National Strategy of
Malaria Elimination” [65]. However, there are
challenges of increasing entry of malaria cases
through open border between Nepal and India,
limited access to diagnostic facilities to clinically
confirm suspected cases and their treatment, the
development of resistance in parasites and vec-
tors, climate change, and shifts of malaria

Fig. 4 Distribution of IgM-positive JE cases, May 2004 through April 2006, Nepal. (gray areas in JE endemic areas
showing hyperendemicity in western part) [60]
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hotspots to new areas and stable persistence of
malaria hotspots in specific areas despite more
than 6 years of continuous vector control inter-
vention [3, 62, 64].

Visceral Leishmaniasis (Kala Azar)
Visceral leishmaniasis commonly known as Kala
Azar (KA) is one of the major public health
problems in Nepal and is primarily confined to 12
low altitude tropical climate Districts in eastern
Terai belt bordering the state of Bihar (India). The
annual incidence of KA from 1980 to 2006 is
shown in Fig. 6. The average incidence for the
years 2004–2006 was about 2.43 per 10,000
populations in the 12 KA endemic Districts of
Nepal. It is associated with low socioeconomic
status, low literacy rate, and lack of good gover-
nance. To address the problems associated with
poverty, government has implemented a plan to
eliminate the KA from Nepal by 2015 with the
reduction of poverty incidence from existing
poverty 27% (2010) to at least 16% in KA ende-
mic areas [66, 67]. Because of the implementation
of comprehensive KA elimination plan and pro-
gram, total KA cases and deaths have shown a
significant decrease during last 13 years (Fig. 6).
However, KA has shown changing epidemiology
recently (cases endemic only in eastern Terai
region have now spread to western Terai as well as
some hilly Districts) [67].

Lymphatic Filariasis
Lymphatic filariasis (LF) caused by nematode
Wuchereria bancrofti is endemic in Nepal with
great public health impact. Mapping has shown
13% average prevalence in the country (ranging
from <1% to as high as 39%) [68]. Keeping in
view of the findings, Epidemiology and Disease
Control Division is now implementing the
National Plan of Action (2003–2020) aimed to
eliminate the LF from Nepal. For this, “mass
drug administration” (MDA) (Diethylcarba-
mazine and Albendazole) initiated in Parsa Dis-
trict in 2003, now scaled up to other endemic
Districts as well (56 Districts out of 75 have been
included). As a result, LF has shown a declining
trend during recent years. However, five rounds
of MDA were not sufficient to disrupt the trans-
mission cycle in all Districts, probably because
high baseline prevalence has posed as a chal-
lenge [69].

Opportunistic Infections

Opportunistic infections are increasing in Nepal
during recent years. It is associated mainly with the
spread of HIV/AIDS and increase of noncommu-
nicable diseases (NCD) like diabetes, malignancies
(cancer), chemotherapy/radiotherapy for malig-
nancies, and organ transplantation that augment

Fig. 5 Classification of malaria risk Districts in Nepal with annual parasite incidence (left) and malaria cases by origin
(right) [62]

Changing Trend of Infectious Diseases in Nepal 27



immunodeficiency. TB and HIV co-infection is an
important example; although TB was common
pre-HIV/AIDS era also and was primarily associ-
ated with poverty and undernutrition/malnutrition
that contribute to immunocompromization and
with unavailability of diagnostic and treatment
facilities [7, 55].

Opportunistic parasitic infection: Of the var-
ious opportunistic parasitosis, cryptosporidiosis
is prominent. The prevalence in patients with
diarrhea ranges from 0.4 to 17.0% [19, 70–72]. It
is more common among young children com-
pared to older people. Among the school going
children, it is reported to be 29.4% [73]. Most of
Cryptosporidium infections are associated with
other intestinal protozoan and helminth parasites
[72]. Infection is more common during rainy
summer season. Nearly half (48.6%) of the
young calves of cattle (cow and buffalo) are
positive for Cryptosporidium oocysts suggesting
that calves’ feces are the major source of infec-
tion in Nepal [74].

Enteric parasites are reported to cause diarrhea
(31.13%) of the HIV-seropositive patients. The
majority of infections were among patients with
CD4 count <200 cells/µl associated with oppor-
tunistic parasites (Cryptosporidium, Cyclospora
and Isospora) [75]. Seven percent of HIV posi-
tive individuals were found infected with
opportunistic coccidian protozoa [76]. One study
of parasites in HIV/AIDS patients showed
Cryptosporidium (10.7%), Giardia (6.7%),
Entamoeba histolytica (5.33%), Cyclospora
(2.67%), Strongyloides stercoralis (2.7%), and
Trichuris (2.67%) [77]. Infection rate was higher

in AIDS patients (61.5%) compared with 25.8%
HIV-seropositive patients. Cyclospora has been
detected in nearly 15% of diarrheal fecal samples
and in vegetables samples collected in Kath-
mandu [25, 70, 78].

Toxoplasma gondii (coccidian protozoa)
infection rate among apparently healthy popula-
tion living in different geographical areas ranged
from 24 to 76.1% with an average of 45.6% [79,
80]. Overall prevalence is significantly higher in
females than in males, similarly higher preva-
lence is seen among Tibeto-Burman compared
with Indo-Aryans [80]. Region wise higher
prevalence is in western region followed by
eastern and central regions, respectively. High
prevalence is associated with the raw meat eating
habits of locals [81]. There is high prevalence in
common meat animals (pigs, goats, buffalos and
chickens) in Nepal [82]. Prevalence is higher
(55.4%) in pregnant women and women with bad
obstetric history. Patients with malignancy (can-
cer) had highest prevalence (68.7%) and must be
due to an opportunistic infection [83]. However,
till now only one case of congenital toxoplas-
mosis has been reported [84] (Fig. 7).

Opportunistic fungal infection: According to a
recent review, 2% of total populations are esti-
mated to suffer from serious fungal infections
(namely, keratitis is (approx. 73 per 100,000),
chronic obstructive pulmonary disease allergic
bronchopulmonary aspergillosis and severe
asthma due to fungal sensitization, chronic pul-
monary aspergillosis) in Nepal annually [85].
According to review, of the 22,994 HIV patients
with CD4 counts <350, but not on antiretrovirals,

Fig. 6 Trend of Kala Azar
cases and deaths in Nepal
(2000–2013) [67]
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Pneumocystis pneumonia infections are esti-
mated at 990 annually. Cases of oral and oeso-
phageal candidiasis in HIV/AIDS patients were
estimated at 10,347 and 2950, respectively.
Sporadic cases of opportunistic fungal infections
have been reported in patients with diabetes,
malignancies, and patients undergoing treatment
of malignancies. Findings of review of published
papers together with mycology expert indicate
that there is significant burden of serious fungal
infections in Nepal [85, 86].

Hospital Acquired Infection (HAI)

HAI also known as nosocomial infection is a
great concern in Nepal though it is said to be
improving with time (between 2003 and 2011) at
some hospitals [87]. However, infection control
committee (ICC) was established in 41.2% (7/17)
of the hospitals and of them regular ICC meeting
was held in only two hospitals; ICC’s operational
activities were far from adequate [87]. Accord-
ingly, none of the hospitals studied had an
infection control team (ICT). Common HAI

causing bacteria in Nepal includes Staphylococ-
cus aureus, Pseudomonas aeruginosa, Acineto-
bacter sp., Escherichia coli, Klebsiella sp.,
Enterobacter sp., Citrobacter sp., Proteus sp.,
and others. Most of these HAI bacterial isolates
are MDR. These bacteria are mainly associated
with urinary tract infection, ventilator-associated
pneumonia, surgical site and implant-associated
infection, catheter site infection, and soft tissue
infections. This is primarily due to high micro-
bial (bacteria and fungi) burden in hospital
environment and high pathogen career rate
among staffs (hands: 59.2% and nose: 73.7%)
mainly S. aureus and most of them were highly
drug resistant) [88].

Zoonotic Helminthes Infections

Hydatid disease (Echinococcosis) and Cysticer-
cosis: Echinococcosis (hydatid cyst) in different
organs has been reported from Nepal but the
prevalence in the community is largely unknown
[89]. An unusual and interesting case of
uncomplicated hydatid cyst in lung (single cyst

Fig. 7 Scenario of Toxoplasma infection in Nepal
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of 8 cm) and in liver (two cysts of 7.5 cm each)
in a 6-year-old girl has also been reported [90].
As in the case of hydatid cyst, prevalence of
cysticercosis is also not known. However, it is
suggested that the prevalence ranges from 0.002
to 0.1% in general population in Nepal [91]. Of
the total 23,402 biopsied cases recorded at a
hospital in Kathmandu Valley, 62 (0.3%) were
diagnosed as cases of cysticercosis [89]. The
cases of ocular and/or neurocysticercosis are on
the rise and thought to be due to the availability
of diagnostic facilities (particularly the CT and
MRI) during recent years. As reviewed by Rai,
there are sporadic reports on other zoonotic
parasites [89]. The reported seroprevalence of
Toxocara antibody is very high (81.0%) though
the clinical cases of toxocariasis (visceral and/or
ocular larva migraines) are not very common
[92]. Toxocara eggs rank second (accounting
22.8%) among the helminth eggs contaminating
the environment (soil) in Nepal1 [13]. Very
rarely, cases of trichinosis, fascioliasis, parago-
nimiasis, and sparganosis have also been repor-
ted [89].

Emerging Infections

Though the overall rate of infectious diseases in
South Asia is decreasing, the challenges of exist-
ing infectious diseases such as tuberculosis,
HIV/AIDS, malaria, and others have been aug-
mented by emerging and growing threats of den-
gue, chikungunya, healthcare-associated
infections, and antimicrobial resistance [93].
Nepal is facing also the challenges of new
vector-borne infectious diseases. Culex mosquito
borne JE first appeared in Nepal in 1978 and
limited in western Terai area has shown a
changing epidemiological pattern (now has spread
even in hilly areas) [56–60]. JE still constitute a
public health problem despite the immunization
against Japanese B encephalitis virus.

Dengue fever (DF): First case of Aedes
mosquito-borne Dengue virus, was reported in
2004 from Chitawan District [94]. Since then,
Dengue virus infection has spread in big way
with a series of DF outbreaks in several Districts

of Nepal [95–97]. Dengue IgM antibody among
feverish patients has been seen in 27.8% to
29.1% with highest prevalence among children
(<15 years) [98]. The disease is common during
monsoon and post-monsoon season and affects
mainly young adults (aged 21–40 years). A shift
in Dengue virus serotype, serotype 1 in 2010
outbreak to serotype 2 in 2013 outbreak has also
been observed [96] (Fig. 8).

The spatiotemporal analysis (2010–2014) has
shown that Chitawan District (home for first case
of DF) is the hotspot of DF followed by Jhapa
and Parsa Districts [99]. Now, Dengue virus is
spread even in hilly areas including Kathmandu
Valley [99]. This has been thought to be asso-
ciated with change in climate and biodiversity [3,
100–102]. DF and dengue hemorrhagic fever
(DHF) might have been underestimated as many
cases might have been misdiagnosed and/or
undiagnosed. Among the various emerging
infections in Nepal, DF has been a great health
public problem, however, precise burden of DF
and DHF in Nepal remains unknown, since most
reports are confined to economically affluent city
and/or town areas and do not account for regions
of relative social deprivation where disease is
more likely to occur [97].

Other emerging viral infections: Very
recently, in 2014, first case of chikungunya
(transmitted by Aedes mosquito) has also been
found in Nepal [103, 104]. Serological study
among patients presenting with fever has shown
seropositive rate of 3.6% [105]. A case of
chikungunya has been found even in Kathmandu
Valley. West Nile virus infections (usually
transmitted by Culex mosquito) and Chandipura
virus (transmitted by Phlebotomus sand fly and
earlier limited in Chandipura Village of Maha-
rashtra, India) have also been reported from
Nepal [106].

Influenza virus: Influenza A virus (H5N1)
(avian influenza or bird flu) appeared in Nepal in
2009 with first confirmed outbreak in far-eastern
Nepal (called Kakarbhitta) close to Indian border
and subsequently, outbreaks occurred in Kath-
mandu and Bhaktapur Districts in Kathmandu
Valley as well as other parts outside of valley
causing millions of poultry were died/destroyed
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[107]. Many outbreaks occurred in the year 2013.
This resulted into great loss in economy partic-
ularly to poultry farmers and farm associated
business (egg, meat, and feed business). As a
result, government provided compensation to the
poultry farmers and businesses concerned for the
loss of chicks, eggs, bird feed, and chicken due to
the spread of bird flu at six different places. To
control H5N1, special plan, program and activi-
ties were launched and Nepal has been declared
free of H5N1 highly pathogenic avian influenza
(HPAI) in May 2014 [108]. However, another
variant of avian influenza (H5N8) has been
reported this year in eastern Nepal [109].

An outbreak of Influenza A (H3N2) was
detected at three Bhutanese refugee camps in
southeastern Nepal in July 2004 [110]. Outbreak
of Pandemic Influenza A/H1N1 occurred in
Nepal in 2009. Universal Influenza A virus was
positive in 49.6%, more than half in young
people. Among them 28.3% were H1N1 and
21.3% were seasonal influenza A. Case fatality
of H1N1 was 1.74% [111]. After 2009 H1N1 is
appearing every year with significant number of
fatality. This year (Sept. 2017) alone, H1N1 has

appeared as epidemic forcing the closure of
school in Syanja District in western Nepal and
dozens of deaths occurred across the country
[112].

Other emerging viruses: Seroprevalence of
Hantavirus infection is 8.7% with higher preva-
lence in Tamang/Sherpa ethnics (16.0%) who live
mainly in hilly/mountain areas [113]. Though no
cases of human Hantavirus infection have been
reported till date (might have gone undiagnosed) it
may emerge as a cause of health problem in future.
Other viral infections existing in Asia, namely,
Nipah virus (discovered in Peninsular Malaysia),
Middle East respiratory syndrome coronavirus
(MERS-CoV), and Crimean-Congo hemorrhagic
fever are not evidenced yet. However, there is
high possibility of entering of these infections into
Nepal anytime in future considering the fact of
climate change, vector and agent adaptation, and
biodiversity modification during recent years [3].

Scrub typhus: Though, serological evidence of
existence of scrub typhus in eastern Nepal was
reported long back in 1981 clinical cases repor-
ted in 2015 with high numbers from Chitawan
District where in 2004, also the first case of

Fig. 8 Annualized average incidence of dengue fever in Nepal (2010–2014) [99]
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dengue fever was recorded [94, 114, 115]. In the
year 2016, over 800 cases were detected from all
over the country out of which 14 (1.7%) died.
This year (2017), as many as 37 cases have been
reported in Chitawan District alone [115]. Scrub
typhus, therefore, has constituted one of the
newest and important health problems in Nepal,
which demands active surveillance and public
health awareness about the disease transmission
and prevention.

Leptospira infection: First report on lep-
tospirosis in Nepal appeared in 1981 [116]. In
2000, Rai et al. reported Leptospira seropreva-
lence rate of 32.0% among apparently healthy
people with equal positive rate among males and
females, and Tibeto-Burman and Indo-Aryan
ethnic groups [117]. Seropositive rate among
the suspected cases of leptospirosis in central
Terai and in Kathmandu has been reported at
4.8% and 28.6% [118, 119], respectively. How-
ever, in western Terai, among the 144 febrile
cases, 21% have been reported to be positive for
leptospiral antibodies (IgM) indicating the acute
leptospirosis [120]. Among the undiagnosed
cases of acute encephalitis cases, 51.6% were
positive and was higher in the age group of 6–
15 years [121]. Most of the positive cases are
occurring during rainy summer and autumn
season and are associated with rain and flooding,
and mostly adults are infected.

Emerging protozoan infection: Cryptosporid-
ium parvum is reported in 0.4–17% in loose stool
in Kathmandu [19, 70]. Up to 25% of water
samples tested in Kathmandu Valley have shown
C. parvum oocyst. The reported Cyclospora
infection rate is as high as 30% in loose stool in
Kathmandu [122]. Two percent of water samples
tested in Kathmandu have shown Cyclospora
oocysts.

Emerging fungal infection: Documented
emerging fungal diseases in Nepal are scanty.
Supram et al from Manipal Teaching Hospital;
Pokhara in Western Nepal recently reported
invasive infections in a group of hospitalized
patients caused by Magnusiomyces capitatus, an
emerging yeast [123]. Considering the increasing
number of cases of immunocompromising

conditions such as diabetes, malignancies,
chemo- and radiotherapy for malignancies and
HIV/AIDS, the opportunistic fungal infection
must be existed but are not reported.

Issues of Bacterial Drug Resistance

Until 1990s, bacterial drug resistance was not
common in Nepal. Drug-resistant Escherichia
coli was reported in 1978 [124]. For the first
time, methicillin-resistant coagulase-negative
Staphylococcus and methicillin-resistant S. aur-
eus (MRSA) reported in 1987 and 1990,
respectively [125, 126]. In recent studies, over
half of E. coli, Klebsiella pneumoniae and
Streptococcus pneumoniae isolates were tested,
and over 30% of some Shigella sp. and Vibrio
cholerae isolates were resistant to first-line an-
tibiotics and many other important bacterial
pathogens are highly resistant to most first-line
and some second-line antibiotics [127]. This
resulted primarily due to misuse (overuse,
underuse due to lack of awareness and lack of
purchasing capacity, inappropriate
use/prescribing, excessive use of antibiotic in
agriculture/animal husbandry) of antibiotics and
other drugs in the society.

Though antibiotic use in agriculture/animal
husbandry especially animal food is poorly doc-
umented in Nepal, it is believed that antibiotics in
animal feeds particularly of meat animals (chick-
ens, pigs and others) are being used massively and
are contributing to the overall antibiotic resis-
tance. According to Global Antibiotic Resistance
Partnership-Nepal (GARP-Nepal), the volume of
veterinary antibiotic sales in Nepal rose over 50%
from 2008 to 2012, most through retailers without
veterinarian prescription [127]. Due to the indis-
criminate and prolonged use of antibiotics in meat
animals, high level of antibiotic residues has been
found in the marketed meat and consumable
broiler chicken liver, in particular, showed very
high percentage of antibiotic residue [128]. As a
result, some organisms have developed not only
multi-drug resistance but pan-resistance and have
become an alarming public health concern.
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Double-Triple Burden of Disease

Though the prevalence/incidence of infectious
(communicable) diseases is decreasing in Nepal,
noninfectious (noncommunicable) diseases are
on the rise. Hence, Nepal is now facing a double
burden of diseases. The decrease in infectious
diseases is attributed primarily to the health
(curative, preventive and promotive) related
activities (immunization, increased access in
health service, free primary healthcare services
including free essential drugs to poor and
marginalized people as stipulated health as
“fundamental right” in the constitution-2007,
production of different levels of human resources
on health including specialized specialist within
the country and various efforts made by the state
and non-state actors). Moreover, more than 52%
of the diarrheal cases are being treated by Female
Community Health Volunteers (FCHVs), the
interface between healthcare facility and com-
munity. This may be the reason that spread and
outbreak of various infectious diseases predicted
after the earthquake 2015 did not occur. Infec-
tious diseases are common in villages, but town
and cities are not completely free of infectious
diseases. Interestingly, some of the outbreaks of
infectious diseases are occurring only in the town
and cities. However, the overall prevalence of
infectious diseases has come down. However,
unusually heavy rainfall, floods, and landslide
are creating good environment for the spread of
infectious diseases.

Although infectious (communicable) diseases
are decreasing, noncommunicable diseases
(NCD) together with emerging/reemerging
infectious diseases are on the rise in cities.
Hence, there is double-triple burden of disease.
The diabetes and associated conditions
(nephropathy, retinopathy and others), cardio-
vascular diseases, cancer, and chronic obstructive
pulmonary diseases are the major NCDs which
are driven by various forces including aging,
rapid but unplanned urbanization and unhealthy
lifestyles.

Conclusions

Overall burden of infectious (communicable)
diseases is decreasing during recent years.
However, there is big challenge of tackling the
emerging and reemerging infections. At the same
time, there is rapid increase of various nonin-
fectious (noncommunicable) diseases that
enhances opportunistic infections. To combat the
infections of different kinds, WHO recom-
mended five interventions (innovative and
intensified disease management; preventive
chemotherapy; studies on vector ecology and
management; veterinary public health services;
and provision of safe water, sanitation and
hygiene) which must be implemented together
with the global action plan adopted by World
Health Assembly-2915 to address the problem of
drug resistance (improve awareness and under-
standing about antimicrobial resistance;
strengthen the knowledge and evidence through
surveillance and research; reduce the incidence
of infection through effective sanitation, hygiene
and infection prevention measures; optimize the
use of antimicrobial medicines in human and
animal health; develop the economic case for
sustainable investment that takes account of the
needs of all countries and increase investment in
new medicines, diagnostic tools, vaccines, and
other interventions) [129].

In this regard, Nepal has developed several
plans of action. These includes: “ODF Cam-
paign” that has been launched under the “Sani-
tation and Hygienic Master Plan-2011”, “Nepal
water supply, sanitation and hygiene sector
development plan: 2016–2030” and “Multisec-
toral Action Plan for the Prevention and Control
of Non-communicable Diseases 2014–2020”
(developed in accordance to the Global Action
Plan for the Prevention and Control of NCDs
2013–2020 and Infectious Disease Control
Guideline [22, 130–133]. Habitat destruction and
infectious disease are dual threats to nature and
people (as emerging infections), biodiversity and
nature conservation [102, 103]. To address this,
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“National Biodiversity Strategy and Action Plan
2014–2020” has been developed [3]. To facilitate
and coordinate all these and others, “High Level
Multi-sectoral Health Services Facilitation and
Coordination Committee” has also been formed
at National Planning Commission in 2012.
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NGSPanPipe: A Pipeline
for Pan-genome Identification
in Microbial Strains
from Experimental Reads

Umay Kulsum, Arti Kapil, Harpreet Singh and Punit Kaur

Abstract
Recent advancements in sequencing technolo-
gies have decreased both time span and cost
for sequencing the whole bacterial genome.
High-throughput Next-Generation Sequencing
(NGS) technology has led to the generation of
enormous data concerning microbial popula-
tions publically available across various
repositories. As a consequence, it has become
possible to study and compare the genomes of
different bacterial strains within a species or
genus in terms of evolution, ecology and
diversity. Studying the pan-genome provides
insights into deciphering microevolution, glo-
bal composition and diversity in virulence and
pathogenesis of a species. It can also assist in
identifying drug targets and proposing vaccine
candidates. The effective analysis of these
large genome datasets necessitates the devel-
opment of robust tools. Current methods to

develop pan-genome do not support direct
input of raw reads from the sequencer
machine but require preprocessing of reads
as an assembled protein/gene sequence file or
the binary matrix of orthologous
genes/proteins. We have designed an
easy-to-use integrated pipeline, NGSPanPipe,
which can directly identify the pan-genome
from short reads. The output from the pipeline
is compatible with other pan-genome analysis
tools. We evaluated our pipeline with other
methods for developing pan-genome, i.e.
reference-based assembly and de novo assem-
bly using simulated reads of Mycobacterium
tuberculosis. The single script pipeline (pipe-
line.pl) is applicable for all bacterial strains. It
integrates multiple in-house Perl scripts and is
freely accessible from https://github.com/
Biomedinformatics/NGSPanPipe.
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Introduction

Bacteria are under constant pressure from changes
in niche environment and respond by acquiring
new genes or losing existing genes. Hence, the
bacterial genome is under constant evolution. The
enumeration of the complete gene repertoire of all
strains in a particular species can assist in the
recognition of the genome architecture of a given
bacterial species [1]. Sequencing multiple strains
of an organism present the biggest challenge in
genome analysis. The recent development of fast,
accurate and relatively low-cost Next-Generation
Sequencing (NGS) technologies permit rapid and
accurate sequencing of multiple genomes simul-
taneously in a short time period. The accessibility
to an exponentially growing number of sequenced
bacterial genomes has put forth the possibility to
compare simultaneously multiple bacterial gen-
omes as well as a specific bacterial genome with
another genome among the same or different
bacterial species. A pan-genome is the union set of
genes from strains of given species which contain
both the variable and invariant region of the gen-
ome [2]. The pan-genome comprises the core
genome which includes genes present in all the
strains of a particular species, the accessory gen-
ome which consists of genes present in only some
strains of the same species and the unique genes
which are present only in a single strain of a
species. The accessory genome comprises mobile
genetic elements which are involved in both
interspecies and intraspecies gene exchange. The
pan-genome aims to identify the composition as
well as diversity in the gene repertoire in the
microbial population. Identification of complete
genetic repertoire of a bacterial species [3–7]
broadens our understanding of species-specific
pathogenesis and enables identification of novel
and stable drug targets, vaccine candidates and
diagnostic/typing markers. It also aids in under-
standing the niche/host adaptation and evolution of
bacteria under different conditions. The analysis of
the bacterial pan-genome has gained popularity in
the past decade, wherein a large population of
different microbial strains has been studied [3–7].

The large repertoires of genome sequences are
rapidly increasing in size as more and more
genome sequences are constantly being added.
Thus, one of the foremost challenges for data
analysis of the generated genome sequences is
the availability of tools for generating
pan-genome. This makes it imperative to develop
tools for fast and accurate analysis of the gen-
erated data. Most of the available tools require
prior knowledge of bioinformatics tools and
computational resources. Different analysis tools
and programs available freely online for calcu-
lating pan-genome, though versatile, do not read
files comprising experimental raw reads directly
from the sequencer but require prior prepro-
cessing of short reads. These softwares include
PGAP (Pan-genome Analysis Pipeline) [8],
PanOCT (Pan-genome Ortholog Clustering
Tool) [9] and BPGA (Bacterial Pan-genome
Analysis) [10]. PGAP-related analysis depends
on the orthologous clusters generated by the
protein or gene sequence. It incorporates different
tools such as pan-genome profile analysis, cluster
analysis, analysis of the genetic variations and
analysis based on species evolution. PanOCT is a
pan-genome analysis program for closely related
species or strains. Both programs require either
BLASTP search of the predicted protein or gene
in a tabular form or a text file with unique gen-
ome identifiers as input for producing ortholo-
gous clusters. Orthologous clusters correspond to
the set of proteins possessing similar functions in
different strains or species. Both PGAP and
PanOCT have stringent requirements for further
downstream analysis. BPGA is another tool
which introduces functional modules like
phylogeny-based analysis on core genome or
pan-genome, mapping of genes on KEGG and
COG databases as well as G + C content analy-
sis. This tool provides a detailed pan-genome
analysis but requires the input either in the form
of a binary matrix showing the presence or
absence of genes in different strains under study
or the protein/gene sequence files. Short reads
obtained from next-generation sequencer, there-
fore, initially are required to undergo
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preprocessing steps, before they can serve as
input for the currently available pan-genome
analysis programs. The preprocessing of output
reads from sequencer data requires prior knowl-
edge of a number of available public domain
programs which have to be run sequentially
before the necessary files required for input to
these programs are obtained. This preprocessing
includes assembly of reads and post-assembly
annotation of genes/proteins. Currently, no single
one-step pipeline is available in the public
domain for connecting NGS reads directly from
the sequencer machines to pan-genome identifi-
cation or other pan-genome analysis programs.
To bridge this gap and offer microbiologists
unfamiliar with computational tools, a
user-friendly pipeline has been developed. The
designed ‘NGSPanPipe’, is a simple and fast
pipeline to address the space for pan-genome
generation from short reads. The pipeline in
addition to incorporating preprocessing of short
reads, also generates alignment of reads, gene
annotation and indicates the coverage of the
reference genome without user intervention. The
developed pipeline is user-friendly, reduces data
complexity and improves runtime with quick
alignment process. It can be easily used by
microbiologists without any previous experience
on bioinformatics tools.

Approaches for Identification
of Pan-genome

The sequence assembly for pan-genome involves
two techniques. The reference-based assembly
approach requires a prior knowledge of the
genome of the species for which the NGS
experiment was undertaken [11]. In contrast, the
de novo assembly considers that a reference
genome is not available for the alignment of
sequenced reads [12].

The methodology adopted for comparison of
the present pipeline included Velvet1.2.10 for de
novo assembly [13] and for reference-based
assembly the Columbus extension to Velvet
was employed [13]. For de novo assembly, the

input for ‘velvet’ is short experimental read
sequences. The program generates an assembly
of reads based on hashing and graph building
with two executables velveth and velvetg
respectively. Initially, dictionary file containing
reads of user-defined hash length is created by
velveth which then executes a local alignment
between the reads. Velvetg then proceeds further
by reading the alignments produced by velveth.
It builds a graph known as de Bruijn graph [14],
simplifies it and resolves the repeats based on
user-defined parameters, producing contigs
(overlapping reads producing a physical map of
the genome). Thus, a reference genome is not
necessary for de novo genome assembly. The
other protocol for pan-genome construction,
reference-based assembly, was performed using
Columbus extension of Velvet. This first
involves the alignment to an already available
reference for the bacterial strain under consider-
ation (generally provided by the user), and then
assembling of reads spanning the structural
variants obtained after genome alignment to the
reference. De novo assembly as well as
reference-based assembly involves assembling of
reads. An assembly involves mapping of
sequence data and its reconstruction by grouping
them into contigs. The contigs are further
grouped into scaffolds. Contigs are a consensus
of continuous overlapping reads. The scaffolds
are the arrangement of contigs, their orientation
and the gap size between them. The accuracy of
contigs and scaffolds is the measure of assembly
accuracy. The assembly size is given by calcu-
lating the maximum, average and total length of
contigs along with its N50 value.
Reference-based assembly will thus work well
provided the reference genome is related to the
genome being analyzed. Hence, to be free from
the hassle of assembly and its accuracy,
NGSPanPipe uses alignment to reference gen-
ome and non-redundant nucleotide (‘nt’) data-
base while subjecting only smaller set of reads
(unannotated reads) for assembly, which saves
time and is considerably more accurate in terms
of coverage of genome.
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Prerequisites for NGSPanPipe

The running of NGSPanPipe requires
pre-installation of the free software Perl and
BWA (Burrows–Wheeler Aligner) tool [15]. The
reference file and Protein Translation
Table (ptt) file (*.ptt format as present in NCBI)
for the desired organism have to be placed in the
script folder created by the user.

The single script pipeline (pipeline.pl) inte-
grating multiple in-house Perl scripts automati-
cally runs the required programs for data
preprocessing to generate the required output
files. NGSPanPipe is downloadable from https://
github.com/Biomedinformatics/NGSPanPipe and
executed by running the file pipeline.pl from the
terminal through the command ‘perl pipeline.pl’
to perform pan-genome construction. Details
pertaining to the prerequisites for running the
script are available at https://github.com/
Biomedinformatics/NGSPanPipe/blob/master/
README.md.

Input Parameters for NGSPanPipe

NGSPanPipe is a platform-independent (can be
run on both Linux and Windows platform)
command line tool developed in Perl scripting
language for identification of pan-genome. On
executing the script, the experimental raw reads
obtained from the sequencer machine are auto-
matically read and the pipeline proceeds to gen-
erate the pan-genome. The pipeline designed for
genome comparisons, performs primary tasks
like collapsing of reads, alignment and annota-
tion without any user intervention. NGSPanPipe,

before execution, requires input from the com-
mand line for details regarding reads in FASTQ
format (either zipped or unzipped), reference
sequence file (FASTA format), parameter for
filtering of reads (number of strains a read should
be present into be considered as real read, it has
been taken as n = 5 for test data) and reference
genome protein translation table (*.ptt) file to
which the aligned reads are to be mapped. The
pipeline consequently runs a number of publi-
cally freely available scripts without human
intervention.

Validation of NGSPanPipe
with Simulated Reads
from the Genome of Mycobacterium
Tuberculosis Strains

The performance of NGSPanPipe was evaluated
and validated on simulated reads of Mycobac-
terium tuberculosis (MTB) (Table 1). The sim-
ulated reads were generated using ART simulator
[16]. The data source with links to respective
MTB strains employed for validation is tabulated
in Table 2. The complete workflow (Fig. 1)
adopted for the execution of the pipeline for
construction of the pan-genome has been
described with reference to MTB, but is appli-
cable for any microbial or bacterial pan-genome
construction.

The occurrence of each read in all 22 strains
was checked and an intermittent file with
non-redundant reads and a gene set with the
presence or absence of the genes in these dif-
ferent strains of MTB was generated. This
decreased the overall number of reads

Table 1 Dataset for NGSPanPipe

Species/test set Mycobacterium tuberculosis (23 genomes of which one strain was taken as reference)

Data source ftp://ftp.ncbi.nlm.nih.gov/genomes/archive/old_refseq/Bacteria/Mycobacterium_tuberculosis

Read length 150 (Paired-end)

Alignment tool BWA (Burrow–Wheeler Alignment)

Total genes 3906

Genes covered 3511

% coverage 89.88%
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significantly, thus reducing data complexity and
computational cost for aligning the complete set
of reads without collapsing.

Further, filtering of reads with at least ‘n’
copies increased the probability of a read being
real and not due to sequencing errors. A read is
considered of better quality if it occurs frequently
that is present in multiple strains of a species.
Subsequent collapsing of reads reduces data
complexity and duplicity and cuts computational
cost. An in-house developed script (included in
the pipeline) collapsed identical reads in different
strains under study into one unique read and
recorded the identical read count for individual
strains. This removes duplicate reads thus
reducing data size and complexity.

The simulated reads occurring in two or more
strains were extracted for alignment to a

randomly chosen reference genome (MTB,
H37Rv, complete genome, NC_000962.fna)
using BWA tool. Subsequently, reads uniquely
aligned (X0 = 1) were extracted and mapped
onto protein translation table (PTT) of the refer-
ence test strain (NC_000962.ptt), downloaded
from NCBI ftp site (ftp://ftp.ncbi.nlm.nih.
gov/genomes/
archive/old_refseq/Bacteria/Mycobacterium_
tuberculosis_H37Rv_uid57777/NC_000962.ptt).
The file, .ptt, available from NCBI is used to
define the boundaries of the open reading frames.
The coverage was calculated taking into account
reads which fall within the range of each gene in.
ptt.

Reads that did not align to the reference
genome were aligned against non-redundant
nucleotide (‘nt’) database using BLAST [17] to

Fig. 1 Workflow of ‘NGSPanPipe’. The execution of processing of the pipeline is represented in blue. The input files
are indicated in green and the three output files are shown in peach
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scrutinize reads of the bacterial genome, acquired
by the test genome. Since the size of ‘nt’ is very
large (*100 GB), creating an index for align-
ment with BWA tool requires a large amount of
memory. Hence, in the pipeline, the data was
split into smaller files to reduce computational
cost. BWA tool was used to generate an index for
all the files separately. These indexed files were
then used as reference for alignment. Uniquely
mapped reads were further extracted from this
alignment and a matrix created to evaluate the
presence/absence of acquired genes in MTB
strains. This observed presence or absence of
genes reflects the variations in the bacterial
genome within the same species and is associated
with microbial genome diversity. Reads which
failed to align to the reference genome and ‘nt’
database were identified as unannotated novel
reads.

Output Files Generated
from NGSPanPipe

This pipeline employing a novel approach uses
experimental reads as input, collapses them and
generates three output files:

(i) coverage.txt, which contains the positions
of the genome covered by the reads pro-
duced by the sequencer. This file shows
the maximum coverage of whole genome
by the reads, ensuring accuracy for further
analysis.

(ii) panmatrix.txt; a binary matrix file in the
0/1 format which shows the
presence/absence of genes in different
strains. 0 denotes the absence of genes
while 1 represents the presence of genes in
that particular strain. The output binary file
can serve as a direct input for other
pan-genome analysis programs like
PanOCT, BPGA and PGAP which use
binary matrix for further downstream
analysis.

(iii) novel.txt: This file stores the unannotated
reads, which are neither present in the
reference genome of studied strains nor

observed in any other bacterial genome
under study.

Significance of NGSPanPipe

The initial alignment and subsequent mapping of
simulated collapsed reads from 22 MTB strains
against reference strain NC_000962 identified
3511 genes (coverage.txt) from available 3906 in
Protein Translation Table (.ptt). Hence the gen-
ome coverage given by NGSPanPipe after
alignment to reference test genome and annota-
tion was 89.88% (3511 genes) (Table 1). The
genome coverage obtained on the same set of
MTB strains for reference-based assembly was
74.34% (2904 genes) and for de novo assembly
was 57.42% (2243 genes) (Fig. 2).

The unidentified genes obtained from
NGSPanPipe were subjected to BLAST against
Database of Essential Genes (DEG) [18] with
e-value cutoff of 0.00001 to confirm that no
essential gene is missed out by NGSPanPipe
algorithm. The essential genes are genes which
are crucial for the survival of bacteria. DEG
contains all currently available reported genes
considered vital for the foundation of bacterial
life. The homologs found in DEG indicated that
majority of the unidentified genes from this
pipeline were not essential for the survival of the
species. The undetected genes were also com-
pared with those genes unidentified by both
reference-based assembly and de novo assembly.
Our pipeline not only identified all the genes
detected by these tools but also successfully
recognized additional genes unidentified by these
protocols. Hence, NGSPanPipe reported the least
number of unidentified genes amongst them.
NGSPanPipe, thus, is better than reference-based
assembly for pan-genome identification as
demonstrated and validated using simulated
MTB NGS reads. The identified and unidentified
genes by NGSPanPipe, reference-based assem-
bly and de novo assembly is listed in compari-
son.xls file present in GitHub (https://github.
com/Biomedinformatics/NGSPanPipe/raw/
master/comparison.xls).
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The unmapped reads subjected to alignment
to ‘nt’ database creates a matrix of acquired
genes in different strains of test genome. The
acquired genes are those genes that are not
observed in the reference genome but might have
been obtained from other bacterial genomes
under stress in order to adapt to new
environments/host. Hence, these variations
observed in the related bacterial genes are asso-
ciated with microbial diversification wherein the
microbes adapt to the environment through
genome rearrangements. This occurs due to
horizontal gene transfer or through mutations as
Single Nucleotide Polymorphisms (SNPs) as a
consequence of exposure of the bacterial popu-
lation to different environments [19]. Genomic
comparison of the strain in question and refer-
ence strain can also pinpoint virulence factors
which are associated with gene acquisition
or/and gene reduction. Further comparative
analysis of the patterns pertaining to the varia-
tions in the occurrence of genes in a species can
assist in deciphering the gene and genome evo-
lution as well as the pathogenesis of the micro-
bial organism [20]. The matrix file of identified
genes from reference genome and acquired genes
collectively represent the pan-genome

(panmatrix.txt). A whole genome or pan-genome
sequence analysis of clinical isolates from in-
fectious diseases can identify outbreak regions
and establish patient transmission data [21].
Similarly, a comparison of susceptible and
resistant strains can aid analysis of the resistome.
It can also provide leads to determinants of
antibiotic resistance as well as reveal newer drug
targets. The unannotated reads (stored in ‘novel.
txt’) may represent novel drug resistance strains
and pave the way for the development of better
antimicrobials.

Profile Statistics

The developed procedure outputs genome cov-
erage as reads, which are based on aligned and
unaligned reads to the reference genome. Hence
it becomes imperative to discern the accuracy of
alignment in terms of True Positives (TP), True
Negatives (TN), False Positives (FP) and False
Negatives (FN). The reads aligned to reference
genome were evaluated by alignment to ‘nt’
database and based on their alignment to
Mycobacterium tuberculosis genes. The per-
centage calculated for true positives, true

Fig. 2 Comparison of ‘NGSPanPipe’, Reference-based and de novo assembly
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negatives, false positives and false negatives was
66.66%, 26.96% 0.05% and 25.84%, respec-
tively. Sensitivity, specificity and accuracy were
calculated by the formulae [22, 23]:

Sensitivity = TP/TP + FN
Specificity = TN/TN + FP
Accuracy = TP + TN/TP + TN + FP + FN

This reflected a specificity and sensitivity of
99.81% and 99.86%, respectively, while the
accuracy of NGSPanPipe was calculated to be
78.32%.

Concluding Remarks

Advanced sequencing technologies have brought
microbial genomics to the forefront. The avail-
ability of both pathogenic and non-pathogenic
bacterial genomes has revolutionized the study of
infectious diseases. Concomitantly, it has neces-
sitated the development of tools for a detailed
evaluation of the microbial community in terms
of the increasingly available bacterial genome
sequences. Therefore, NGS pipelines are an
integral necessity in a research setup especially
related to clinical microbiological applications.
NGSPanPipe is an efficient single executable Perl
script for collapsing of reads, alignment and
contig generation by incorporating NGS experi-
mental raw reads. The single script integrating
multiple Perl scripts is entirely automated
requiring minimal user intervention to provide
pan-genome matrix. The output files produced by
the script include the genome coverage file which
gives the count of base pairs covering a particular
location on the genome and the binary matrix file
of pan-genome indicating the presence/absence
of genes depicting core, accessory and
strain-specific genes. The gene variations marked
exclusively in all genomes will ease out analysis
related to virulence or host adaptations of dif-
ferent microbes. This binary matrix file can be
directly inputted to other pan-genome programs
for further comprehensive analysis. The proteins

which are conserved in all the strains of a bac-
terial species comprise the core genome while
those present in some but not all strains consti-
tute the accessory genome. The unique protein
families in a particular strain are strain specific.
Strain-specific gene differences can be exploited
to understand the evolution of respective micro-
bial genomes and their relationship with the host.
The pan-genome can be analyzed further for
identification of drug targets against the bacteria.
The core, accessory and strain-specific genome
can be studied for the similarities and variations
among strains. The third output file with reads
which failed to align to the reference genome and
non-redundant databases can be further compu-
tationally explored and can lead to the identifi-
cation of novel pathways and enable researchers
to identify novel and stable drug targets, vaccine
candidates and diagnostic/typing markers. Map-
ping of NGS data to reference sequences of
bacterial genomes has also become an important
tool in pathogen discovery [24].

With the increase in the number of reads, the
runtime and memory usage also increase. The
time taken for mapping of reads, which is the
main process in many applications, controls the
complete run. Thus, the pipeline incorporates the
collapsing of reads to enable quick processing
and reduce redundancy of genes in the dataset as
well as mapping to the reference genome with
high accuracy. Currently, the publically available
analysis tools and applications require processed
bacterial genome sequences. The developed
pipeline is advantageous as unlike other tools, it
accesses raw experimental reads of sequenced
strains directly from the sequencer machine
without any preprocessing for identifying
pan-genome. The output-processed genome
sequences produced from the pipeline can then
serve as direct input to various genome analysis
tools. NGSPanPipe is presently the only freely
available pipeline that bridges the gap between
NGS raw reads to pan-genome analysis pro-
grams. Moreover, it is platform independent,
user-friendly and can be used by microbiologists
with little or no acquaintance to computational
tools.
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Availability

The pipeline is freely available at https://github.
com/Biomedinformatics/NGSPanPipe.
The README.md file contains detailed infor-
mation concerning execution of NGSPanPipe.
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Potential Treatment Options
in a Post-antibiotic Era

R R Bragg, C M Meyburgh, J-Y Lee and M Coetzee

Abstract
Following the Golden Age of antibiotic
discovery in the previous century, the rate of
antibiotic discovery has plummeted during the
past 50 years while the incidence of antimi-
crobial resistance is ever-increasing. Pre-
sently, humankind is forced to address a
major public health threat in the form of
multiple drug resistance and urgent action is
required to halt the advent of a post-antibiotic
era. This chapter aims to draw the attention to
the escalating global crisis of antimicrobial
resistance fueled by the irresponsible use of
antibiotics in healthcare and animal produc-
tion sectors. The merits of alternative preven-
tion and treatment options, including vaccines,
herbal products, bacteriophages, and
improved biosecurity measures are also dis-
cussed.
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Introduction

The rapid development of antibiotic resistance
has forced mankind to reconsider the adminis-
tration of antimicrobial therapies. Upon initial
discovery, antibiotics were understandably
regarded as a miracle drug and the advent of
World War II ushered in the development of
antibiotics into industrial scale in order to treat
countless casualties.

Continual and sustained misuse has stretched
the therapeutic capabilities of antibiotics close to
their limits, and mankind is now faced with the
very tangible potential of a post-antibiotic era.
The major contributor to this deteriorating situ-
ation is excessive and imprudent use of antibi-
otics in healthcare settings and animal production
sector. Lack of development of novel antimi-
crobial drugs due to the indifference of the
pharmaceutical sector to the threat of resistance
has also contributed to the current state of affairs
[1, 2].

There is increasing pressure on the animal
production sector to limit or totally cease the use
of antibiotics. Pressure on producers to raise
antibiotic-free food animals does not come from
the authorities, but from the consumers and
investors. Consequently, various popular
fast-food chain restaurants have issued state-
ments indicating that they will be eliminating all
antibiotics of importance to human medicine
from chicken supply [3]. Such decisions require
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alternatives to antibiotics for the production of
animals.

Possible Treatment Options

There are a number of possible treatment options,
which include the search for novel antimicrobial
compounds and alternatives such as various
herbal products, improved and novel vaccine
development, the use of bacteriophages and
phage-associated enzymes, and the improvement
in biosecurity. These alternatives and their
potential for use in a post-antibiotic era will be
the focus of this review.

Novel Antimicrobials and Alternatives

Modern medicine must address the inescapable
fact that the supply of available, effective
antibiotics is being rapidly depleted [1]. Despite
these stark realities, recent reports warn of a
considerable discrepancy between the burden of
multidrug-resistant infections and progress in the
development of novel antibiotics [4]. The
approval of new antimicrobial agents by the
United States Food and Drug Administration
(FDA) has decreased by 56% over a period of
20 years (1983–2002) [5]. During the Golden
Age of antibiotics, between 1930 and 1960, 20
novel classes of antibiotics were produced while
the possibility of the emergence of antimicrobial
resistance fueled by antibiotic overuse was rec-
ognized but not considered serious by microbial
geneticists of that time [2].

Although the development of new antimicro-
bials within preexisting classes has many
advantages, development of new classes of
antimicrobials utilizing novel antimicrobial
mechanisms is the only solution to counteract
emerging multiple drug resistance [5]. However,
there are very few novel classes of antibiotics in
the pipeline. In the past 50 years, only a handful
of novel classes of antibiotics have been dis-
covered, which include oxazolidinones [6],
lipopeptides, [7] and oxadiazoles [8]. The slow
rate of discovery of novel antimicrobials coupled

with lengthy clinical trials of up to 8 years [5]
creates a grim outlook for the future of
anti-infective medicine. Research has been
forced to consider alternative sources to either
replace or complement antibiotic treatment.

Herbal Products
Essential Oils (EOs) are a group of phytochem-
icals of importance mainly to the fragrance and
flavor industry, although the antimicrobial prop-
erties of these compounds have been recognized
since antiquity [9]. Interest in “natural” antimi-
crobials and preservatives has resurfaced due to
the global antibiotic resistance crisis. Presently,
the antimicrobial activity of EOs are applied in
commercial products as diverse as pesticides,
insecticides [10], food preservatives [11], disin-
fectants [12], cosmetics [13], dental root canal
sealers [14], and feed supplements for swine,
poultry, and ruminants [15].

A ban on antibiotic growth promoters in animal
diets in the European Union by the Food and Drug
Administration in 2006 launched a search for a
blend of synergistic EO compounds that aid growth
promotion and exhibit antimicrobial properties.
A commercial EO product, containing 18% thymol
and cinnamaldehyde, was shown to improve
weight gain and reduced the occurrence of diarrhea
in weaned pigs, possibly as a result of improved
nutrient digestibility [16]. The blend of thymol and
cinnamaldehyde has proven antimicrobial proper-
ties, targeting pathogenic bacteria such as Sal-
monella and Eschericha coli, while positively
affecting the gut microbiota of the host [17].

In the poultry industry, an increase in the use
of herbal products beyond their intended use is
observed. The herbal product Mentofin was first
marketed as an aid to reduce vaccination reac-
tions in poultry when vaccinated with live virus
vaccines by the spray vaccination route. Subse-
quently, experimentation on the antimicrobial
activities of this product, not only against bac-
terial but also viruses such as Newcastle disease
virus [18] and various Eimeria species [19], was
undertaken. Work on the effects of essential oils
on parasites, which cause coccidiosis in poultry,
is of particular relevance as many authorities are
also including the anti-coccidial drugs in the ban
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on antibiotic growth promoters. This leaves the
poultry producer in a very difficult position, as
the control of the various Eimeria species outside
of the chicken is very difficult to do because of
the highly resistant oocyst stage of the parasite.

Improved Vaccine Development

In addition to antibiotics, another valuable treat-
ment option in the fight against infection is vac-
cines. The use of vaccines reduces the occurrence
of antimicrobial resistance by various mecha-
nisms [20]. Antimicrobial resistance acquisition
is accelerated by overexposure of bacteria to
antibiotics. Vaccination can contribute to the less
frequent administration of antibiotics by targeting
bacterial pathogens directly and indirectly via the
effects of herd immunity [20]. Establishment of
herd immunity diminishes the frequency of in-
fection within a population and also plays an
important role in preventing infections in com-
munities where the need for effective antibiotics
is crucial, such as immunocompromised or
immunodeficient patients [20–22].

The ideal vaccine should meet several safety,
efficacy, and production criteria. The absence of
capacity for reversion to virulence and lack of
residual pathogenicity coupled with minimal side
effects are typically desired features regarding
safety. Killed- and live-attenuated vaccines based
on empirical design have saved countless lives in
the past century, although this approach to vac-
cine design presents several limitations.
Advancements in the study of microbial patho-
genesis and the host immune response were
elemental to the development of safer,
second-generation vaccines based on purified
antigenic components, genetically altered toxins
and polysaccharide–protein conjugates [23].
Despite the remarkable progress made in the past
century in the field of vaccinology, the traditional
approach to vaccine development cannot be
applied successfully to all pathogens. Intracellu-
lar pathogens, microbes that cannot be cultured
in vitro and microbes that display antigenic
variability present particular challenges to first-
and second-generation vaccines [24].

It is very difficult to routinely obtain 100%
protection with many of the bacterial vaccines
based on the whole bacterial cell. With viral
vaccines, 100% protection is achievable. This is
based on the functioning of the immune response
in an individual. When vaccinated with a viral
vaccine, the humoral immune response will
produce virus-specific antibodies. When the
individual is later exposed to the virus, these
circulating antibodies will bind to the virus and
prevent the virus from binding to its target cell.
The virus is immediately neutralized. In the case
of bacterial vaccines, the humoral immune
response will also produce antibodies, which will
bind to invading bacteria. However, the binding
of antibodies to a bacterium does not neutralize
the bacterium and the pathogen can still replicate
and produce exotoxins. The bound antibodies
attract complement which in turn attracts neu-
trophils which destroy the bacterium. The bound
antibodies also attach macrophages, which bind
to the crystallizable fragment (Fc) region of an
antibody and these macrophages destroy the
bacterium. This process is not as rapid as the
defense mechanism against viruses, thus making
bacterial vaccines less effective.

Novel Approaches to Vaccine
Development for Bacteria
The emergence of recombinant DNA and gen-
ome sequencing technology heralded a new era
in the field of vaccinology [25]. The widespread
availability of genomic data that accompanied
these technologies enabled the development of a
groundbreaking new approach to vaccine design
with the ability to overcome the limitations of
empirical design. This novel approach, termed
reverse vaccinology, utilizes full genome
sequence data and bioinformatics to identify
potential antigens that hold promise as vaccine
targets.

Reverse vaccinology was first successfully
applied to Neisseria meningitidis serogroup B
(MenB), the causative agent of meningococcal
meningitis that has been the focus of much
vaccine research for the past 40 years. Utilization
of the capsular polysaccharides of N. meningi-
tidis as a vaccine target was successfully applied
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in 4 of the 5 pathogenic serogroups, but failed in
MenB [26]. The MenB capsular polysaccharide
is identical to polysialic acid [a(2 ! 8)N-acetyl
neuraminic acid], a carbohydrate expressed on
the cell surface of vertebrate neural cells.
Therefore, polysialic acid is a poor immunogen
in humans and may elicit autoantibodies [27].
Alternative vaccine candidates for MenB had to
be identified using reverse vaccinology. In this
approach, the full genome sequence of the viru-
lent MenB strain MC58 was determined [28] and
bioinformatics tools were employed to identify
open reading frames that encoded putative cell
surface and exported proteins [26]. Candidate
genes were cloned in Escherichia coli to be
expressed, and successfully expressed proteins
were tested for the ability to elicit bactericidal
antibodies in mice. Over 90 previously unknown
surface proteins were discovered by this tech-
nology, and 29 of these were capable of eliciting
bactericidal antibodies. Furthermore, the geno-
mic approach addressed possible antigenic vari-
ability in MenB strains by comparing candidate
gene sequences from a diversity of strains in
order to identify a single index sequence as ref-
erence [26]. The genome-based vaccinology
approach has also been used to discover vaccine
candidates against antibiotic-resistant pathogens
Staphylococcus aureus and Streptococcus pneu-
moniae [29].

Bacteriophages have been utilized not only as
vaccine delivery vehicles, but the concept of
phage display has also been used in the discovery
of antigens. The basis of phage display technol-
ogy was created in 1985 when it was illustrated
that a foreign gene sequence could be fused to
the coat protein of filamentous phage M13,
resulting in the display of the foreign protein on
virions produced in Escherichia coli [30]. The
first reported application of an engineered phage
as an antigen delivery vehicle involved the
expression of the circumsporozoite protein of the
malaria parasite Plasmodium falciparum fused to
the minor coat protein (pIII) of filamentous phage
f1 [31]. These recombinant phages can be easily
amplified and thus serve as a useful source of
antigen and were shown to be immunogenic in
rabbits [31]. In addition, filamentous phages have

been shown to be potent adjuvants capable of
boosting the immune response against a dis-
played antigen [32]. Phage virions are also useful
as delivery vehicles for nucleic acid vaccines. In
contrast to naked DNA vaccines, phage coat
proteins protect the antigen-encoding sequence
from degradation, therefore phage DNA vaccines
display increased stability. Phage DNA vaccines
are produced by cloning an antigen-encoding
gene sequence into a eukaryotic cassette, which
includes a promoter, 5′-UTR (5′- untranslated
region), open reading frame, 3′-UTR (3′-
untranslated region), and poly (A) tail, within the
phage genome [33]. The application of random
peptide libraries in antigen discovery and vaccine
development was illustrated by screening a
dodecamer random peptide library against poly-
clonal serum against Avibacterium paragalli-
narum strain 0083 (serovar A), identifying
peptides that specifically interacted with poly-
clonal antibodies [34]. A selected peptide
sequence was recombinantly expressed in E. coli
GI826, resulting in the display of the epitope on
the bacterial surface. In vivo antigenicity was
demonstrated by injecting chickens intramuscu-
larly with the bacteria expressing the epitope,
resulting in protection against challenge with
A. paragallinarum.

Bacteriophage Therapy

Bacteriophages are viruses that prey on bacterial
cells [35]. The application of bacteriophages to
fight bacterial infection predates the use of
antibiotics, although interest in bacteriophage
therapy diminished as more effort was invested in
antibiotic development after World War II [36].
Recent surges in the occurrence of antibiotic
resistance have signaled renewed interest in
bacteriophage therapy.

Bacteriophage therapy displays various
advantages in comparison to antibiotic treatment.
One of the most frequently cited advantages of
using bacteriophages to fight infections is their
high level of host specificity, which translates to
a very low probability of a population of bacteria
developing resistance. This highly specific mode
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of action directly contrasts with antibiotics,
which typically display broad-spectrum antimi-
crobial activity. The ability of bacteriophages to
exclusively target pathogenic bacteria ensures
that the microbiota of the host is not affected,
thereby reducing the risk of secondary or
opportunistic infections occurring. Bacteriophage
therapy is nontoxic and administration thereof
rarely results in allergic reactions [37], whereas
antibiotic administration can cause fatal allergies
in certain cases [38].

One of the greatest appeals of phage therapy is
arguably the ability to bypass the emergence of
resistance associated with chemotherapeutic
administration [36]. In order to broaden the host
range of a phage treatment and to address issues
relating to specificity and resistance, a tailored
cocktail of phages may be utilized [36, 39]
However, bacteria have evolved several defense
mechanisms against phage predation, comparable
to either adaptive or innate immunity in higher
organisms [40]. The major bacterial resistance
mechanisms are listed in Table 1, including the
most well-known bacterial defense against viral
infection, the restriction/modification system,
which prevents phage replication in the host by
cutting phage nucleic acid at unique sequences
[40, 41]. Contrasting other defense mechanisms
listed here, the clustered regularly interspaced
short palindromic repeats (CRISPRs) and the
CRISPR-associated (Cas) (CRISPR/Cas) system
can be likened to adaptive immunity in verte-
brates. The CRISPR–Cas defense system operates
by inserting spacers, derived from DNA or RNA
of invaders, into CRISPR loci of the host genome
[42]. These nucleotide sequences act as recogni-
tion elements to recognize and destroy matching
viral nucleic acids, thus endowing the prokaryotic
host with “immunological memory” [43].

The survival of phages despite the presence of
bacterial immune mechanisms points to the fact
that infectious phages are continuously present.
Phages are capable of evolving to infect com-
pletely resistant host populations [44] and have
risen to the challenge of adaptive immunity. Anti
—CRISPR/Cas genes, capable of evading the
bacterial adaptive immune response, have been
discovered recently in genomes of phages

infecting Pseudomonas aeruginosa [45] and an
adaptive immune evasion system encoded by the
Vibrio cholerae phage ICP1 has been shown to
use the CRISPR/Cas system to target a
phage-inhibitory chromosomal island of the host
for destruction [46]. These remarkable discover-
ies offer insight into the survival of phages,
despite widespread and effective adaptive
immune mechanisms in bacteria, and is indica-
tive of a progressive arms race between
co-evolving phages and their hosts [45, 46].

Phage enzymes
When mature bacteriophage particles are
assembled within the host cell, ready to infect a
new cell, a number of factors are responsible for
their release. Primarily, enzymatic cleavage of
the cell wall from within the cell is achieved by
lysozymes, endopeptidases, or amidases, which
are collectively termed endolysins, produced by
dsDNA bacteriophages [47]. To allow endolysins
to reach the cell wall, proteins such as holins are
often incorporated in this system. Holins are
usually small proteins that have transmembrane
spanning properties that allow them to create
holes in the cell membrane through which the
endolysins can access the cell wall [48].

A myriad of endolysins from different bacte-
riophages exist, showing diverse modes of
action. Heterologous expression of enzymes
enhances the use of endolysins, because of the
options that it brings to phage-related treatment.
Advantages of endolysins over antibiotics are
specificity for the target organism, ability to
diffuse through biofilms, and lower probability of
bacterial resistance [47], while the drawbacks or
challenges of endolysins are their specificity
(where cause of infection is unknown) and the
natural barriers that protect cells, such as cell
membranes and cell walls [49].

Some studies have focused on the use of native
ormutated forms of endolysins [50] such asmurein
hydrolase from streptococcal bacteriophage C1
applied in vivo showed activity against oral strep-
tococci in mice [51]. A pneumococcal phage ami-
dase, Pal, from phage Dp-1 was tested on 15 strains
of Streptococcus pneumonia and resulted in
4.0 cfu/ml log10 decreases in 30 s when treated
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with 100 U of expressed and purified Pal [52]. The
enzyme from Stenotrophomonas maltophilia that
has high similarity to bacteriophage lambda endo-
lysin has shown activity against bothGram positive
and negative bacteria without EDTA treatment of
outer membrane in the latter [53]. Others have
developed chimeric forms of endolysins taking
advantage of different aspects of the enzymes. The
cell wall binding domain of staphylococcal endo-
lysin Lys87, found to have a broad host range, was
fused to the catalytic domains of two Enterococcus
faecalis endolysins, Lys168 and Lys170, which
resulted in highly soluble lytic enzymes that also
had activity against Methicillin-Resistant Staphy-
lococcus aureus (MRSA) strains [54]. Thus, the
interest of bacteriophage endolysins as treatment
options are increasing and obstacles such as per-
meability and specificity are being surmounted.
There are different uses for the endolysins and
expressed phage enzymes, which delve into food
and medical fields. In the latter, they are a welcome
addition, whether as prevention, treatment, or a
supplement to antibiotics.

Furthermore, polysaccharide-degrading
phage-encoded enzymes can be applied in the
destruction of microbial biofilms. A large propor-
tion of pathogenic microbes produce biofilms,
defined as a three-dimensional matrix of Extracel-
lular Polysaccharides (EPSs) surrounding a com-
munity of microbial cells at inhibit the penetration
of antibiotics to basal layers. A clear illustration of
the application of phage depolymerases as a ther-
apeutic option is a lytic T7 phage engineered to
express DspB, an enzyme that degrades b-1,
6-N-acetyl-D-glucosamine, a crucial component of

E. coli biofilms [55]. Upon infection of the outer
biofilm layer, DspB is produced intracellularly and
released in the biofilm when the host cell is lysed.
The engineered phage was shown to reduce biofilm
cell counts by close to 99.997%, a significantly
higher level of reduction in comparison to the
wild-type T7 phage [55].

Improvements in Biosecurity

In animal production, and particularly poultry
production, biosecurity should play a critical role
in disease prevention. However, there are many
misconceptions around biosecurity in animal
production, which results in poor or inadequate
protection. In human medicine, biosecurity is
also still an area of concern in most healthcare
facilities and this poor biosecurity is the cause of
most, if not all, of nosocomial infections. In a
post-antibiotic era, biosecurity in both animal
production and in human medicine needs to be
seriously reconsidered. In both the fields, the
selection of the product to use for the biosecurity
needs is based often on cost alone with very little
attention being given to the efficacy of the
product. This needs to change in a post-antibiotic
era, where improved biosecurity might be the
only viable option to control bacterial diseases in
a post-antibiotic era.

Full Continual Disinfection Program
Development of a novel formulation of a Didecyl
Dimethyl Ammonium Chloride (DDAC)-based
disinfectant (Virukill) allowed for the development

Table 1 Bacterial mechanisms of resistance to phage infection

Resistance mechanism Description

Adsorption resistance Absence of receptor molecules on bacterial surfaces prevents binding of phage to host
cell

Immunity to
superinfection

Inhibition of phage replication by recognition of a phage-associated motif

Abortive infection Inhibition of phage replication by the suicide of infected bacteria

Restriction/modification
enzymes

Restriction enzymes cleave incoming foreign DNA at specific sequences

CRISPRs–Cas proteins Phage DNA is integrated into CRISPR loci and transcribed into short, noncoding
RNAs. These RNAs and Cas proteins recognize and silence foreign genetic elements
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of a continual disinfection program for poultry.
This program did not only make use of this modi-
fied DDAC based product in the effective
pre-placement disinfection of poultry houses, but
was also used for the continual treatment of the
drinking water and the regular disinfection of the
air around the birds [56]. Extensive experimenta-
tion on the safety of the use of this product in such a
continual disinfection program was carried out
(data not shown) to ensure both the safety and
efficacy of this continual disinfection approach to
disease control in poultry production. In an exper-
iment where this approach was evaluated, it was
demonstrated that the use of such continual disin-
fection could not only dramatically reduce the
bacterial counts in the poultry house, but could also
reduce the mortality rates in the flock [57]. Fur-
thermore, in this experiment, the two set of control
pens required treatment with antibiotics to control
colisepticaemia in the flocks. In the continual dis-
infection pens, no colisepticaemia was observed
and thus no antibiotics were used to treat these
birds. This is a clear indication that the imple-
mentation of good biosecurity practices can sub-
stantially reduce the need for antibiotics.

Resistance to disinfectants
In a post antibiotic era, improved biosecurity
practices and the proper use of disinfectants
represent the most feasible strategies for the
control of bacterial disease. Similar to antibiotics,
the usage of disinfectants is also accompanied by
the development and spread of resistance. Two
main mechanisms of resistance to disinfectants
are described [58]. Intrinsic resistance, typically
demonstrated by Gram-negative bacteria [59], is
described as reduced susceptibility to a disin-
fectant as a result of natural properties displayed
by the cell, whereas acquired resistance refers to
resistance or tolerance arising from mutations in
chromosomally encoded genes or acquisition of
plasmids or transposons [60, 61].

Microbial cells respond disparately to bio-
cides due to variation in the composition of
extracellular structures and physiology [61]. In
order to be effective, a disinfectant must cross the
outer layers of the cell. The composition of the
outer layers of the cell, and thus the Gram stain

property, therefore influences the organism’s
susceptibility to disinfectants [61].
Gram-negative bacteria, especially Pseudomonas
aeruginosa [62], display severe intrinsic resis-
tance to disinfectants due to the presence of a
lipopolysaccharide layer that restricts access to
the outer membrane [62–65]. The formation of
biofilms by microorganisms represents another
form of intrinsic resistance, whereby decreased
sensitivity to disinfectants may result from the
production of degradative enzymes and neutral-
ising compounds or interaction between the
biofilm and the disinfectant [61, 66, 67]. Resis-
tance is primarily acquired via acquisition of
antimicrobial resistance genes located on plas-
mids, transposons or integrons [59, 61].
Acquired resistance occurs when resistant clones
emerge within a microbial community as a result
of exposure to disinfectants at sub-inhibitory
concentrations or long-term exposure to quater-
nary ammonium compounds (QACs) [59, 68,
69].

Quaternary Ammonium Compound
Resistance Genes
Quaternary ammonium compounds are widely
used as disinfectants in various settings [70, 71].
However, the acquisition of multidrug-resistance
genes equips bacteria with the ability to coun-
teract the effects of QACs and adapt to unfa-
vourable conditions [59, 63, 72].

Plasmid-borne QAC resistance genes are
readily found in Staphylococcus aureus isolated
from various sources [60, 71–77]. The qac genes
encode membrane embedded efflux proteins
responsible for the expulsion of hydrophobic
compounds such as QACs, cationic biocides and
intercalating dyes [70, 71, 78]. The QAC resis-
tance genes described in staphylococci include
qacA, B, G, H, J and smr. Products of the
resistance genes qacA and qacB are members of
the Major Facilitator Superfamily (MFS) [76]
and these genes are found on plasmids larger
than 3 kilobases (kb) [71, 79–81]. The genes smr,
qacG, qacH, and qacJ typically found in gene
cassettes on smaller plasmids and encode pro-
teins that belong to the small multidrug resistance
(SMR) family [71, 79–81].
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Link Between Antibiotic and Disinfectant
Resistance
Quaternary ammonium compound resistance
genes are commonly located on the same genetic
units as antibiotic resistance genes, which may
lead to the development of co-resistance and
cross-resistance between QACs and antibiotics of
relevance in the clinical setting [59]. Both QAC
and antibiotic resistance genes are found on class
1 integrons in clinical and environmental isolates
[82, 83]. The integrons, functioning as collectors
of resistance gene cassettes, readily pick up new
resistance genes located on plasmids [59, 83, 84].
Thus, antibiotic resistance gene cassettes and qac
resistance genes are often associated on genetic
vectors travelling between various species [82, 85,
84]. Widespread use of QACs in cosmetic prod-
ucts is thought to have been responsible for initial
selective pressure, leading to the spread of the
class 1 integron and consequently the interspecies
dissemination of antibiotic and QAC resistance
[59, 83]. Furthermore, efflux pumps encoded by
QAC resistance genes confer cross-resistance to
both QACs and antimicrobial compounds [59].

Conclusions

Adaptation and resistance are naturally occur-
ring phenomena inherent to biological systems,
although the giant menace of antibiotic resis-
tance we are facing is purely man-made. Like
our predecessors, we have again turned to nat-
ure for deliverance in the form of botanical
compounds and bacteriophages. Facing an
impending post-antibiotic era, mankind can
learn vitally important lessons from the ability
of microbes to rapidly adapt and survive in
challenging environments. The same skill and
acumen that brought forth the discovery of
antibiotics are again required to generate alter-
native treatments and improved stewardship
strategies to preserve our current arsenal of
antibiotics and ensure the sustainability of
anti-infective treatment. Lastly, the role of pro-
phylactic strategies, such as vaccination and

disinfection, in the prevention of infectious
disease and consequently the reduction of
antibiotic usage should not be neglected.
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Encapsulation of Theophylline
in Gelatin A–Pectin Complex
Coacervates

Nirmala Devi, Chayanika Deka, Prajnya Nath
and Dilip Kumar Kakati

Abstract
The present study aims at synthesizing gelatin A–
pectin complex coacervates and encapsulation of
theophylline in the polymer system.Variation and
optimization of different reaction parameters such
aspH, ratiobetween thepolymersandcross-linker
concentration was carried out to attain higher
product yield. Relative viscosity, turbidity and
UV-visible measurements were done for opti-
mization. The optimum ratio between gelatin A–
pectin was fixed at weight ratio 42:8 and pH=3.5.
It was further observed that adhesion between the
microcapsules decreased by the use of sodium
carboxymethyl cellulose (SCMC) to the coacer-
vate. The synthesized microcapsules were char-
acterized by using spectroscopic techniques to
assess their formation, drug loading and chemical
interaction between theophylline and coacervate.
Scanning electron microscopy (SEM) revealed
the formation of microcapsules. Study relating to
the encapsulation efficiency and swelling of the
complex coacervates were also carried out.

Keywords
Gelatin-A � Coacervation � Pectin
Microencapsulation � Theophylline

Introduction

In the recent years, complex coacervation is
gaining significant attention in the field of agri-
culture as slow and controlled release fertilizer
and pesticides, food and flavoring systems [1],
insect repellent formulations and in drug delivery
systems, due to its simple method of preparation
and cheaper ingredients. It involves the electro-
static interaction between the oppositely charged
polyelectrolytes to form polymer rich and poor
regions called as coacervates and supernatant [2]
respectively. The coacervate phase is usually
more viscous and concentrated and thus can be
easily distinguishable from the original polymer
solution [3].

Gelatin A is a mixture of peptides and pro-
teins which is produced by the partial hydrolysis
of collagen and has been reported as an excellent
material for industrial, pharmaceutical, photo-
graphic and medical applications due to its bio-
compatible, biodegradable and non-toxic nature.
When heated it melts to liquid and solidifies on
cooling and with water it forms a semi-solid
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colloid gel. Pectin is a galacturonic acid rich
polysaccharide which is commonly used in food
as gelling and thickening agent. Henri Bracon-
not, a French chemist and pharmacist, was the
first who isolated and described pectin in 1825. It
is mainly found in apples, guavas, oranges,
plums and other citrus fruits. It has been known
to act against constipation, nausea, diarrhea and
wound remedial formulations. It has also been
used in drug release and carrier formulations
targeted to the gastrointestinal tract as various
forms such as microcapsules, matrices, tablets,
beads and film etc due to its biocompatible and
biodegradable nature. Amphoteric protein gelatin
A attains a positive charge at acidic pH and so, it
is expected that it can easily undergo coacerva-
tion at lower pH with pectin, is negatively
charged [4]. The chemical structure of both
gelatin A and pectin is shown in Fig. 1.

Glutaraldehyde (chemical structure is shown
in Fig. 1) was used as cross-linking agent as it
exhibits the ability to react and cross-link pro-
teins, creating a structure that is more stable
than that attained by the physical aggregation of
polymer molecules and hence leads to the for-
mation of a broad range of conjugates in gen-
erating thermally and chemically stable
cross-links [5].

During complex coacervation, due to high
electrostatic attractive interaction between the
oppositely charged polymers, particle aggrega-
tion takes place that creates a problem. Particles
adhere with each other and to the container sur-
face. For decreasing the coacervate particle
aggregation, various coalescence reducing sub-
stances were reported to be used in complex
coacervation systems [6]. Such physiochemical
properties could however be controlled by fine
controlling of the extent of cross-linking, addi-
tion of anti-adhesive agents [6, 7] etc. Sodium
carboxymethyl cellulose (SCMC, Fig. 1) was
reported to be more effective anti-adhesive agent
than others in the literature [8]. Furthermore, an
excellent hydrophilic polymer SCMC has several
advantages over other inorganic anti-adhesive
agents because of its eco-friendliness and supe-
rior film-forming ability [9]. Glutaraldehyde has
been used as the cross-linking agent due to its
high reactivity and commercial availability.

One of the most frequently used drug for the
treatment of chronic asthmatic symptoms is
theophylline (1,3-dimethyl-7H-purine-2,6-dione
or 1,3-dimethylxanthine), the chemical structure
of which is shown in Fig. 1. The drug that was
reported to be extracted initially from tea leaves
and scientist Albrecht Kossel carried out the first

Fig. 1 Chemical structure of gelatin A and pectin, SCMC, glutaraldehyde, and theophylline
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successful chemical identification of it [10]. It is
also found naturally in foods such as chocolate
and coffee. Theophylline has a narrow thera-
peutic index and so it should be taken in a very
small dose as prescribed by physician, to avoid
toxicity. Toxicity leads to side effects such as
trembling, nausea, headache, dizziness, heart-
burn, stomach pain, loss of appetite etc. [11].
Theophylline was used as model drug for en-
capsulation due to its short half-life and good
oral bio-availability. The drug was encapsulated
in a non-porous polymeric coacervate complex
so that the system delivers the drug at a
pre-determined rate for a long time (at least
12 h).

The present study aims at synthesizing stable
gelatin A–pectin coacervate complex microcap-
sules and optimizes the variables like polymer
ratio and pH of the medium for maximum yield.
For optimization relative viscosity, turbidity and
UV spectroscopic measurements were con-
ducted. Microencapsulation of theophylline at
different reactant compositions was also carried
out. Swelling index and encapsulation efficiency
were also determined. The prepared microcap-
sules were characterized by FTIR spectroscopy
to assess their formation, drug loading, chemical
interaction if any between theophylline and
coacervate complex. SEM was used to study the
confirmation of formation of microcapsules.

Experimental Design

Materials

Pectin and theophylline was purchased from
Himedia Laboratories, Mumbai (India); glu-
taraldehyde 25%, HCl and acetic acid from E.
Merck (India); NaOH, sodium acetate, potassium
hydrogen phosphate (KH2PO4) from Qualigens
(India); sodium carboxy methyl cellulose
(SCMC) from Rankem (India), and Gelatin A
from Sigma-Aldrich Inc. (USA) were purchased
used for the experiments. Double-distilled ion-
ized (DDI) water was used throughout the whole
experiment and all other chemicals used were of
analytical grade.

Methods

Optimization of Gelatin a to Pectin Ratio
For the formation of microcapsules at first opti-
mization was done to determine the best suitable
ratio for the formation of maximum microcap-
sules. 0.5% (w/v) solution of both gelatin A and
pectin were prepared separately at 60 °C in dis-
tilled water. Then the two polymeric solutions
were mixed in varying proportion under
mechanical stirring at same temperature. The
product formation was followed by measuring the
relative viscosity, turbidity and absorbance in UV
spectrophotometer of decanting filtrate. Product
formed at the end of the reaction was separated,
dried in vacuum oven and yield was recorded.
From the yield, a particular range of ratios were
ascertained at which the two polymeric solutions
gave the maximum yield. Then ratios between
pre-determined ranges of ratios were selected and
the above process was repeated with 0.1% poly-
mer solutions. Again, relative viscosity, turbidity
and absorbance in UV-visible spectrometer of the
mixtures were recorded to fix the ratio that gave
maximum yield. Turbidity measurements were
carried out in a NepheloTubidity Meter 131
(Systronics). For this a mixture of hexam-
ethylenetetramine and hydrazine sulfide was
taken as reference solution.

Polyelectrolyte complexation is highly
dependent on pH. Therefore, the solutions of the
polymer are prepared in buffer solutions. 0.1%
(w/v) gelatin A and pectin solutions were pre-
pared in the sodium acetate buffer of pH = 3.6
buffer solution and the synthetic process were
repeated. Product formed was dried after
decantation of unreacted liquid and then
weighed. Relative viscosity and absorbance in
UV–visible spectroscopy of decanted liquid was
taken. On the basis of above observations, a ratio
was fixed at which maximum amount of coac-
ervate complex can be obtained [12–14].

Optimization of PH
10% (v/v) solution of acetic acid, 2.5% (v/v)
solution of sodium hydroxide and 0.5% (w/v)
solution of each polymer were prepared separately
in distilled water. The polymer solutions were
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mixed at the predetermined ratio at which maxi-
mum yield was obtained. Then different mixtures
were subjected to varying pH (2–5), in order to
determine the suitable pH for maximum yield.
Variation of pH was done by careful dropwise
addition of either NaOH or acetic acid solution to
mixtures, made in water. The pH variation was
measured using the Digital pH meter 335 (Sys-
tronics). The instrument was standardized using
buffer capsule of pH 4 and pH 7. Viscosity mea-
surements of decanted liquid were also done in
order to confirm the pH. Viscosity measurements
were carried out using Ostwald’s Viscometer.

Preparation of Neat Cross-Linked
Coacervate Complex
0.5% (w/v) solutions of both gelatin A and pectin
were prepared separately in distilled water by
stirring the solutions at about 60 °C. After that
gelatin A was taken in a beaker and pectin was
added dropwise with constant stirring until a
turbid mixture was formed. The mixture was
allowed to settle down. The upper clear liquid
was decanted and product was recovered.

Swelling Study
Equal amount of dry neat coacervate complex and
glutaraldehyde cross-linked coacervate were
weighed first. The each coacervate complex was
immersed into solutions of pH 1.2, 6.6, 7.0 and 7.4
and allowed to swell, until a swollen equilibriumwas
reached.Weights of the complexesweremeasured at
definite intervals of time. Complex was then taken
out from the solution and weighed after the liquid
was wiped out with tissue paper. Mean value of the
experiments carried out in triplicate were repre-
sented. The equilibrium swelling index (Eq. 1) was
calculated from the following formula [15]:

Swelling Index ¼ Wg� Wo
� �

=Wo
� � � 100%;

ð1Þ

where, Wg = weight of the pieces in the swelling
medium
Wo = initial weight of the pieces.

Microencapsulation of Theophylline
Two percent (w/v) aqueous solution of gelatin A
and pectin were prepared individually in DDI by
magnetic stirring at 60 °C. Theophylline was
dissolved in the solution of gelatin A by magnetic
stirring for 15 min to get a clear solution. The
pectin was then added dropwise to the above
solution at the optimum polymer ratio determined
earlier, with constant mechanical stirring. After
complete mixing, pH was decreased to 3.5–4
using acetic acid. The system temperature was
decreased to 5 °C along with continuous
mechanical stirring. SCMC was added dropwise
to the above solution, followed by glutaraldehyde
addition. Then temperature was increased slowly
to about 45 °C. Continuous stirring for 3 h under a
controlled heating in a water bath at 40–45 °Cwas
carried out. After this, stirring was stopped and
mixture was allowed to cool and settle down. Drug
loaded coacervate complex thus formed was fil-
tered, washed several times with water to remove
any unreacted substances and then freeze dried.

Calibration Curve of Theophylline
To determine the encapsulation efficiency of
theophylline in the microcapsules, a standard
calibration curve was made. Theophylline is
soluble in water. A known concentration of
theophylline was dissolved in distilled water and
was scanned in the range of 200–800 nm by
using a UV visible spectrophotometer. Dilute
solutions of theophylline were prepared in
de-ionized water at different pH (pH = 7, 7.4 and
1.2) and absorbance of all solutions were recor-
ded in UV-spectrometer [UV-1800 (SHI-
MADZU) instrument]. The absorption maxima
were found at wavelengths 272 and 277 nm
respectively. Recording and plotting of the
absorbance values obtained in the study with
different concentrations gave linear calibration
curve. From the calibration curve, the unknown
concentration of theophylline was determined by
recording the absorbance value of the solution.

Encapsulation Efficiency
One gram of theophylline encapsulated coacer-
vate complex was treated with 100 mL water and
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stirred with magnetic stirrer for about 10 h
without heating. After filtering the solution,
absorption for the filtrate at 272 nm in
UV-visible spectrophotometer was recorded.
These values were then compared with that of
pure theophylline and the encapsulation effi-
ciency (EE) % (Eq. 2) was calculated using the
following equation [16]:

EE %ð Þ ¼ W1=W2ð Þ � 100%; ð2Þ

where, W1 = Actual drug loaded in a weighed
amount of microcapsules
= drug content per gram of microcapsule x yield
of microcapsules
W2 = Theoretical drug loading
= amount of drug (g) taken during the
formulation.

Characterization and Testing
The FT-IR spectra of all the samples and the
loaded microcapsules were recorded in Perkin
Elmer RXI FT-IR spectrometer in the range
4000–450 cm-1 using KBr method. The micro-
capsule formation was studied via SEM obser-
vation in a JSM-6360 (JEOL) Scanning Electron
Microscope. Surface morphology of the theo-
phylline encapsulated microcapsules and neat
coacervate complex of gelatin A and pectin were
studied at an accelerating voltage of 15kV after
placing the dry samples on brass holder and
sputtering with gold.

Results and Discussion

Study of Variation of Gelatin
A and Pectin Ratio on Yield
of Coacervate Complex

The preparation of coacervate complex was fol-
lowed by drying and weighing the product and
measuring turbidity and viscosity of the super-
natant liquid after removal of the product. The
absorbance of the supernatant liquid at specific
wavelengths (272 and 277 nm in UV-visible

region) was also measured. A comparison was
made between different % of gelatin present in
the polymer mixture to % yield, absorbance,
relative viscosity, and turbidity of supernatant
liquid. From that optimum polymer ratio was
derived.

Again from the Beer–Lambert’s law, we
know that absorbance increases with the increase
in concentration. The minimum absorbance cor-
responds to the minimum amount of gelatin in
the solution, i.e., the maximum yield of gelatin
A–pectin coacervate complex. As suggested by
Shinde et al. [4], the maximum yield of coacer-
vate product of gelatin A and pectin was obtained
when the gelatin % ranges from 80 to 90%.

From Fig. 2a, it is observed that the percent
yield increases with increase in gelatin concen-
tration up to 80%. After that, the percent yield
decreases. So, a maximum yield is obtained when
the gelatin percent was between 80–90%. From
Fig. 2b, it can be seen that the relative viscosity
increases with increase in gelatin % up to a limit
and then it starts decreasing. Similar variation of
turbidity as that of relative viscosity is observed
with increase in gelatin percent (Fig. 2c).

Absorbance at both wavelengths is found to be
increased with increase in the gelatin concentra-
tion and reaches a maximum, after which absor-
bance decreases as can be seen in Fig. 2d. The
explanation could be put forward in this way—at
the initial stage very minute amount of products
are formed and absorbance for unreacted sub-
stances increases. It is known that both viscosity
and turbidity depend on the concentration of the
solution. So, the lowest viscosity and lowest tur-
bidity indicate the lowest concentration of unre-
acted species in the liquid and hence indicates
maximum product formation. Again, from Beer–
Lambert’s law it is known that absorbance
increases with increase in concentration. The
minimum absorbance corresponds to the mini-
mum amount of unreacted substances in the
solution, i.e., the maximum yield of gelatin A–
pectin coacervate complex. After determining the
optimum ratio range, the particular ratio that gives
maximum yield was determined. It is clear from
the graphs that absorbance and relative viscosity at
84% was lower. So, it is confirmed that gelatin A
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and pectin when mixed in 5.25:1 ratio (84%
gelatin A) maximum amount of gelatin–pectin
coacervate product is formed. Thus, the optimum
ratio of gelatin A to pectin was fixed at 5.25:1.

Variation of pH on the Yield
of Complex Coacervate

For the optimization of pH, the optimized ratio
between polymer solutions was maintained. The
reactions were studied at pH 2.5–5. The percent
yield, relative viscosity was measured. From Fig. 3a
and b, it was found that maximum yield of the
coacervate and lesser supernatant viscosity was
obtainedatpH3.5, i.e. optimumpHis3.5.Saravanan
et al. [14] also reported that complex coacervation of
gelatin A–pectin takes place at pH around 3.5–4.

Study of Swelling Index with Variation
of pH

The swelling study was carried out at different
pH 1.2, 6.6, 7.0, and 7.4 for the neat (Fig. 4a) as
well as for two cross-linked coacervate products

(Fig. 4b and c). For all three sets, it was observed
that coacervate complexes have higher percent-
age swelling value at higher pH which decreases
with decrease in pH. The poor swelling ability of
coacervate complexes under an acidic medium
can be explained in this way that at lower pH free
amino groups of gelatin A get protonated, which
results in an increase in electrostatic interaction
between carboxy group of pectin with amino
groups of gelatin A. This strong interaction
results in a dense structure, which has lower
swelling tendency.

It is observed from Fig. 4a–c that cross-linked
products show lower percentage swelling values.
Means et al. [9] observed that cross-linker, glu-
taraldehyde links rapidly to the active amino groups
of protein, forming covalent bond and thus gives
compact structure. So, with the increased use of
cross-linker, stability of coacervate complex
increases and swelling decreases. Swelling results
also indicate that for the same amount of
cross-linker, swelling increases at higher pH.
Nimni et al. [17] observed that in alkaline medium,
the cross-linking efficiency decreases. The reason
he explained is that in alkaline medium, amino
groups are neutralized and carboxy groups

Fig. 2 Optimization profile for gelatin–pectin beads in terms of a % yield, b viscosity, c turbidity, and d absorbance
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remained negatively charged. So, electrostatic
attractive interaction between the charged func-
tional groups vanished and domination of repulsive
force between carboxy group results in swelling.

FTIR Spectroscopic Study

Natural polymer pectin contains free carboxyl
groups and provides negative charge to the pectin
molecules whereas presence of amino groups in
gelatin A, which is a protein, imparts positive
charge at lower pH range. Polyelectrolyte com-
plex coacervation between the two oppositely
charged poly-ions gives out amide linkages [14].
To verify the creation of amide linkage and
hence to confirm complexation between gelatin
A and pectin, FTIR spectroscopic characteriza-
tion technique was utilized. The FTIR spectra of
gelatin A, pectin, complex coacervate of both the
polymers, theophylline and thephylline loaded
microcapsule were shown in Fig. 5. IR absorp-
tion peak at 3448 cm−1 for the amino groups in
the protein was seen in Fig. 5a, spectrum of
gelatin A [14]. Moreover, the spectrum of gelatin
A showed several characteristic absorption bands
which could be assigned as peak at 2927 cm−1 is
due to C–H stretching frequency of alkenes;
2854 cm−1 is due to C–H stretching of alkanes;
1654 cm−1 is due to C=O stretching of amide;
1257 cm−1 is due to the C–O stretching of car-
boxylic group and 1083 cm−1 is due to C–N
stretching of amines are observed. FTIR

spectrum of pectin illustrated the stretching fre-
quency for C=O of carboxylic acid group at 2931
cm−1 and methyl ester group at 1747 cm−1 [18];
characteristic peaks at 3398 cm−1 and 1076 cm−1

were assigned to the alcoholic O–H stretching
and C–O stretching of ether respectively.

The appearance of new peak at 1597 cm−1 in
the sample of complex coacervate of gelatin A
and pectin could be attributed to the amide group
formation and confirming thereby the polyelec-
trolyte complexation between the two natural
polymers. Moreover, another new band at 1111
cm−1 appeared because of the existence of acet-
ate groups that was produced by the reaction of
the O-H groups provided by the gelatin A chains
and glutaraldehyde [19]. Characteristic absorp-
tion peak observed at 1712 cm−1 is due to the
presence imide stretching of heterocyclic moiety
of theophylline [19]. The IR spectrum of anhy-
drous theophylline also showed the following
characteristic peaks—3359 cm−1 due to the N–H
stretching; 3120, 3043, 2989, 2924, 2808 cm−1

are due to the C–H stretching; 1670 cm−1 is due
to the C=O stretching for tertiary amide; 1566
cm−1 is due to the N–H bending; 1446 cm−1 is
due to the C–H stretching; 1242 cm−1 is due to
the C–N stretching. The IR spectrum of the
theophylline-loaded microcapsules showed
characteristic peaks for theophylline at 3166,
1712, 1666, 1562, 1446 and 1238 cm−1, from
which we can interpret that no chemical inter-
action between theophylline and other compo-
nents of microcapsule occurred [20].

Fig. 3 Optimization profile for pH in terms of a % yield, and b relative viscosity
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Morphology Study

To know the physicochemical nature and surface
morphology of the gelatin A and pectin poly-
electrolyte complex coacervate microcapsules,
particles dried under vacuum oven were charac-
terized by Scanning Electron Microscopy. It
provided a direct proof of the shape of drug
loaded, neat and cross-linked coacervate com-
plex. Figure 6a shows the SEM photomicrograph
of dried neat gelatin A–pectin coacervate com-
plex. The image revealed the formation
non-porous, non-uniform film with aggregation.
Figure 6b shows the SEM micrographs of gelatin
A–pectin coacervate complex after the addition

of the cross-linker, glutaraldehyde. As can be
seen from the micrographs, the aggregation
between the particles decreased forming some
dense structures (aggregation through covalent
interaction) or more precisely can be so called
“particles” with non-uniform shape and size. The
adhesion between the particles is supposed to be
decreased after the addition of SCMC. So, the
scanning electron micrographs of the particles,
after the addition of SCMC, were recorded. The
process was described earlier. It can be seen from
the scanning electron micrographs (Fig. 6c) that
adhesion between the particles decreased. The
scanning electron micrographs of theophylline
loaded dried microcapsules are shown in Fig. 6

Fig. 4 Swelling profile for a neat coacervate complex, and cross-linked coacervate product with b 2 mmol and
c 7 mmol glutaraldehyde
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d–f. As seen from the above micrographs, the
microcapsules are found to be spherical in shape.

Encapsulation Efficiency

Encapsulation efficiency is an important param-
eter to determine the stability of the coacervate
microcapsule for encapsulation of active mate-
rial. Theophylline encapsulation in gelatin A–
pectin coacervate complex was carried out under
different reaction conditions varying the content

of polymers, theophylline, cross-linker, and
SCMC. Thirteen different reactions were per-
formed varying proportions of different reactants.
The gelatin A: pectin ratio and pH were main-
tained at 42: 8 and 3.5 respectively for all the
reactions performed.

As depicted at Table 1, it was observed that
on increasing the loading of theophylline (from
0.1 to 1.5 g) the encapsulation efficiency (% EE)
increased from 17.96 to 74.71%, when the
amounts of all other ingredients except theo-
phylline were kept constant. On increasing the
concentration of SCMC (0.5% w/v) from 5–20
mL (0.025–0.1 g) keeping the amount of poly-
mer, amount of loaded drug, theophylline and
cross-linker constant no observable change
occurred for %EE. Again, when polymer con-
centrations were increased, keeping the concen-
tration of glutaraldehyde, quantity of the drug
loaded and amount of SCMC to be constant it
was observed that %EE increased from 58.16 to
75.23%. These data show that encapsulation
efficiency is highest with lowest amount of
cross-linker, and a higher percentage of polymer
solutions. However, this aspect needs further
investigation. Again keeping other parameters
constant, increasing the amount of cross-linker
from 2 to 7 mmol, encapsulation efficiency was
found to increase from 67.41 to 73.38%, for the
reason that of crosslinking improved rigidity of
the system, which in turn lessens the leaching of
theophylline out of the microspheres [19].
Yan-Fei et al. [21] reported that cross-linking of
gelatin A with glutaraldehyde gives three
dimensional networks and increases the internal
surface area for absorption of drug. Furthermore,
it can be concluded that the microencapsulation
process variables influences the active agent
encapsulation efficiency significantly in micro-
spheres and accordingly encapsulation efficiency
in microsphere formulations can be tuned by
changing the reaction parameters and variables,
which are studied and reported in previous lit-
erature as well [21].

Fig. 5 FTIR Spectra of a gelatin A, b pectin, c neat
gelatin A–pectin coacervate, d theophylline, e physical
mixture of gelatin A, pectin and theophylline, and
f theophylline-loaded microcapsules
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Fig. 6 SEM of (a) neat coacervate complex, coacervate
complex on addition of b 2 mmol glutaraldehyde,
c 0.025 g SCMC and 2 mmol glutaraldehyde (unloaded),
d 0.025 g SCMC and 2 mmol glutaraldehyde (1 g

theophylline loaded), and cross-linked coacervate com-
plex on addition of (e) 0.05 g SCMC and 2 mmol
glutaraldehyde (1 g theophylline loaded f 0.1 g SCMC
and 7 mmol glutaraldehyde (1 g theophylline loaded)
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Conclusions

Gelatin A–pectin coacervate synthesis is depen-
dent on variables like polymer ratio, concentra-
tion Gelatin A–pectin complex coacervate
synthesis is dependent on variables like polymer
ratio, concentration of two polymers, pH and
reaction medium. Optimum gelatin A: pectin
ratio and pH were found to be 42:8 and 3.5,
respectively to get the maximum yield of coac-
ervate. The formation of the complex by reaction
between the two oppositively charged polymers
was confirmed by FTIR spectroscopic data. The
formation and physicochemical nature of the
microcapsules were also investigated. The com-
plex coacervation was influenced by the amount
of polymer, cross-linker and drug. The active
agent encapsulation was proved from the FTIR
study. The results indicate the possibility of using
gelatin A–pectin coacervate complex for encap-
sulating theophylline and use in pharmaceutical
industries.
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Characterization and Antimicrobial
Property of Some Heavy Metals
Containing Ayurvedic Drugs

Prasamsha Panta, Tika Ram Bhandari, Bidit Lamsal
and Rameshwar Adhikari

Abstract
Ayurvedic medicines are often used in differ-
ent formulations, the heavy metals, which are
generally referred to as being toxic. In this
work, we report on the physicochemical
characterization and biological activity of
some typical Ayurvedic drugs available in
the market that contain arsenic, mercury and
lead with the emphasis on their antibacterial
performance. Among the formulations stud-
ied, some of the drugs with ‘amorphous’
texture (and higher solubility) were found
quite active against some bacterial strains
whereas the formulations possessing crys-
talline texture (and low solubility) were found
practically ineffective. The moderate activity
of some drugs against Gram-negative bacteria
fairly suggested the presence of the
small-sized polar molecules which was also
supported by the FTIR spectroscopic data.

Keywords
Ayurvedic drug � Heavy metal
Antimicrobial agent � FTIR � Microscopy

Introduction

Ayurveda is the traditional medicinal practice of
South Asia. It is a practice which describes in
detail not only curative medicine system but also
other aspects of health such as lifestyle, food and
hygiene [1, 2]. Its use is documented in many
standard texts dating from around 500 CE,
although its origin is believed to be more than
4000 years old. The ingredients widely used in
Ayurvedic formulations are basically derived
from various plants, animals, metals and their
compounds as well as minerals.

One of the branches of the Ayurvedic practice
dealing with formulation containing the ingredi-
ents from using mineral sources is called
Rasasastra. A significant part of this branch
comprises the formulations based on metals such
as iron, gold, silver, mercury, arsenic, lead and
many other substances. Ayurveda describes the
elaborate procedure for the fabrication of these
medicines which are believed to be potent in very
less quantity [1, 3].

Thus, also heavy metals find extensive appli-
cations are Ayurvedic formulations which are
generally considered as toxic [4] for human
health according to modern medical practices.
Bhasmas are excellent examples of Ayurvedic
formulations using metals (including iron, cop-
per, zinc mercury, cadmium, lead and arsenic)
and their compounds as well as minerals. How-
ever, use of heavy metal in medicine has been a
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controversial topic since the negative effects of
these metals have been discovered [5, 6]. These
metals are believed to increase the risk of health
condition including lung infection, kidney dam-
age and heart disease and learning difficulty in
children. Mercury, arsenic and lead are further
the major metals whose use in consumer prod-
ucts is being greatly discouraged [4].

Toxicity due to heavy metal ions follows
various mechanisms. Replacement of other met-
als from enzymes, binding with protein, catalysis
of free radical generation is few of the pathways
for metal toxicity. The lethal dose and physio-
logical effect of metals depend on several factors
such as oxidation state, nature of ligands
attached, physical state and chemical composi-
tion of the formulation. It has been proved that
even seemingly toxic metals in some oxidation
state can be non-poisonous to human. Therefore,
branding a product unsafe solely on its total
metal concentration might not be justified [4, 7].

The Ayurvedic drugs are readily available in
local Nepali market. The preparation, prescrip-
tion and selling of the drugs is being carried out
by pharmaceutical companies as well as Vaidyas
(the local medics who have learned the art from
their ancestors). In order to standardize and
document the process of the Ayurvedic formu-
lations as well as determine their toxicity, a
thorough study of the physicochemical properties
and biological effects of these drugs is needed.
This study aims at analysing the effect of selected
heavy metal containing Ayurvedic drugs on
Gram-positive and Gram-negative bacteria and
understanding the underlying structural compo-
nent responsible for such action.

Materials and Methods

The commercially available drugs were kindly
provided by Singhadurbar Vaidyakhana Vikash
Samiti (Singha Durbar Ayurvedic Drug Devel-
opment Board), a government body responsible
for fabrication, standardization and distribution
of the Ayurvedic drugs. Total seven samples
were collected which contained three different
kinds of heavy metals.

Antibacterial action of each drug was deter-
mined using disc diffusion method. One
Gram-positive (Streptococcus tonsillitis) and one
Gram-negative (Escherichia coli) bacteria were
used as test organism. Muller Hilton Agar
(MHA) was used as growth medium. 30 mg of
Tetracycline was used as standard. 30 and 45 mg
test samples along with control disc were
administered on MHA containing culture plate.
The plates were incubated at 30 °C for 24 h and
the zone of inhibition was measured.

Bright-field optical microscopy (OM) was
performed with 10 and 40 times magnifications
whereby manually ground sample both in dry
state and as water suspension was observed.
Fourier transfer infrared (FTIR) spectroscopy of
the samples in ATR mode was performed in
powder state. Absorption spectra on mid-infrared
region (650–4000 cm−1) were recorded with a
resolution of 1 cm−1

Results and Discussion

Physical States and Solubility

The samples were analysed for their physical
form stability and solubility. All the samples
possessed solid texture, showed form stability
under given humidity and room temperature
upon exposure to the laboratory environment for
2 weeks. Two of the samples (namely, Rasa-
manikya and Sasasindur; see Table 1) showed
visibly reddish or red crystalline texture. The
solubility of samples numbered 1 and 3 in lemon
juice, albeit temporary, may be attributed to the
unstable complex formation.

The drug suspensions can have different tox-
icity profile than that of free metal ions, thereby
making these drugs safe for consumption. The
selective activity of drugs in Gram-negative
bacteria might indicate the presence of various
small molecules as the latter ones larger than
0.1 nm cannot penetrate through the outer layer
of Gram-negative bacteria. Moreover, the porin
channel requires polar structure, which might be
possible due to the presence of metals as well as
hydroxyl groups in the compound [8–11].
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Crystalline structure of samples might be the
reason for insolubility of the drugs.

The samples were found to have a wide range
of solubility. Although most samples dispersed
in water easily, samples 1 and 3 (which had
seemingly crystalline texture) did not dissolve in
water or any common solvents such as ethanol,
chloroform, toluene and cyclohexane. These
samples readily dissolved in lemon juice,

however, and precipitation was observed after
keeping the sample still overnight. Lemon juice
was used in this case as these drugs are recom-
mended by the Ayurvedic doctors to be con-
sumed with lemon juice.

The photographs of some of the samples are
presented in Fig. 1. Based on the external tex-
tures, it can be easily identified that the samples
numbered as 1 and 3 have depicted reddish and

Table 1 List of the
sample drugs used in this
work with their physical
state and constituent metals
present (as per
manufacturer information)

S. No. Drug’s name Constituent Physical state

1 Rasamanikya Arsenic Reddish crystalline
solid

2 Mahayogaraja Guggulu Lead Black solid

3 Rasasindur Mercury Red crystalline solid

4 Sutasekhar Rasa Mercury Black solid

5 Siddhapraneshvara
Rasa

Mercury Black solid

6 Navarasa Mercury Black solid

7 Swashkuthar Rasa Arsenic + Mercury Black solid

Fig. 1 Photographs of some
of the samples studied as
listed in Table 1
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red crystalline textures with lustrous appearance.
The ‘crystalline’ samples were not readily dis-
persed in water as expected. The rest of the
samples showed quite amorphous nature and
were also easily dispersible in water.

All the samples were subjected to the
antibacterial susceptibility tests on two different

bacterial strains, viz. E. coli and Streptococcus
using an antibiotic (AB) streptomycin, as a
control. The results obtained for some specimens
are presented in Fig. 2.

Antimicrobial susceptibility test shows that
some samples could inhibit the growth of E. coli.
Although the zone of inhibition shown by the test
samples was less than that of standard antibiotic,
samples 2 and 7 showed inhibition with identical
concentration as that of standard but with dif-
ferent extent (see Fig. 2). Increase in the size of
inhibition zone was observed on increasing the
concentration. Samples 1 and 3 were not diffused
in the media. Furthermore, no drug was found to
inhibit Streptococcus.

To further characterize the materials structurally,
optical microscopy was used using cross polarizers
which could provide clues on crystalline texture of
the materials. The results are presented in Fig. 3 for
some drugs samples. Sample 1, which exhibited
sharp-edged crystalline texture in the photographs
(in Fig. 1), shows the lump of needle-like crystals
with a particular orientation. Similar texture was
observed for sample 3 (results not shown here).

On the other hand, sample 2 which was quite
amorphous powder and depicted no crystalline
texture in the photograph rather showed some
needle-like texture in the optical micrographs.
The large part of the drug was, however, made of
amorphous areas (shown by dark lumps in
Fig. 3). Consequently, this sample was readily
dispersed in water. Completely amorphous
structure was observed for sample 7, as expected.

FTIR spectra of selected samples are given in
Fig. 4. The plots show the presence of organic
group in samples 4, 5 and 7. Each of them was
dispersible in water and showed no crystalline
texture. All samples show peaks at 1010, 1390,
1610, 2850 and 2920 cm−1. The peaks are in
agreement with previous works [5]. Peaks at 2920,
2850 and 1390 cm−1 correspond to C H vibration
of CH3 and CH2 group while that at 1010 cm−1

corresponds to CO vibration. The broad peak from
3000 to 3500 cm−1 indicates the presence of bound
as well as free OH probably from water and/or
alcohol/phenol group. Peak at 1610 cm−1 indicates
unsaturation as alkene or aromatic ring [6, 7, 9].

Fig. 2 Photographs showing the zone of inhibitions
produced by different samples as indicated against the
bacterium Escherichia coli
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Thus, the studied Ayurvedic drugs several func-
tional groups typical of organic phase.Thepresence
of organic moieties (i.e. organometallic structural
framework) in the drugs has been indicated by the
FTIR results [8–10]. However, the confirmation
can only be obtained by far-infrared spectroscopy.

Conclusions

Some heavy metal containing Ayurvedic for-
mulations were studied with respect to their
structural and morphological features and their

Fig. 3 Polarizing optical
micrographs of some of the
samples studied as indicated
in this work
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antibacterial activity. The results can be sum-
marized as follows:

1. The drugs thus studied did not exhibit pro-
nounced toxicity against the Gram-negative
and Gram-positive bacteria. Most of the
Ayurvedic formulations studied in this work
could form suspensions in lemon extract,
which were stable for several hours.

2. The moderate activity of the drugs against
Gram-negative bacteria fairly suggests the
presence of the small-sized polar molecules
which was also supported by the FTIR
spectroscopy. The compounds did not show,
however, activity against Gram-positive
bacteria.

3. The investigated Ayurvedic medicines con-
tain a significant amount of organic groups
which might have originated from the herbs
used in the formulations.

4. The Ayurvedic compounds containing heavy
metals, which are otherwise thought to be
strongly poisonous, can have different levels
of toxicity than that of free metal ions. Further
alteration in toxicity can be expected on the
mode of consumption, for example, in com-
bination with milk, honey and/or lemon juice

as substrate. Thus, the future works should
concentrate on detailed study of the cytotox-
icity of the formulations in comparison with
non-Ayurvedic heavy metal preparations.
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Application of Metallic
Nanomaterials in Nanomedicine

Mahi R. Singh

Abstract
In this chapter, we explain why metallic
nanomaterials are used in nanomedicine. We
have shown that the electron density in
metallic nanomaterials oscillates and creates
electron density waves. When laser light falls
on metallic nanoparticles, light interacts with
electron density waves. According to Einstein,
light, which is electromagnetic waves, con-
sists of particles called photons. Similarly,
electron density waves are also made of
particles called surface plasmons. Therefore,
photons from laser light and surface plasmons
from metallic nanostructures interact with
each other and create new particles called
surface plasmon polaritons. These new parti-
cles produce an intense light near the surface
of metallic nanomaterials. We showed that
this intense light is important in the applica-
tion of metallic nanomaterials in nanomedi-
cine. Further, we have applied metallic
nanoparticles, single metallic nanoshells and
double metallic nanoshells for treatment of
cancer and detection of smaller tumors.

Keywords
Metallic nanomaterials � Nanomedicine

Introduction

Recently, there is considerable interest to study
the physical properties of metallic nanomaterials
(MNMs) for the application of nanomedicine and
nanotechnology [1–14]. Nanotechnology refers
to the branch of science and engineering dedi-
cated to the study of materials which have
dimensions in the order of nanometres. On the
other hand, the branch of science which uses
nanomaterials in medical treatment of diseases in
humans and animals is called nanomedicine.
Nanotechnology has provided the development
of new types of nanomaterials for biomedical
applications with emphasis in therapy and diag-
nostics in the nanomedicine. The size of MNMs
which are used in nanomedicine range between
10 and 500 nm. The nanosize of these particles
allows them to attach to the surfaces of bio-cells.
Because of their small size, nanoparticles can
readily interact with biomolecules both at the
surface and inside cells. This interaction between
MNMs and biomolecules produces better signals
and can be used for diagnostics and therapeutics
treatment.
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Metallic nanoparticles (MNPs) fabricated
from noble metals are versatile agents with a
variety of biomedical applications. For example,
they can be used in highly sensitive diagnostic
assays, thermal ablation, radiotherapy, as well as
drug and gene delivery [1]. It is found that they
are nontoxic carriers for drug and gene delivery
applications. They have unique characteristics
such as high surface-to-volume ratio and broad
optical properties suitable for medical treatments.
Their optical energy can be easily tunable to
desirable wavelengths by changing their sizes,
shapes, and composition. These qualities are
useful in cancer treatment, imaging of small tu-
mors, and photothermal applications.

MNPs can be functionalized with antibodies,
peptides, DNA, and RNA to target bio-cells and
can be used for drug and gene delivery applica-
tions. Moreover, they can efficiently convert light
or radio frequencies into heat, thus enabling
thermal ablation of targeted cancer cells. When
metallic particles are ejected into animal or
human body, they are attached to bio-cells. When
external laser light falls on the MNPs, the light is
scattered from MNPs. The scattered light emitted
from the MNPS has huge intensity. This intense
light is converted into heat which in turn is used
to kill cancer cells and photothermal applica-
tions. Recently, in a series of papers, we have
calculated the intensity of scattered light from
MNPs [14]. We showed that they produce high
intense light due to surface plasmon present at
the surface of MNPs and this intense light can be
used in as nanomedicine.

We know that according to Einstein, light is
made of particles called photons. It is also well
known that metallic nanoparticles have high
density of electrons on their surfaces. The density
of electrons fluctuates with time and surface
electron density waves are created on the surface
of the MNP. These surface waves of electrons are
called surface plasmons. Therefore, when light
falls on the MNPs, photons scatter with surface
plasmons. We considered that photons couple
with surface plasmons and create new particles
called surface plasmon polaritons (SPPs) [14].
We further showed that light emitted by MNPs is
due to SPPs. We also found that the intensity of

light changes with shapes and sizes of MNPs.
We also predicted that the intensity of SPP light
is enhanced when the wavelength of the laser
light is close to the SPP wavelength [14].

It is found that besides MNPs, single metallic
nanoshells (SMNSs) are also used for the appli-
cation of nanomedicine [2–13]. SMNSs are fab-
ricated from a dielectric core coated with a
metallic shell. The word “single” is used since
they have a single interface between the metallic
shell and the dielectric core. MNSs have been
fabricated by many groups [2–11] to study the
scattering of light and their application to nano-
medicine. We have calculated the scattering of
light with SMNSs and it was found that SMNSs
can be used as contrast agents for enhanced
optical coherence tomography imaging [4, 5].
They have also been used for cancer therapeutics
[6, 7] due to their nanosize.

It is well known that to have successful
treatment for diseases such as cancer in animals
and human, an early detection of these diseases is
very critical. We know that the traditional diag-
nostic and imaging techniques cannot detect
small size tumors in early developing stages.
However, the MNPs and SMNSs can be used as
imaging agents to detect smaller tumors. It is
found that metallic structures can yield more
sensitive and selective imaging of smaller size
tumors and other tissues. Further, they can be
used as potential carriers for delivering to dis-
eased sites with minimal collateral damage to
normal tissues [13].

Further, double metallic nanoshells (DMNSs)
are also used for the application of nanomedicine
[15–17]. These nanostructures are fabricated
from a spherical dielectric core, metallic shell,
and a spacer layer coated on the surface of the
metallic shell. They have two interfaces. The first
is between the core and the metallic shell. The
second is located between the metallic shell and
the spacer layer. Hence, they have double inter-
faces and that is why, they are called DMNSs.
These nanostructures have been fabricated by
several groups [15–17] to study the scattering of
light and their application to nanomedicine. We
have calculated the light scattering in DMNSs
and we showed that these structures have three
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types of SPPs [17]. Further, we showed that they
can be used for nanomedicine since their optical
energy can be easily tunable to desirable wave-
lengths by changing size and shapes of the
dielectric core, metallic shell, and the spacer
layer. These qualities are useful in cancer treat-
ment, imaging of small tumors, and photothermal
applications.

The study of metallic nanohybrids is a new
and a very active research area in nanotechnol-
ogy and nanomedicine. Metallic nanohybrids are
fabricated from quantum emitters and metallic
nanomaterials. Examples of the quantum emitters
(QEs) are quantum dots, chemical molecules,
and biocompatible molecules such as Indocya-
nine Green, IR800 molecules, and J-aggregate
molecules. The main physical properties of QEs
are that they have electron and hole pairs. We
know that holes have positive charges and elec-
trons have negative charges. An electron and a
hole are bound to each other by the Coulomb
interaction and form a particle called excitons.
Hence, QEs contain excitons. Here are three
main types of metallic nanomaterials which are
used in the fabrication of metallic nanohybrids.
The first type is noble metal nanomaterials (i.e.,
MNPs, SMSs, and DMSs) which we have dis-
cussed in above paragraphs.

The second type of metallic nanomaterials is
gapless nanomaterials. Examples of gapless
nanomaterials are graphene, germanene, and sil-
icanes. Graphene was invented theoretically by
Wallace in 1947 [18]. He considered that gra-
phene is a two-dimensional material and it is
made of carbon atoms. Carbon atoms in gra-
phene are arranged in honeycomb unit cells. He
predicted that graphene is a gapless semicon-
ductor, and it has indirect band gap. He died in
2005 and missed the Graphene Nobel in 2012.
I worked with Wallace and we showed that there
are other gapless materials such as Cd3AS2 and
HgTe, which have direct band gaps [19]. Further,
we found that the optical energy
absorption/emission is stronger in the direct
bands than the indirect band. Recently, graphene
like germanene [20] and silicanes [21] have been
invented. However, most of the recent research
on metallic nanomaterials and their application to

nanomedicine has focused predominantly on
metallic nanoparticles (MNPs) made of noble
metals [22]. We have studied the scattering of
light with the graphene and their application to
nanomedicine in a series of papers [23].

The third type of metallic nanomaterials is
metamaterials. Metamaterials are a new class of
artificial materials with unique optical properties
[24–30]. The building blocks of metamaterials
are called the meta-atom, and they can be
arranged into periodic arrays to form
one-dimensional (1D) chains, two-dimensional
(2D) metasurfaces, and three-dimensional (3D)
metamaterials. Using different metamaterial
designs, researchers have been able to engineer
the material properties with unprecedented
degrees of freedom. They possess simultaneously
negative dielectric permittivity, magnetic per-
meability [23–26], and SPPs [26] for a range of
frequencies in the electromagnetic spectrum. The
broad spectrum of material properties of meta-
materials propels the rapid development of
plasmonics to manipulate the flow of electro-
magnetic waves.

In a series of papers, we have studied the
scattering of light with metamaterials and pho-
tonic crystals and their applications to nanome-
dicine [29, 30]. It is found that photonic crystals
[28] and metamaterials [24] have both photonic
band gaps due to the periodic structure. Their
plasmonic properties are not well understood and
not well investigated. We have developed a
compressive theory for the band structure of
photon propagation in metallic nanohole array
(NHA) metamaterials and showed that the neg-
ative electric permittivity in NHAs leads to the
formation of SPPs which generates exceptionally
strong localized electromagnetic fields. We have
studied the role of photonic crystals on metallic
nanostructures in the application to nanomedi-
cine and nanotechnology [30].

In this chapter, we will concentrate on
nanohybrids fabricated from quantum emitters
and noble metal nanomaterials. This is because
most of the recent research on metallic nano-
materials and their application to nanomedicine
has focused predominantly on noble metal
nanoparticles (MNPs) [1–22]. It is known that
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light emission rates of quantum emitters in noble
metal nanohybrids are significantly enhanced
[31–43]. The enhancement of the emission in
QEs such as molecular fluorophores is highly
useful for improving detection sensitivity and
selectivity in many emerging applications.
Examples of these applications are DNA
screening [35], single molecule detection [36],
and image enhancement [37]. The design and
development of these nanohybrids for enhancing
molecular fluorescence is of broad interest.

There is considerable interest to study nanohy-
brids made of biocompatible fluorescent molecules
and metallic double nanoshells (DNSs). Because
they can be used for biomedical imaging and for the
detection of disease markers in the near-infrared
wavelength region [38]. Further studies showed
that the penetration depth of near-infrared light is
large inmost biological media. It is found that these
hybrids have large absorption coefficients and high
quantum yields in the far-infrared region [39, 40].
Therefore, these hybrids can be used for imaging
deeply into the organs and soft tissues of animals
and humans. They can also be used as agents for
contrast enhancement and in physiological envi-
ronments [41].

Fluorescence emission in QE-MNS hybrids
has been widely investigated recently [15, 16,
39–41]. We know that the fluorescence imaging
has been used in clinical diagnosis and moni-
toring processes in biological systems [15, 16].
Fluorescent QEs which emit light at wavelengths
in the physiologically relevant range 700–
900 nm are interesting due to the large penetra-
tion depth of near-infrared (NIR) light in most
biological media. These QEs have potential to be
used for imaging at significant depths in living
tissues. However, it is extremely difficult to
achieve bright fluorescent emission with photo-
stable and biocompatible near-IR fluorophores.
We know that when QEs are near the metallic
surface, fluorescence emission of QEs can be
enhanced. The presence of nearby MNSs can not
only enhance the quantum yield of the fluores-
cence emission but also stabilize adjacent fluor-
ophores against photobleaching. In new and
emerging light-assisted therapeutic applications
such as photothermal cancer therapy.

In Ref. [40], we have studied the photolumi-
nescence emission in a quantum emitter
(QE) and SMNSs. We considered that the SMNS
is made of a dielectric core coated with a thin
layer of metal. It is surrounded by biological cells
such as cancer cells. Surface plasmon polariton
(SPP) resonances in these nanostructures are
calculated. It is found that the SMNS has two
SPP resonances. Locations of SPP resonances
can be modified by changing the size of the core
and the metallic shell. It is also found that the PL
spectrum of the QE splits from one peak to two
or three peaks depending on the locations of two
SPP resonances. We showed that these interest-
ing findings may be useful in the fabrication of
nanosensors, nanoswitches, and for other appli-
cations in medicine.

Further, we calculated light emission from
quantum emitter (QE) and double metallic
nanoshell (DNS) hybrid systems [41]. Here, the
DNS is made of a dielectric core and two outer
nanoshells. The first nanoshell is made of metal,
and the second one is made of a dielectric
material or human serum albumin. The fluores-
cence emission in a QE-DNS hybrid has been
calculated, and we compared our theory with
hybrid systems where QEs are taken as the
Indocyanine Green (ICG) and IR800 fluorescent
molecule. The outer shells of the DNS are taken
as silica and human serum albumin whose
thicknesses can be changed. We found the
enhancement of fluorescence spectra of
IR800-DNS and ICG-DNS hybrids. We pre-
dicted that as the thickness of the spacer layer is
increased the enhancement in the fluorescence is
decreased. It is found that the enhancement in the
fluorescence depends on the type of the QE,
spacer layer, and the DNS. We also showed that
the fluorescence spectra can be switched from
one peak to two peaks by removing the degen-
eracy of the QE. We suggested that with these
properties, one can use these hybrids as sensing
and switching devices as applications in
medicine.

The aim of this chapter is to answer the
question of why metallic nanomaterials are used
in nanomedicine. We will discuss physics of the
scattering of light with metallic nanohybrids
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made from quantum emitters and metallic
nanosystems and their application to nanomedi-
cine. In Sect. 2, we will calculate surface plas-
mons in metallic nanomaterials and their
application to nanomedicine. In Sect. 3, scatter-
ing of laser light with metallic nanostructures
will be discussed. The creation of surface plas-
mon polaritons and intensity of the emitted light
from metallic nanoparticles will be calculated.
The metallic nanomaterials which are considered
are metallic nanoparticles, single metallic nano-
shells and double metallic nanoshells. In Sect. 4,
the extinction coefficient in metallic nanostruc-
tures will be evaluated. Finally, in Sect. 5, we
will calculate the absorption of the optical energy
into metallic nanostructures. The fluorescence
emission from quantum emitters in nanohybrids
will be evaluated, and its application to nano-
medicine will be discussed.

Metallic Nanostructures and Surface
Plasmons

In this section, we will discuss the scattering of
laser light with metallic nanostructures (MNSs).
We will explain why MNSs are used in nano-
medicine. To understand the application of
MNSs in nanomedicine, we should know some
physical terms used in literature.

It is well known that metallic nanoparticles
have high density of electrons. The density of
electrons fluctuates with time on the surface of an
MNP, and surface waves are created on the
surface of the MNP. These surface waves of
electrons are called surface plasmon. The prop-
erty of MNP due to surface plasmon polariton is
denoted by a physical quantity called dielectric
constant. It is denoted as εm. Using the Drude
model, we can calculate the dielectric function of
the metallic shell, and it is written as

2m ¼ 21 � x2
p

x2 þ ixcm
ð1Þ

where xp is the plasmon frequency of the metal,
and it plays a key role in the application in
nanomedicine. Here, ε͚ is its relative permittivity

at very large energies ðx � xpÞ. Here, cm is
called the decay rate and represents the thermal
energy loss in the metallic shell. This thermal
energy loss is well known in metals, and it is due
to the electric resistance present in metals. This is
also known as ohmic loss. We should note that
the dielectric constant of the metals depends on
the frequency of the laser light.

The plasmon frequency depends on the con-
centration of electrons in metals. We know that
each metal has its own electron concentration.
Hence, the plasmon frequency has different val-
ues for different metals. For example, gold
(Au) has xp ¼ 9:0 eV, and copper has
xp ¼ 7:0 eV. It is interesting to note that the
dielectric constant of metals has negative values
when the frequency of laser light is less than the
plasmon frequency of metals. Note that when the
laser light frequency is lower than the plasmon
frequency, i.e., x\xp, the dielectric constant
has negative value.

We can see from Eq. (1) that all noble metals
have negative dielectric constant x\xp. In
nature, there are no other materials which have
this fascinating property. As we explained in the
introduction, gapless nanomaterials and meta-
materials are also metallic nanostructures. Hence,
they have also negative dielectric constant. This
unique property of MNSs that they have negative
dielectric constant is responsible for the appli-
cation of these materials in nanomedicine. We
will explain this point further in later sections.

In this chapter, we will use frequency x,
wavelength k, and energy E units in the calcu-
lation of the intensity of the emitted light. These
terms can be exchangeable in this chapter.
Hence, we will give the relationship between
these quantities in the following equations:

x ¼ 2pc
k

¼ 2pE
h

E ¼ hx
2p

¼ h
c

k

k ¼ 2pc
x

¼ ch

E

ð1aÞ

where c is the speed of light, and h is the Planck
constant.
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Scattering of Light with Surface
Plasmons

Laser light is nothing but electromagnetic waves.
According to Einstein, light is made of particles
called photons. In other words, when laser light
falls on MNPs, it means photons are scattering
with MNPs. We have shown that MNSs have
surface plasmons which are electron density
oscillations. The laser light induces new types of
oscillations in surface plasmons due to coupling
electric field of the laser light and charge density
of MNSs. In other words, photons of the laser
light couple with surface plasmons and create
new types of particles called surface plasmon
polaritons. We will calculate the surface plasmon
energy and their intensity for metallic nano-
sphere, single metallic nanoshell and double
metallic nanoshell as follows. In this chapter, we
will call metallic nanospheres as metallic
nanoparticles.

Metallic Nanosphere

We have pointed out in the introduction section
that metallic nanoparticles (MNP) have been
widely used in nanomedicine. MNPs are fabri-
cated from the noble metals such as Au and Ag.
Generally, they have spherical shapes. The typi-
cal radius of MNPs is of the order of 100 nm. We
have shown that they have surface plasmons and
their dielectric constant εm has negative value for
x\xp. When they are doped in human body,
they are surrounded by bio-cells. The optical
properties of bio-cells are also characterized by
its dielectric constant. Let us denote the dielectric
constant of bio-cells as εb. It is found that the
dielectric constant of the bio-cells is a constant
quantity and does not depend on the frequency of
light. On the other hand, the dielectric constant of
MNPs does depend on the frequency of light.

When MNPs are injected into the human
body, they are surrounded by bio-cells. Hence,
there is a single interface which exists in this
system. This interface is located between
bio-cells and the surface of MNPS. When the
laser light falls at the interfaces it induces new

oscillations in surface plasmons due to the cou-
pling of the electric field of the laser light and the
charge density of MNSs. Photons of the laser
light couple with surface plasmons and create
new types of particles called surface plasmon
polaritons (SPPs) at the interface.

We have calculated the surface plasmon
energy and their intensity for metallic nanosphere
in Ref. [42, 43]. The SPP energy is calculated
from the physical quantity called polarizability.
Let us calculate the polarizability. The wave-
length (k) of light in the visible region is of the
order of 600 nm. Hence, the size of the MNPs is
much smaller than the wavelength of laser light.
We can consider that the amplitude of the laser
electric field is constant over the MNP. This is
known as the quasi-static approximation [44, 45].
A laser light with energy x and electric field EP

is applied to the MNP. The MNP is polarized due
to the probe field, and its polarization Pns is
calculated in Ref. [42, 43]

Pns ¼ ansEP ð2Þ

where ans is called the polarizability.
Solving Maxwell’s equations in quasi-static

approximation and using the boundary condi-
tions at the interface, the expression for polariz-
ability is derived as [42, 43]

ans ¼ 4p 202b Rsð Þ3fs ð3Þ

Here, ε0 is the dielectric constant of vacuum.
Function fs is called the polarizability factor and
is found as

fs ¼
2m � 2b

2m þ 2 2bð Þ
� �

ð4Þ

It is important to note that polarizability has a
huge value (singularity) when εm has negative
value. However, when εm has positive value the
polarizability has very small value. We have
pointed in Sect. 2 that εm has a negative value
when x\xp.

Now, we calculate the surface plasmon
polariton (SPP) resonance frequencies (energies)
in the MNP. The singularity in the polarizability
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gives the locations of SPP energies and can be
found by putting the denominator of Eq. (4)
equal to zero. Let us rewrite the denominator as
follows:

2m þ 2 2b¼ 0 ð5Þ

Putting Eq. (1) into Eq. (5) and after solving
this equation, we find the following expression of
the SPP energy:

xsp ¼
xpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi21 þ 2b

p ð6Þ

Here, xsp is called SPP resonance frequency.
Note that the MNP inside bio-cells has SPP
energy given by the above equation, and xsp

depends on the dielectric constant of the sur-
rounding material.

Note that the polarizability has a peak at
x ¼ xsp. This means the SPP resonance fre-
quencies of metallic nanostructures can be cal-
culated from the polarizability.

It is important to note that polarizability has a
peak at x ¼ xsp. This peak is related to the
enhancement of emitted light from MNP. This
will be discussed in the next section. Note that
the SPP frequency is lower than the plasmon
frequency, i.e., xsp\xp. This means that the
dielectric constant at SPP frequency has negative
values. We conclude that the polarizability has
peaks only because the MNP has negative
dielectric constant. Therefore, the enhancement
of light occurs in metallic nanomaterials but not
in other materials found in nature.

Single Metallic Nanoshells

Single metallic nanoshells (SMNSs) are also
used for the application of nanomedicine as we
discussed in the introduction section. They are
fabricated from a dielectric-core nanoparticle
coated with a metallic shell. The word “single” is
used since they have a single interface between
the metallic shell and the dielectric core. MNSs

have been fabricated by many groups to study
the scattering of light and their application to
nanomedicine. We have calculated the scattering
of light with single-MNSs. We have considered
that they are doped in human body, and hence,
they are surrounded by bio-cells. Due to doping,
there is a second interface which exists in these
structures, and it is located between the bio-cells
and the metallic shell. A schematic diagram of
the SMNS is plotted in Fig. 1.

We have calculated the light scattering in
single-MNSs and two types of SPPs [40]. The
first types of SPPs are present at the interface
between core dielectric materials and metal. The
second types of SPPs are found at the interface
between the bio-cells and metallic shell. The
wavelength of SPPs in nanoshells can be con-
trolled through the size and composition of each
layer of MNSs. They can be used for
nanobiotechnology and nanomedicine due to
their convenient surface bio-conjugation with
molecular probes. They can also be used for
nanomedicine since their optical energy can be
easily tunable to desirable wavelengths by
changing size and shapes of the dielectric core
and metallic shell. These qualities are useful in
cancer treatment, imaging of small tumors and
photothermal applications.

Here, we present the calculation of SPPs from
Ref. [40]. An SMNS is made from a core
dielectric nanoparticle and an outer metallic
shell. The refractive index of the metallic nano-
shell and the core material are denoted as εm and
εc, respectively. The radius of the core is denoted
as Rc, and the radius of the nanoshell is taken as
Rm. We consider that the SMNS is surrounded by
bio-cells with dielectric constant εb. Using the
quasi-static approximation, the polarizability of
the SMNS is calculated as [40]

ans ¼ 4p 202b Rc þ dmð Þ3fns ð7Þ

Here, dm ¼ Rm � Rc is the thickness of the
outer shell, and fPS is called the polarizability
factor and is found as [40]
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If we put Rc ¼ 0, then the above expression
reduces to the polarizability of metallic spherical
nanoparticles.

We calculate the SPP resonance frequencies
in the SMNS. The singularity in the polarizability
gives the locations of SPP energies. By putting
the denominator of the polarizability equation
(Eq. 8) equal to zero. We get

Rc þ dmð Þ3 2m þ 2 2bð Þ 2c þ 2 2mð Þ
þ 2R3

c 2m �2 2bð Þ 2c � 2mð Þ ¼ 0
ð9Þ

Note the above expression is second order in
�m and has the two following roots:

2m¼2þ
m

2m¼2�
m

ð10Þ

where

The first term 2þ
m gives the condition for the

polariton creation at the interface of the
bio-cell/metallic shell. The second term 2�

m cre-
ates SPPs at the interface of the metallic
shell/core interface. Putting the expression of

Eq. (1) into Eq. (10, 11), we get the following
two SPP resonance frequencies:

xþ
sp ¼ xpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi21 þ 2þ

m

p
x�

sp ¼
xpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi21 þ 2�

m
p

ð12Þ

We have plotted a schematic diagram show-
ing the SMNS has two SPP energies at x�

sp and

xþ
sp in Fig. 1. These two energies can be repre-

sented by three energy levels, and the energy
difference between two levels gives SPP energies
as shown in Fig. 1.

Note that the polarizability has two peaks
located at x ¼ x�

sp and x ¼ xþ
sp . This means the

SPP resonance frequencies of metallic nanos-
tructures can be calculated from the polarizability.

Here, we have considered the gold metallic
nanoshell and it is surrounded by the human

cancer cell [40]. The MNS made using a gold
shell with a gold sulfide (Au2S) core and this
MNS has been studied for medical applications.
The dielectric constant of the human cancer cell
is found to be approximately �b = 3.0. The

fns ¼
Rc þ dmð Þ3 2m � 2bð Þ 2c þ 2 2mð Þþ 2R3

c 2c � 2mð Þ 2b þ 2mð Þ
Rc þ dmð Þ3 2m þ 2 2bð Þ 2c þ 2 2mð Þþ 2R3

c 2m �2 2bð Þ 2c � 2mð Þ

" #
ð8Þ

2�
m¼

Rc þ dmð Þ3 2c þ 4 2bð ÞþR3
c 2 2c þ 2 2bð Þ

4 Rc þ dmð Þ3�R3
c

� �

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rc þ dmð Þ3 2c þ 4 2bð ÞþR3

c 2 2c þ 2 2bð Þ
h i2

�16 Rc þ dmð Þ3�R3
c

� �2
2c2b

r

4 Rc þ dmð Þ3�R3
c

� �

2
666666664

3
777777775

ð11Þ
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dielectric constant of the Au2S core is found as
�c = 5.4. We have calculated the SPP resonance
energies for this MNS for Rc/Rm = 0.96 and
Rm = 50 nm. The parameters for the gold shell
are taken as ep ¼ 9:0 eV, cm ¼ 0:07 eV, and
�∞ = 8.

The SSP frequencies are calculated in Ref.
[40]. It is found that SPP resonance energies are
located at e�sp ¼ 0:84 eV and eþsp ¼ 3:3 eV. We
found that the height of the first peak which is
due to the shell/bio-cell interface is stronger than
the peak due to the shell/core interface.

We found that SMNSs have two surface
plasmon polaritons propagating within the two
interfaces. By adjusting the shell and core radii,
the SPP resonances can vary from UV to IR
wavelengths for nanomedicine application.

Double Metallic Nanoshell

We have pointed in the introduction section that
double metallic nanoshells (DMNSs) are also
used for the application of nanomedicine. They
are fabricated from a spherical dielectric core,
metallic shell and a spacer layer coated on the
surface of the metallic shell. Hence, they have
double interfaces and that is why, they are called
double-MNSs. The first interface is located
between the metallic shell and the dielectric core.
The second interface is located between the
spacer layer and the metallic shell.

DMNSs have been fabricated by many groups
to study the scattering of light and their appli-
cation to nanomedicine. For example, Bardhan
et al. [15] have fabricated DMNSs from a silica

Fig. 1 A schematic diagram
showing the SMNS has two
SPP energies at x�

sp and xþ
sp

is plotted
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core, Au metallic shell, and the silica space layer.
We denote this structure as SiO2-Au-SiO2. Fur-
ther, Bardhan et al. [16] have also fabricated
double-MNSs from a silica core, an Au metallic
shell. In this case, the space layer is fabricated
from human serum albumin (HSA). We denote
this structure as SiO2-Au-HSA.

When DMNSs are doped in a human body,
they are surrounded by bio-cells. Hence, there is
a third interface present in these structures and it
is located between the bio-cells and the spacer
layer. We have calculated the light scattering in
double-MNSs and three types of SPPs are found.
The first types of SPPs are present at the interface
between core dielectric materials and metal. The
second types of SPPs are found at the interface
between the bio-shell and metallic shell.

It is found that the wavelength of SPPs in
nanoshells can be controlled through the size and
composition of each layer of MNSs. They can
also be used for nanomedicine since their optical
energy can be easily tunable to desirable

wavelengths by changing the size and shapes of
the dielectric core, metallic shell and the spacer
layer. These qualities are useful in cancer treat-
ment, imaging of small tumors, and photothermal
applications.

Here, we present the calculation of SPPs from
Ref. [41]. We consider that a DMNS is made
from a core dielectric nanoparticle and an outer
metallic shell. The nanoshell has a spherical
shape. It is coated with another spacer layer such
as human serum albumin (HSA). The core,
metallic shell, and spacer layer are denoted as 1,
2, and 3, respectively. We denote the dielectric
constants for core, metallic shell, and the spacer
layer as �1, �2, and �3, respectively. The radii of
the core, metallic shell, and DNS are denoted as
R1, R2, and R3, respectively. The hybrid is
injected into a human or animal cell and it is
surrounded by a bio-cell with a dielectric con-
stant �b. The volume of the core is V1, metallic
shell and core is V2, and DNS is V3. A schematic
diagram of the DNS is plotted in Fig. 2.

Fig. 2 A schematic diagram
showing the an SMNS has
two SSP energies at x�

sp and
xþ

sp is plotted
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Using the quasi-static approximation, the
polarizability of the aNS of the parabolic DMNS
is found as

ans ¼ 4p 202b R
3
3fns ð13Þ

where 1ns is calculated as

1ns ¼
232 � 2b½ �
232 þ 2 2b

ð14Þ

where

232¼23
R3 þ 2R2132
R3 � R2132

� �
;

132 ¼
221 � 23½ �
221 þ 2 23

ð15aÞ

221¼22
R2 þ 2R1121
R2 � R1121

� �
;

121 ¼
21 � 22½ �
21 þ 2 22

ð15bÞ

The singularity in the polarizability gives the
locations of SPP frequencies and can be found by
putting the denominator of the polarizability
factor equal to zero. The DNS structure can have
three surface plasmon polaritons propagating
within the three interfaces.

Note that the polarizability in Eq. (13)
depends on the radii and the dielectric constants
of the constituents of the DMNS. This means by
adjusting the shape of the parabolic DNS, the
SPP resonance wavelengths can be made larger
than the size of the DNS. These resonances can
vary from UV to IR wavelengths.

The singularity in the polarizability in
Eq. (13) will give the SPP resonances. This
system is going to have three SPP frequencies.
The results for polarizability will have two peaks
due to the core–shell and shell–spacer layer
interfaces. The SPPs will be not present at the
interface space layer and bio-cell since there is no
metal present at this interface. The expression of
polarizability will be used to calculate the
fluorescence in the later section.

We have plotted a schematic diagram show-
ing the DMNS has two SPP energies at x�

sp and

xþ
sp in Fig. 2. These two energies can be repre-

sented by three energy levels and the energy
difference between two levels gives SPP energies
as shown in Fig. 2.

Extinction Coefficient in Metallic
Nanostructures

Similarly, we can also calculate the extinction
coefficient which is denoted as rext. The extinc-
tion coefficient is calculated by adding the ratio
of the power scattered from the MNS (rscat) and
the ratio of the power absorbed by MNS (rabs).
Hence, the extinction coefficient is expressed as

rext ¼ rabs þ rscat ð16Þ

The expressions for absorption and scattering
cross sections have been obtained in Ref. [19].
They are written as

rabs ¼ x
c 20

Im aSPð Þ

rscat ¼ x4

6pc4 22
0

aSPj j2
ð17Þ

Single Metallic Nanoshell: Extinction
Coefficient

Here, we calculate the extinction coefficient rext
for the MNP. The extinction coefficient has been
calculated in Eq. (16). Putting the expression of
polarization from Eq. (3) into Eq. (16), we get
the following expression for the extinction
coefficient:

rext ¼ 4p 2b x
c

Rcð Þ3Im 1nsð Þþ 8p 22
b x

4

3c4
Rcð Þ6 1nsj j2

ð18Þ

Note that the extinction coefficient depends on
the polarizability factor 1ns of the MNP.
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Single Metallic Nanoshells: Extinction
Coefficient

Next, we calculate the extinction coefficient rext
and PL for the SMNs. The extinction coefficient
has been calculated in Eq. (16). Putting the
expression of polarization of the SMNs from
Eq. (7) into Eq. (16), we get the following
expression of the extinction coefficient for
polarization for the SMNs:

rext ¼ 4p 2b x
c

Rc þ dmð Þ3Im 1sp
� �

þ 8p 22
b x

4

3c4
Rc þ dmð Þ6 1sp

		 		2 ð19Þ

Note that the extinction coefficient depends on
the polarizability factor 1ns.

Double Metallic Nanoshell: Extinction
Coefficient

Finally, we calculate the extinction coefficient
rext and PL for the MNS. The extinction coeffi-
cient has been calculated in Eq. (16). Putting the
expression of polarization of the SMNS from
Eq. (13) into Eq. (16), we get the following
expression for the extinction coefficient for
polarization of the DMNS:

rext ¼ 4p 2b x
c

R3ð Þ3Im 1nsð Þ

þ 8p 22
b x

4

3c4
R3ð Þ6 1nsj j2

ð20Þ

Note that the extinction coefficient depends on
the polarizability factor 1ns of the DMNS.

Extinction Coefficient for Single
Metallic Shell: Theory and Experiments

In this section, we compare the expression of
the extinction coefficient with experimental
data. We have mentioned in the introduction
section that SMNSs have been fabricated for
medical purposes by many groups. For example,

Gobin et al. [2] have fabricated an SMNS with a
silica core and coated in a gold shell. The radius
of the core is taken as Rc = 60 nm and the
thickness of the shell is considered as dm = 12
nm. They have also measured the extinction
coefficient for silica–gold metallic nanoshell.
We have compared our theory with their
experiments, and the results are presented in
Ref. [40].

In Ref. [2], the extinction coefficient is mea-
sured in terms of the wavelength k. Therefore,
we convert Eq. (19) for the extinction coefficient
from frequency to wavelength as

rext ¼ 8p2 2b

k
Rc þ dmð Þ3Im 1SPð Þ

þ 64p5 22
b

3k4
Rc þ dmð Þ6 1SPj j2

ð19aÞ

Here, k is the wavelength of the probe field. In
Eq. (19a), the first term is the absorption of light
in the SMNS and the second term is the scat-
tering of light from the SMNS.

In Fig. 3, the solid curve represents our the-
oretical results, and open circles are the experi-
mental data points. In this sample, the MNS is
made of gold shell and silica core. The radius of

Fig. 3 Plot of the extinction coefficient (A.U.) as a
function of wavelength (nm). The solid curve is the
theoretical result, and open circles are the experimental
data. The MNS is made of gold shell and silica core. The
radius of the core is about Rc ¼ 60 nm, and the thickness
of the shell is dm ¼ 12 nm
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the core is about Rc ¼ 60 nm and the thickness
of the shell is dm ¼ 12 nm. Other parameters are
taken as ep ¼ 9:0 eV and �∞ = 8.2. It is found
that a good agreement between theory and
experiment is found. From the experiment, the
SPP resonance wavelength was found to be
800 nm.

We showed that there are two SPP resonances
eþsp ¼ �hxþ

sp and e�sp ¼ �hx�
sp present in the SMNS.

Note that only one peak appears in Fig. 3. It is
due to the first SPP resonance. It seems that the
second peak is very weak compared to the first
peak.

Nanohybrids: Light Energy
Absorptions and Fluorescence

In this section, we study the scattering of light
with nanohybrids fabricated from quantum
emitters (QEs) and metallic nanostructures
(MNSs). We denote these nanohybrids as
QE-MNSs. Here, QEs can be taken as quantum
dots, chemical molecules and biocompatible
molecules (Indocyanine Green, IR800 molecules,
and J-aggregate molecules). We have found that
the intensity of scattered light from QEs is sig-
nificantly enhanced in QE-MNSs. The enhance-
ment of the emission in QEs is a highly useful
strategy in the application of these nanohybrids
in nanomedicine.

Here, we will calculate the light energy
absorption and emission rates in nanohybrids.
Example of the light energy emission and
absorption in fluorescence emission. Therefore,
we will calculate the fluorescence emission form
nanohybrids fabricated from (1) SMNSs and
(2) DMNS. Fluorescent QEs which emit light at
wavelengths in the physiologically relevant range
700–900 nm are interesting due to the large
penetration depth of near-infrared (NIR) light in
most biological media. We know that the
fluorescence imaging has been used in clinical
diagnosis and monitoring processes in
nanomedicine.

Nanohybrids: Power Absorbed
and Fluorescence

Wediscuss the energy absorption from laser light to
metallic nanostructures. A laser light with fre-
quency x and amplitude Ep falls on an MNS. The
light induced a polarization in theMNP, and energy
is absorbed. Light power absorbed by theMNS has
been calculated by us in Ref. [43]. The power
absorbedby theMNPfromthe laser light is foundas

Qns ¼ �x
2
Im ansð Þ Ep

		 		2 ð21Þ

where ans is the polarizability of the MNS. The
expression of ans for the MNP, SMNS, and
DMNS was calculated in a previous section.

The fluorescence is directly related to power
absorbed by the MNS. The fluorescence is the
power emitted by the MNS. Hence, power
absorbed by the MNS and power emitted by
MNS are related to each other. The expression
for the fluorescence of the QE is found as [41]

Ipl ¼ QnsWns ð22Þ

where Qns is called the PL efficiency factor and
generally taken as one. In this case, the fluores-
cence becomes.

Ipl ¼ Wns ð23Þ

Note that the fluorescence intensity is equal to
the power absorbed by the MNP.

Single Metallic Nanoshell
Nanohybrids: Fluorescence

The SMNSs hybrids are fabricated by depositing
quantum emitters near or on the surface of SMNS.
We have mentioned in the introduction section
that SMNSs have been fabricated for medical
purposes by many groups. For example, Gobin
et al. [2] have fabricated metallic nanoshells with a
silica core and coated it with a gold shell.
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In this section, we choose a quantum dot
(QD) as a quantum emitter. The quantum dots are
made from semiconductors such as GaAs, InAs,
and CdS. Their typical radius is about 2 nm.
They are called artificial atoms since their energy
levels are very similar to an atom. Here, we
consider only three levels of the QD. Energy
levels are denoted as aj , bj and cj . Their fre-
quencies are found as xa, xb, and xc. This QD
has two excitons and their energies are found as
xab and xac due to transitions aj ! bj and
aj ! cj , respectively. A schematic diagram of
the QE is shown in Fig. 4.

Now, we deposit the QE near an SMS to form
a nanohybrid. A schematic diagram of this
nanohybrid is plotted in Fig. 4. In Fig. 4, the
dielectric constants of the core material and outer
metallic shell are denoted as Rc and Rm, respec-
tively. The DMNS is doped in a bio-cell with
dielectric constant 2b and is a distance r from the

QE. The radius of the core nanoparticle is taken
as Rc and the radius of the nanoshell is Rm.

Let us calculate the fluorescence of the SMNS
using Eq. (23). For QE with two exciton energies
xab and xac the expression of the FL is modified
as follows:

IQE ¼ WQE ¼ xba þxcað Þ
2

Im aQEð Þ EQEj j2 ð24Þ

where E is the light falling on the QE and aQE is
called the polarizability of the QE. These quan-
tities are evaluated in Ref. [41]. From Ref. [41],
we can find the expression of the FL for the
SMNS as follows:

IQE ¼ I0QEIm
4 1þKð Þ dk=c� ið Þ
dk=c� ið Þ2�x2

cb=c
2

 !
1þKj j2

ð25Þ

Fig. 4 A schematic diagram of the nanohybrid is shown
here. The MNS is doped in a bio-cell with dielectric
constant eb. The distance between the SMNS and QE is

taken as r. The energy levels of the DNS and QE are
plotted. The QE has two excitonic states xab and xac, and
DNS has also two localized SPP states xþ

sp and x�
sp
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where

I0QE ¼ �h xba þxcað Þc X=cð Þ2

K ¼ gl 2b
Rc þ dmð Þ3

r3

 !
1ns

X ¼ lEP

2�h
ð26Þ

dk ¼ xca þxba � 2x

The constant gl is called the polarization
parameter and it has the values gl = −1 and
gl = 2. Here, l is the dipole moment for the QE
and X, is the Rabi frequency associated with the
intensity of the laser light. Here, dk is called the
probe detuning parameter.

The physical meaning of the K is due to the
interaction of the excitons with the SPP electric
field. This term is called the dipole–dipole
interaction (DDI) between the QE and the
SMNS. Note that the K term is inversely pro-
portional to r3 and depends on the DDI between
the QE and MNS. For smaller distances, the DDI
term has large values. It also depends on the
polarizability via term 1ns of SMNS and it has
large values at the SPP resonance energies.

Single Metallic Nanoshell Hybrid:
Application to Nanomedicine

We study the effect of the DDI due to the gold
SMNS on the QE in nanohybrids. The SMNS
made using a gold shell with a gold sulfide
(Au2S) core. This type of the MNS has been
studied for medical applications [21]. We con-
sider that this nanohybrid is surrounded by the
human cancer cell. The dielectric constant of the
human cancer cell is taken as �b = 3.0 and the
dielectric constant of the Au2S core is found as �c
= 5.4. The size of the MNSs is given as Rc/Rm =
0.96 and Rm = 50 nm. The physical parameters
for the gold shell are found as ep ¼ 9:0 eV, cm ¼
0:07 eV and �∞ = 8. For this SMNS, the SPP
energies are found as e�sp ¼ 0:84 eV and

eþsp ¼ 3:3 eV.

Now, we calculate the PL spectrum of the
QE-MNS hybrid. We consider that the resonance
energies of the QE are degenerate. This means
we have �hxab ¼ �hxac. In this case, the QE
becomes a two-level QD. We consider that eab ¼
�hxab lies near the SPP energy eþsp (i.e.,

eab ¼ eþsp ¼ 3:3 eV). The results are plotted in
Fig. 5 where the solid and dotted curves are
plotted when the distances between the MNS and
QE are r = 400 nm and r = 80 nm. Parameters for
the MNS are used ep ¼ 9:0 eV, cm ¼ 0:07, εb =
3, εc = 5.4, ε∞ = 8, Rc/Rm = 0.95 and Rm =
50 nm. Parameters for the QE are taken as
c ¼ 0:01 eV, ðeab þ eacÞ=2 ¼ 3:3 eV, eac ¼ 0. We
found that the solid curve has one peak whereas
the dotted curve has two peaks. It shows that a
single peak of the PL spectrum splits into two
peaks as the distance between the QE and MNS
is decreased from 400 to 80 nm.

To understand the splitting effect in Fig. 5
(left), we have also plotted a three-dimensional
PL spectrum as a function the distance r and
energy in Fig. 5 (right). One can see from this
figure that the splitting of one peak to two peaks.
We found that the reason for this splitting is the
DDI effect between the SMNS and QE.

We found that the FL depends directly on
the DDI term which in turn depends on the
polarizability of the MNS and distance r be-
tween the QE and SMNS. We have shown that
the DDI term is inversely proportional to the
cube of the distance r. Note that as the distance
between QE and SMNS decreases the DDI
decreases and the intensity of the FL spectrum
decreases.

We have found that the number of peaks in the
PL spectrum can be modified by changing the
frequency of the external laser field. This means
that by changing the frequency of the external
laser one can switch on and off the thermal energy
emitted by these hybrids. This effect can be used
to fabricate nanoswitches for medical applica-
tions. We have also found that the SPP frequen-
cies depend on the dielectric constant of the
bio-cell. Therefore, these hybrids can be used as
nanosensors for medical applications.
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Finally, we discuss the application of
QE-MNS hybrid systems in nanomedicine. We
have shown that the intensity of the PL spectrum
is enhanced many orders of magnitude. Recently,
it has been found that energy emitted by metallic
nanoparticles is converted to heat energy in the
picosecond time domain by rapid electron–pho-
non and phonon–phonon interaction processes.
Therefore, when this hybrid is injected into the
human body, the strong PL emission will be
emitted. This light emitted by the nanohybrid is
converted into heat. This heat can be used for
heating bio-cells by using external laser radia-
tion. This property of metallic hybrids is advan-
tageous in the photothermal therapy of cancer
and other diseases. This heating can be used for
destroying cancer cells by photothermal ablation.

Double Metallic Nanoshell Hybrids:
Fluorescence

The DMNSs hybrids are fabricated by depositing
quantum emitters near or on the surface of
DMNS. We have shown in the introduction that
the fluorescence emission in DNMs nanohybrids
has been widely investigated. Recently, Bardhan

et al. [9] have fabricated these nanohybrid sys-
tems to study the near-infrared fluorescence (FL).
Here, Indocyanine Green (ICG) is used as a QE
and it is a fluorescent molecule. Here, QE is
deposited onto the spacer layer of SiO2-Au-SiO2

DNS to complete the ICG-DNS hybrid. The
distance between ICG molecules and the DNS
surface is varied by changing the thickness of the
spacer layer.

Further, Bardhan et al. [10] have also inves-
tigated the FL emission in IR800 molecules
when they are deposited on the spacer layer of an
HSA-Au-SiO2 DNS. The HSA is a large mul-
tidomain protein relevant to many physiological
functions and it binds to Au by electrostatic
attraction between the amine groups of HSA and
the negative charge on the gold surface. They
have measured the fluorescence enhancement of
IR800 molecules and found that the quantum
yield of IR800 is enhanced as the thickness of the
HSA layer is decreased.

In this section, we choose Indocyanine Green
(ICG) and IR800 molecules as a quantum emit-
ter. Here, we consider only three levels of these
QEs. Energy levels are denoted as aj , bj and cj .
Their frequencies are found as xa, xb, and xc.
This QD has two excitons and their energies are

Fig. 5 (left): Plot of the PL spectrum as a function of
energy (eV). The solid and doted curves are plotted when
the distance between the MNS and QE is 400 and 80 nm.
(right) Three-dimensional figure is plot of the PL spectrum

as a function of energy (eV) and distance (nm). Here, the
following parameters are used: ep ¼ 9:0 eV, cm ¼ 0:07, �b
= 3, �c = 5.4, �∞ = 8, Rc/Rm = 0.95 and Rm = 50 nm;
c ¼ 0:01 eV, ðeab þ eacÞ=2 ¼ 3:3 eV, eac ¼ 0
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found as xab and xac due to transitions aj ! bj
and aj ! cj , respectively. A schematic diagram
of the QE is shown in Fig. 6.

Now, we deposit the QE near an SMS to form
a nanohybrid. A schematic diagram of this
nanohybrid is plotted in Fig. 6a. The DMNS is

doped in a bio-cell with dielectric constant 2b

and is a distance r from the QE.
We calculate the FL for the QE in the pres-

ence of exciton–SPP interaction. The QE has
excitons (electron-hole pairs) and the DNS con-
tains SPPs and they interact with each other via

Fig. 6 a A schematic
diagram of the double
nanoshell is plotted. The
dielectric constants of the
inner core, metallic shell, and
the spacer layer are denoted as
ε1, ε2, and ε3, respectively.
The DNS is injected into a
bio-cell with dielectric
constant εb. QEs are deposited
on the surface of the DNS.
The distance between the
DNS and QE is denoted as
r. b The energy levels of the
DNS and QE are plotted.
The QE has two excitonic
states xab and xac, and the
DNS has also two localized
SPP states xþ

sp and x�
sp.

Figure 6 (bottom): Plot of the
FL (A.U.) as a function of
wavelength (nm) for the
IR800-Au-DNS. Here, A.U.
stands for the arbitrary unit
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dipole–dipole interaction (DDI). Let us calculate
the fluorescence of the DMNS nanohybrids by
using Eq. (23). For the QE with two exciton
energies xab and xac, the expression of the FL is
modified as follows:

IQE ¼ WQE ¼ xba þxcað Þ
2

Im aQEð Þ EQEj j2 ð27Þ

where EQE is the light falling on the QE and aQE
is called the polarizability of the QE. These
quantities are evaluated in Ref. [41]. From Ref.
[41], we can find the expression of the FL for
these nanohybrids as follows:

IQE ¼ IbQEIm
4 1þKbð Þ
db=c� ið Þ


 �
1þKbj j2

þ IcQEIm
4 1þKcð Þ
dc=c� ið Þ


 �
1þKcj j2

ð28Þ

Here, db ¼ xab � x and dc ¼ xac � x are
called the probe field detunings.

IbQE ¼ �hxbac X=cð Þ2; IcQE ¼ �hxcac X=cð Þ2

Kb ¼ gl 2b
V3

r3


 �
1ns x�

sp

� �
; Kc ¼ gl 2b

V3

r3


 �
1NS xþ

sp

� �
ð29Þ

The constant gl is called the polarization
parameter and it has the values gl = −1 and
gl = 2. Here, l is the dipole moment for the QE
and X is the Rabi frequency associated with the
intensity of the laser light. We consider that the
SPP frequency xþ

SP lies close to the exciton fre-
quency xac. Similarly, the SPP frequency x�

SP

lies close to the exciton frequency xab.
Now, we calculate the FL when the two

excitons have the degenerate states. This means
they have xca � xba. In this case, the FL
expression reduces to

IQE ¼ I0QEIm
4 1þKbþKcð Þ dk=c� ið Þ

dk=c� ið Þ2�x2
cb=c

2

 !
1þKb þKcj j2

I0QE ¼ �hxbac X=cð Þ2

ð30Þ

where dk is called the probe detuning and is
defined as dk ¼ xca þxba � 2x.

The physical meaning of the K term is due to
the interaction of the excitons with the SPP
electric field. This term is called the dipole–
dipole interaction (DDI) between the QE and the
DMNS. Note that the K term is inversely pro-
portional to r3 and depends on the DDI between
the QE and DMNS. For smaller distances, the
DDI term has large values. Note that the FL
depends on K which is inversely proportional to
r3. This means the FL depends on the DDI
between the QE and DMNS. For smaller dis-
tances, the DDI term has large values. It also
depends on the polarizability factor 1�NS which
has large values at the SPP resonance energies.

Double Metallic Nanoshell Hybrid:
Application to Nanomedicine

We plot the theoretical results with the experi-
mental work of Bardhan et al. [9] where they
have fabricated the IR800 fluorophore (QE) and
Au-DNS (IR800-DNS) hybrid system. The core
of the Au-nanoshell is made of the silica (SiO2)
with radius 63 nm and it is coated with Au-shell
and its radius is 76 nm. Next, Au-nanoshell is
coated with human serum albumin (HSA). This
serves as a spacer layer to construct the DNS.
After that, they fabricated nanohybrid by
absorbing the IR800 fluorophore molecules onto
the DMNS.

We plot theory and above experimental data
in Fig. 6 (bottom). In our calculation, we have
considered that the core of the Au-nanoshell is
made of the silica (SiO2) with radius 63 nm and
the Au-shell with radius 76 nm. Au-nanoshell is
coated with human serum albumin (HSA) with
thickness 8 nm. The solid diamonds denote the
experimental data. The solid curve is theoretical
results for when the exciton wavelength and
SPP wavelength are not in resonance
(ksp 6¼ kab). Similarly, the dotted curve is plotted
when the exciton wavelength and SPP wave-
length are in resonance (ksp = kab). Other
parameters are taken as �hxp ¼ 9 eV and �∞ = 8,
cm = 0.3 eV. The dielectric constants for the
silica and HAS are taken as ε1 = 1.3 and
ε3 = 1.35, respectively.
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We consider that the IR800 fluorophore
molecules have two excitonic states with wave-
length kab and kac and both states are degenerate
(kab = kac). The SPP wavelength of the Au-DNS
is ksp = 805 nm. The solid diamonds denote the
experimental data when the thickness of the HSA
is 8 nm and the solid curve is plotted when the
excitonwavelength and SPPwavelength are not in
resonance (ksp 6¼ kab). The dotted curve is plotted
when the exciton wavelength and SPPwavelength
are in resonance with the exciton wavelength
(ksp = kab). There is a dramatic enhancement in
the FL in the dotted curve. A good agreement
between theory and experiment is found.

Further, we investigate experimental work of
Bardhan et al. [16] where authors have fabricated
the ICG-DMNS hybrid. They have taken ICG
molecules to act as a QE. The core of the DMNS
is made of silica (SiO2) with radius 60 nm and it
is coated with an Au-shell and its radius is
72 nm. After that, the Au-shell is coated with
varying thicknesses of silica to complete the
DNS. Finally, the nanohybrid system was fabri-
cated by absorbing the ICG molecules onto the
DNS surface electrostatically to complete the
ICG-DMNS hybrid. The outer silica shell acts as
the spacer layer and it changes the distance
between the ICG and Au-shell in the DMNS.

We compare our theory with the experimental
data of ICG-DNS hybrid [2]. In the calculation,
we have considered that the exciton wavelength
and SPP wavelength are in resonance with each
other (ksp = kab). We have considered that the
radius of the core and metallic shell are taken as
60 nm and 72 nm, respectively. Other parame-
ters are taken as �hxp ¼ 9 eV and �∞ = 8, cm =
0.7 eV. The dielectric constant for the silica is
taken as ε1 = ε3 = 1. We consider that ICG
molecules act as QE and have two degenerate
excitonic states with wavelength kab. The SPP
wavelength of the Au-DNS is found as ksp =
810 nm. We found a good agreement between
theory and experiment is found. The figures are
shown in Ref. [41].

In summary, we found that as the thickness of
the spacer layer is increased, the enhancement in
the FL is decreased. We predicted that the

enhancement in the FL depends on the type of
the QE, spacer layer, and DNS. We showed that
the FL spectra can be switched from one peak to
two peaks by removing the degeneracy of the
QE. Therefore, using these properties, one can
use these hybrids as sensing and switching
devices for applications in medicine. The
enhancement of the FL emission of QEs will
improve the detection limits of the near-infrared
fluorescence-based imaging. These hybrids can
also detect significantly smaller tumors.

Conclusions

In this chapter, we have answered the question of
why metallic nanomaterials are used in nano-
medicine. We have calculated surface plasmons
in metallic nanomaterials and their application to
nanomedicine. Next, we have studied the scat-
tering of laser light with metallic nanostructures.
The creation of surface plasmon polaritons and
intensity of the emitted light from metallic
nanoparticles has been calculated for metallic
nanoparticles, single metallic nanoshells and
double metallic nanoshells. Further, the extinc-
tion coefficient of metallic nanostructures has
been evaluated. Finally, we have calculated the
absorption of the optical energy into metallic
nanostructures. The fluorescence emission from
quantum emitters in nanohybrids has been eval-
uated, and its application to nanomedicine has
been discussed.
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Challenges in Malaria Management
and a Glimpse at Some
Nanotechnological Approaches

Adrian Najer, Cornelia G. Palivan, Hans-Peter Beck
and Wolfgang Meier

Abstract
Malaria is a devastating infectious disease
transmitted by mosquitoes, affecting millions
of people and killing about half a million
children each year. Despite tremendous pro-
gress in the control and elimination of malaria
within the past years, there are still consider-
able challenges to be solved. To name a few,
drug-resistant parasites, insecticide-resistant
mosquitoes and the difficulty to formulate a
potent malaria vaccine need to be addressed
with new strategies to achieve the final goal of
malaria eradication. Nanotechnology—re-
searching and designing innovative structures
at the nanoscale—is a promising contempo-
rary technology that is being applied to a vast
number of biomedical problems. In the case of
malaria, nanotechnology provides tools to
design strategies to target drug molecules to
specific stages of the parasite, treat
drug-resistant parasites, resolve severe malar-
ia, increase vaccine efficacies and combina-
tions thereof. This chapter introduces malaria,
discusses current challenges of malaria control

and relates these challenges to some potential
solutions provided by the nanotechnology
field.

Keywords
Malaria � Nanotechnology � Drug delivery
Vaccine delivery

Malaria
Malaria is an infectious disease caused by

Plasmodium spp. parasites, which are mainly
prevalent in developing countries, due to the
habitat of their arthropod vector: female
Anopheles mosquitoes. Several Plasmodium
species are known to infect humans: P. falci-
parum, P. vivax, P. ovale, P. malariae and
P. knowlesi. The most aggressive and
life-threatening species is P. falciparum, which
accounts for most of the malaria-related deaths,
and is the main form occurring in sub-Saharan
African countries. P. vivax is more prevalent in
Asia and South America. This parasite species is
less life-threatening, but the liver stage of this
parasite can remain latent as hypnozoites, which
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can release pathogens even months or years after
infection and cause a relapse of the disease. Of an
estimated 198 million malaria cases, about
584’000 ended fatally in 2013 [1]. About 90% of
all the malaria deaths occurred in sub-Saharan
Africa and 78% were children aged below 5
years [1]. These numbers highlight the large
burden malaria still puts on public health in less
developed countries.

Life Cycle of Plasmodium falciparum

Plasmodium spp. parasites—belonging to para-
sitic protists of the phylum Apicomplexa—un-
dergo very complex life cycles, which include
arthropod (Anopheles mosquito) and human host.
Various extracellular (sporozoites, merozoites and
ookinetes) and intracellular (intra-erythrocytic and
intra-hepatocytic schizonts) forms of the parasite
are involved in the life cycle (Fig. 1).

Only part of the life cycle of P. falciparum is
briefly summarised herein. More information on

the mosquito-based stages and gametogenesis
needed for transmission from the human host
back to the mosquito vector can be found else-
where [2]. Multiplication within the human host
exclusively occurs by mitosis, whereas meiosis is
restricted to the replication within the mosquito
host [4]. First, infected female Anopheles mos-
quitoes inject from a few dozens up to a few
hundred sporozoites into the bloodstream of
humans, whilst taking their blood meal. This
extracellular sporozoite form travels through the
bloodstream, passes through Kupffer cells in the
liver and finally infects and reproduces within
hepatocytes. Each infected hepatocyte releases
thousands of merozoites into the bloodstream,
after they were formed through asexual cell
division. Merozoites are polarised pear-shaped
cells with a length of only about 1.5 µm; mero-
zoites belong to the smallest known eukaryotic
cells [5]. Merozoites are equipped and primed to
attach to and invade red blood cells (RBCs).
Therein, this parasite form undergoes schizogeny
for about 48 h to yield about 16–32 fresh

Fig. 1 Malaria parasite life cycle. During the blood meal,
Anopheles mosquitoes can inject sporozoites into the
bloodstream of humans or take up gametocytes from
infected humans. Info on the life cycle in the mosquito
vector and gametogenesis can be found elsewhere [2].
Sporozoites asexually reproduce within hepatocytes in the
liver, which release thousands of merozoites back into the
bloodstream. Merozoites invade red blood cells (RBCs)

where they asexually divide to form more parasites
(schizogeny). After about 48 h (P. falciparum), all
infected RBCs burst and release the freshly generated
parasites that rapidly invade more RBCs. This erythro-
cytic cycle is responsible for malaria pathogenesis.
Reprinted with permission from Ref. [3]. Copyright
(2007) Nature Publishing Group
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daughter merozoites within each infected RBC
(iRBC) in the case of P. falciparum [6]. Daughter
merozoites egress from iRBCs to rapidly infect
more RBCs. This erythrocytic asexual life cycle
of the parasite continues and is finally responsi-
ble for malaria pathogenesis as discussed in the
next subchapter [4].

Pathogenesis of Malaria

Pathogenesis is solely related to the blood stage
cycle of malaria. Symptoms, which usually
appear about 10–15 days after infection, and
potential establishment of severe malaria, are all
attributed to the multiplication and residence of
parasites within RBCs. Laboratory manifesta-
tions of severe malaria include severe anaemia,
acidosis, hyperlactatemia and hypoglycemia,
pulmonary edema and acute kidney injury [4].
Severe P. falciparum malaria is responsible for
most malaria-related deaths and is mainly caused
by sequestration of iRBCs and subsequent dys-
function of various vital organs [4]. So-called
cerebral malaria, which is a syndrome that fre-
quently leads to death, is also related to seques-
tration, in this case within the brain
microvasculature [7]. Sequestration, also called
cytoadherence, relates to the adhesion of P. fal-
ciparum iRBCs (about 12–15 h post-invasion) to
endothelial cell surfaces in veins and capillaries
via knob structures on iRBCs. Sequestration
leads to interference with microcirculatory flow
leading to malfunctioning of the affected organ
and ultimately to death, if not treated [4].

The major adhesion protein in these knob
structures of the iRBC surface is P. falciparum
erythrocyte membrane protein 1 (PfEMP1),
which is in fact the main responsible molecule
for the disease pathogenesis. Intracellular para-
sites have the astonishing ability to dramatically
change the RBC physicochemical properties
during the 48 h intracellular cycle of, e.g. P. fal-
ciparum. In fact, the intracellular parasite exports
about 10% of all its proteins to the host cell
cytosol, where a parasite-derived membranous
sorting machinery, termed Maurer’s clefts, fur-
ther sends certain proteins, including PfEMP1, to

the iRBC surface [8]. Even more astonishing is
the fact that the parasite has 60 different var
genes, which all encode for one specific type of
PfEMP1, whereas only one is mutually exclu-
sively expressed at each time point [9]. This
allows the parasite to vary cytoadherence by
binding to another receptor, which changes
pathogenesis and helps the parasite to evade the
immune system. Important members of host
receptors for different PfEMP1 are chondroitin
sulphate A in the placenta, ICAM1 in the brain,
and CD36 in many other organs [4, 7].

Another important modification of the host
cell is the large increase of the membrane per-
meability towards certain small solutes [10]. The
activity of so-called new permeation pathways
(NPPs) on iRBCs, which were related to reacti-
vation of endogenous dormant protein channels,
has been proposed to cause this increase in per-
meability [10]. Nevertheless, access of even lar-
ger proteins and nanoparticles up to 80 nm
diameter to the intracellular parasite, without
passing the host cytosol, suggests another yet
unclear modification of the host cell to increase
permeability; one possibility being a duct path-
way that originates from unsuccessful closure of
the merozoite entry site [11–15]. Detailed review
of other host cell alterations through exported
proteins leading to modification of the host’s
cytoadherence, permeability and rigidity can be
found elsewhere [8, 16].

Malaria Prophylaxis, Treatment
and Control Strategies

Malaria can be treated using different combina-
tion therapies. The first-line treatment options
include the very effective drugs of the artemisinin
class in combination with other partner drugs.
These drug combinations are also used for pro-
phylaxis in travellers. The current drugs act on
the intracellular parasites, no drug is on the
market that can inhibit RBC invasion, for
example [17]. Similar to other antimicrobials,
antimalarials constantly lose their efficacy due to
the development and spread of drug resistance.
Recently, drug resistance against the
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artemisinin-based drug combinations emerged in
South East Asia [18] is spreading westwards [19]
and has already led to treatment failures [20].
This explains the constant need for novel anti-
malarials. Furthermore, there is an urgent need to
develop drugs to reduce the high mortality of
severe malaria [21]. For final elimination of
malaria, it will also be necessary to develop
drugs that kill gametocytes, therefore blocking
transmission, and drugs to eliminate dormant
hypnozoites of P. vivax to inhibit relapse of the
disease months after the infection [21, 22].

There is no malaria vaccine on the market yet.
Several are in various stages of clinical trials. The
most advanced being RTS,S/AS01 (Mosquir-
ixTM), for which a phase 3 clinical trial finished
in 2015 [23] and the European Regulators have
approved the use of the vaccine in July 2015.
Nevertheless, the vaccine efficacy for this par-
ticular vaccine in children and infants was only
about 30% after four vaccinations [23], which is
one of the reasons why WHO has only recom-
mended usage in pilot implementation studies;
no countrywide implementation has been rec-
ommended as yet [24]. In recent years, the whole
pathogen vaccination strategy has become more
attractive again, especially the attenuated sporo-
zoite vaccine approach, which has regained
attention due to new, larger scale production
possibilities and remarkable protection in small
studies [25]. However, a very recent study with
this sporozoite-based vaccine revealed a protec-
tion of about 50% for homologous challenge in
adults for at least 1 year [26], which is again
similar to protection achieved in adults using the
RTS,S subunit vaccine [27]. Larger studies are
needed to evaluate the sporozoite-based vacci-
nation, especially heterologous challenge to
demonstrate clone-independent protection. Nev-
ertheless, issues regarding affordable large-scale
production, dosing, administration, storage, dis-
tribution and safety remain questionable at the
moment [28, 29].

Global control measures for malaria, which
mainly helped to cut the mortality of malaria by
half during the last decade, are the extended use
of long-lasting insecticide-impregnated bed nets
and indoor residual spraying of insecticides [30].

However, these efforts are also greatly chal-
lenged by insecticide-resistant mosquitoes that
are already prevalent in many malaria endemic
areas [31].

In the following subchapters, the focus is
shifted from the current challenges in malaria
control to novel possibilities provided by nan-
otechnology to design future tools necessary in
the fight against malaria.

Nanotechnological Approaches
for Malaria

The current problems associated with malaria
discussed in the first subchapter demand for
innovative strategies for future control of this
disease. Nanotechnology is increasingly
acknowledged as a valuable tool to design novel
diagnostic [32], therapeutic [33–36], and pro-
phylactic [37, 38] approaches for malaria. For
detailed examples, readers are referred to the
above-mentioned extensive reviews on this topic.
Herein, only a few examples regarding malaria
therapy and prophylaxis—diagnostic approaches
are not covered—are highlighted to demonstrate
the broad applicability of nanotechnology to
design new tools with the potential to be imple-
mented in the future malaria control arsenal.

Antimalarial Drug Delivery

Similar to anticancer drug delivery, antimalarials
are other valuable carrier molecules to be incor-
porated within nanoparticles for drug delivery to
parasitised cells. In case of malaria,
nanoparticle-based drug delivery is being evalu-
ated to reduce drug-related toxicities, fight drug
resistance development, increase drug perfor-
mance, treat severe malaria and block transmis-
sion as exemplified below. Up to now, the main
carriers evaluated for antimalarial drug delivery
have been liposomes, solid lipid nanoparticles,
polymeric nanoparticles, cyclodextrins and den-
drimers [35].

Currently, blood stage parasites are the main
target of antimalarial drug delivery. Increasing
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the drug concentration within intracellular para-
sites through targeted nanostructure-based drug
delivery is thought to be a valuable tool to fight
the establishment of drug resistance and treat-
ment of drug-resistant parasites [15, 39]. How-
ever, it is an ongoing controversy through which
mechanism nanostructures deliver antimalarials
to iRBCs. The two main proposed mechanisms
are a direct access of nanoparticles (<80 nm
diameter) to intracellular parasites via the ‘leak-
iness’ of iRBCs [12, 13, 15, 40] and membrane
fusion of, e.g. drug-loaded liposomes with iRBC
membranes (iRBCM) [41–43]. The main differ-
ence between these two mechanisms is the role
of the host cell cytosol. With the first mechanism,
the drug delivery system (DDS) bypasses the
host cytosol (Fig. 2B, C), whereas membrane
fusion demands subsequent crossing of the host
cytosol by the drug molecule (Fig. 2A). Possible
explanations for these pathways are summarised
in Fig. 2.

The increased permeability of iRBCs to small
solutes has been attributed to new permeation
pathways (NPP) appearing on iRBC membranes
(Fig. 2A) [10]. However, the size of these
channels does not provide a pathway for
nanoparticles. Possible sites for the entry of
sub-80 nm nanoparticles into iRBCs are the sites
where the iRBCM is in close proximity to the

parasitophorous vacuole membrane (PVM) and
parasite plasma membrane (PPM) (Fig. 2B-a)
[44]. Uptake of nanoparticles could also occur
via the tubovesicular membrane (TVM) that
fuses with the iRBCM (Fig. 2B-b). Alternatively,
the merozoite entry site might never completely
close and therefore provide a parasitophorous
duct that allows direct entry from the serum site
(Fig. 2C) [44].

The second pathway, delivery via membrane
fusion, calls for a membranous nanostructure,
such as liposomes, and active targeting to iRBCs.
iRBC-targeting antibodies and polysaccharides
presented on liposome surfaces were demon-
strated to increase fusion of the nanocarrier with
membranes of infected cells [41, 42, 45]. This
strategy reduced the amount of drug needed to
kill the intracellular parasites in vitro by more
than 10-fold compared to free drug, but para-
sitemia could not completely be eliminated from
the cultures [42]. In contrast, targeting liposomes
to all RBCs, including non-infected RBCs, also
yielded some beneficial effect due to the resi-
dence of the antimalarial chloroquine (CQ) al-
ready before entry of the parasite [43, 46].
Dendrimers have been investigated for anti-
malarial delivery as well [15, 39]. Poly(ami-
doamine) dendrimers loaded with CQ were much
more effective in an in vivo model of malaria

Fig. 2 Schematic representation of proposed iRBC mor-
phology causing increased permeability of iRBCs com-
pared to RBCs. A Traditional sequential pathway: solutes
sequentially cross red blood cell membrane (RBCM),
parasitophorous vacuole membrane (PVM), and parasite
plasma membrane (PPM) to reach the parasite. B,
C Alternative models ‘parallel pathways’ for solute
transport that does not involve the host cytosol: B (a)

PVM and PPM are close to RBCM to facilitate solute
uptake or (b) tubovesicular membrane (TVM) fuses with
RBCM, which allows entry of solutes from extracellular
medium. C Parasitophorous duct originating from mero-
zoite entry connects the intracellular parasite with the
external medium. This scheme is based on Ref. [44].
Reprinted with permission from Ref. [35]. Copyright
(2013) Elsevier
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compared to the free drug [15]. This was attrib-
uted to the targeting effect of these dendrimers to
iRBCs, which specifically take up these
drug-loaded nanocarriers. Another type of den-
drimers, amphiphilic dendrimers, were also loa-
ded with CQ and primaquine (PQ), which
yielded similar beneficial effects as the first
example when tested in vitro and in vivo against
malaria [39]. Targeted delivery of high drug
concentrations to iRBCs is considered a valuable
strategy to tackle development of drug resistance
[15, 39].

Another avenue for antimalarial delivery via
DDS is the optimisation of drug performance of
existing antimalarials. Nanostructure-based arte-
misinin delivery was evaluated in a malaria
mouse model using PEGylated liposomes via
parenteral administration. Delivery by this
specific carrier showed the highest efficiency
compared to free artemisinin and conventional
liposomal formulation of artemisinin [47, 48].
The artemisinin-loaded liposomes yielded much
longer blood-circulation times and more stable
drug concentration levels in the blood compared
to free artemisinin [47, 48]. Furthermore, the
liposomal formulations had an immediate effect
on the parasites, whereas free artemisinin
decreased parasitemia not before 7 days after the
treatment start [48]. In conclusion, the efficacy of
an existing drug could be optimised using lipo-
somal nanocarriers [48].

A further strategy is the development of DDS
to reduce the high mortality associated with
severe malaria [49]. Liposomes have been tested
in a model of a severe pathological event,
cerebral malaria [49, 50]. In contrast to previous
examples, the DDS used in this case did not
deliver an antimalarial, but a toxic glucocorti-
coid prodrug. This DDS reduced cerebral
inflammation when administered to mice with
experimental cerebral malaria. By first reducing
the adverse effects related to the cerebral syn-
drome using this steroidal nano-drug, the time
window for subsequent anti-parasite treatment
with conventional antimalarial drugs was sig-
nificantly increased [49, 50]. This sequential
treatment completely cured mice with cerebral
malaria. The authors conclude that this is a

valuable treatment option for this severe form of
malaria, even if patients would arrive at a late
stage of disease.

Stimuli-responsive nanoparticles that release
their cargo upon a change in pH, temperature,
redox potential or concentration of a specific
enzyme [51, 52], have only recently been
applied for potential antimalarial drug delivery.
The highly reducing cytosol of intracellular
malaria parasites [53] provides an endogenous
trigger to initiate intracellular nanoparticle dis-
assembly and drug release [54]. This strategy is
comparable to reduction-triggered anticancer
drug release from DDS within the reducing
cytosol of cancer cells [55]. We demonstrated
that reduction-triggered drug delivery of an
experimental antimalarial compound to iRBCs
can be achieved [54]. This nanoparticle type
successfully solubilised and delivered the
experimental, metabolically unstable antimalar-
ial drug candidate, serine hydroxymethyltrans-
ferase (SHMT) inhibitor (±)−1 [54, 56]. This
opens up the possibility to use non-optimised
antimalarial drug candidates with solubility and
metabolic stability issues before chemical opti-
misation using a suitable nanocarrier system.
The cytosol of drug-resistant parasite strains
(CQ-resistant) was previously found to be even
more reducing (higher glutathione (GSH) levels
and glutathione S-transferase activity) compared
to drug-sensitive strains [57]. More recent data
also revealed the same elevated GSH levels
within parasite cytosols of artemisinin- and
mefloquine-resistant strains [58]. This reduction
of drug-sensitivity might be overcompensated
by delivery of high local concentrations of drugs
using reduction-triggered nanoparticles. These
triggered carriers might release their payload
faster and more effectively within the highly
reducing cytosol of drug-resistant parasites.

Other parasite stages that are currently being
addressed using nanostructure-based delivery
systems are the mosquito stages [59]. One pos-
sible way would be the administration of these
drug-loaded nanoparticles to humans, which
would subsequently delivery the nanoparticles
from their blood to the mosquito during their
blood meal [59].
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Nanostrategies for Malaria Vaccines

Various nanostructures have been proposed and
tested as delivery vehicles for malaria vaccines
[37, 38]. In the context of vaccines, nanostructures
are delivery platforms in a cocktail of antigens (or
DNA encoding for antigens), adjuvants and
immunomodulatory molecules. This complex
design helps to generate andmodulate the immune
response [60]. Themost advancedmalaria vaccine
candidate RTS,S/AS01 from GSK can be con-
sidered a nanovaccine; the antigen is formulated
as virus-like particle and combined with a lipo-
somal adjuvant system (AS01) [61]. RTS,S/AS01
is an example of a subunit protein/peptide vaccine,
containing part of the circumsporozoite protein
(CSP) of the pre-erythrocytic sporozoite form of
P. falciparum formulated with an adjuvant to
induce strong cellular and humoral immune
response. The clinical outcome of this vaccine is
discussed above.

Another nanotechnological vaccination exam-
ple is the use of viral envelopes, called virosomes,
for targeted delivery of incorporated antigens [62].
This strategy was, e.g. used to successfully induce
production of parasite growth-inhibitory antibod-
ies against apical membrane antigen 1 (AMA1) of
blood stage malaria parasites [62]. In even more
advanced formulations, epitopes are integrated
into designer proteins that self-assemble into
‘virus-like’ nanoparticles themselves [38]. This
combines the high immunogenicity of virus-like
nanoparticles with the purity of designer proteins;
such a self-assembled nanoparticle—based on
CSP epitopes—will enter human clinical trials in
2017 [38].

DNA vaccination is another alternative. In
this case, DNA encoding for certain antigens is
used for vaccination. Unfortunately, free DNA
suffers from insufficient cellular uptake and low
stability in biological fluids. This is circumvented
by protection and delivery of the DNA via
nanocarriers. However, the perfect carrier in
combination with the best route of administration
has not yet been found [37].

In general, malaria blood stage protein-based
vaccines are challenging to design, due to the

difficulty to select and prioritise the antigen or
combination of antigens that can induce a max-
imum protective response. Future protein-based
malaria vaccine development to achieve a highly
effective vaccine, which can either prevent death,
disease or transmission, will need to include new
strategies for identification, selection and for-
mulation of the vaccine [63]. Conserved and
essential antigens, which are not necessarily the
main targets of naturally acquired immunity,
should be selected in the future and most bene-
ficial antigen combinations for protective efficacy
should be found [63]. Furthermore, finding
improved protein vaccine delivery platforms
(nanotechnology) and adjuvants to significantly
fine-tune and enhance humoral and cellular
immunity is another priority [63]. Overall, we
have learned that formulation of an effective
subunit protein vaccine for malaria is extremely
challenging. For final eradication of malaria, a
combination of subunit protein vaccines and
whole parasite vaccines (see previous subchap-
ters) might be the solution [64].

We developed a different nanotechnological
approach that is designed to provide a mixed
drug- and ‘vaccine-like’ activity [65]. This
approach is based on first inhibiting Plasmodium
merozoite invasion into RBCs (drug activity). In
a second step (‘vaccine-like’ activity), the
immune response against extracellular parasites
will be fine-tuned by targeting the merozoite–
nanoparticle complex—obtained during the
‘drug activity’ in the first step—to immune cells
to potentially induce protective immunity. We
finalised the first step of this approach by creat-
ing nanostructures (termed nanomimics) based
on polymer vesicles (polymersomes) function-
alised with a molecule found on RBCs and
known to be important for malaria parasite
invasion [65]. These nanomimics bound to
P. falciparum merozoites after egress from their
host RBCs and inhibited subsequent invasion
(Scheme, Fig. 3, left). Highly potent invasion
inhibition by these nanostructures was found
in vitro, which is explained by strong multivalent
interactions between nanomimics and parasites
(Fig. 3, right) [65, 66].
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Conclusions

The challenges we face with respect to malaria
control, elimination and finally eradication
demand for the establishment of innovative tools
to be added to the current antimalarial arsenal.
Nanotechnology is a rapidly expanding field that
provides advanced solutions to biomedical prob-
lems including malaria. The potential impact of
nanotechnological approaches could be the treat-
ment of drug-resistant parasites, resolving the
features of severe malaria, improving properties of
experimental antimalarial drug candidates, target-
ing and inhibiting transmission stages of the par-
asite, formulation of vaccines with increased
efficacy and innovative combinations of various
functions within a single formulation.
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