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Abstract

Effective diagnosis of infectious pathogens is essential for disease identification and subsequent adequate
treatment, to prevent drug resistance and to adopt suitable public health interventions for the prevention
and control of epidemic outbreaks. Particular situations under which medical diagnostics operate in tropi-
cal environments make the use of new easy-to-use diagnostic tools the preferred (or even unique) option.
These diagnostic tests and devices, usually based on biosensing methods, are being increasingly exploited
as promising alternatives to classical, “heavy” lab instrumentation for clinical diagnosis, allowing simple,
inexpensive and point-of-care testing. However, in many developing countries the lack of accessibility and
affordability for many commercial diagnostic tests remains a major cause of high disease burden in such
regions. We present a comprehensive overview about the problems of conventional medical diagnosis of
infectious pathologies in tropical regions, while pointing out new methods and analytical tools for in-the-
field and decentralized diagnosis of current major infectious tropical diseases. The review includes not only
biosensor-based rapid diagnostic tests approved by regulatory entities and already commercialized, but
also those at the early stages of research.
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Introduction

Infectious diseases cause millions of human deaths
every year,' with more than 95% occurring in poor and
developing countries,? generally in the tropical and
sub-tropical regions of the world. The emergence of
many such diseases over past decades can be mainly
attributed to the demographic explosion in those
countries and the failure of control and eradication
programs.® In parallel, many of these afflictions, espe-
cially vector-borne diseases, have also become serious
threats to more temperate and developed countries.
This is due to increased international traveling and
subsequent exposure of susceptible individuals to
deadly pathogens, as well as to global warming in such
countries.

In the absence of specific treatments and prophy-
laxis for many of these diseases, definite diagnosis
may be of decisive importance. However, in the early
phase the symptoms of many tropical infectious dis-
eases are usually nonspecific; they cannot be clinically
distinguished from those of other infections, therefore
requiring definite laboratory confirmation. Improved
diagnostic tests are necessary for asymptomatic dis-
eases, diseases with misleading symptoms, diseases
requiring different treatments, or for diseases that
by their complex or costly treatment require previ-
ous case confirmation. Even for infections indicated
for syndromic treatment for which there is no clini-
cal need to identify the causal agent, new diagnostic
tools may be required for surveillance and control
purposes in order to deal with the risk of major epi-
demics. Diagnostic strategies need to be effective not
only in resource-limited areas of endemicity, but also
in developed countries where expertise in diagnosis of
tropical diseases is lacking.*

In general, isolation of infectious microorganisms
is the most direct and conclusive approach to medi-
cal diagnosis despite being highly undesirable as a
first-line approach in endemic situations. Moreover,
isolation and classification of the etiological agent can
take days, and the demand for high-level equipment,
technical skills and manpower may be limiting.

Serological techniques are simpler than isolation
and direct detection of the pathogen, but usually
require several days before a sufficient amount of anti-
bodies is produced. Serology is able to yield straight-
forward interpretations even after the first exposure to
the pathogen and after prolonged exposure to a tropi-
cal climate. However, in practice serological diagnosis
is less specific than diagnosis by culture.

Polymerase-chain reaction (PCR) and other
PCR-based automated techniques make use of the
nucleic-acid hybridization process, but require only
electrophoresis of the amplified product, whereas

conventional hybridization requires labeling, puri-
fication and standardization of probes. Despite its
ability to potentially deliver unlimited sensitivity and
amplification, PCR-based methods are usually too
complex, prone to easy contamination, require skilled
manpower and bulky equipment for in-the-field appli-
cations, and sample storage at very low temperatures;
a difficult task in more remote regions.’

The enormous amount of genetic information
brought by extensive genome sequencing has led to
a need for simple, fast, cheap, high-throughput mini-
aturized and mass-producible analytical devices for
the growing market of molecular diagnostics, thus
accomplishing the basic criteria for large-scale and
decentralized biomolecular testing. In this regard,
microchips (also called microarrays or biochips) con-
stitute one of the major trends towards the research
of novel diagnostic systems allowing the monitoring
of thousands of biomolecular interactions using very
small reagent volumes dotted on a single glass slide.
However, their efficiency is usually hampered by the
large size of biological samples and by their complex
treatment (which also makes it difficult to obtain
real-time outputs), difficulty of scaling down the array
density, limited resolution and strong sample concen-
tration dependence.® Microarray technology is still too
expensive to become, in the short term, valuable for
point-of-care diagnosis.

Despite the fact that some technological improve-
ments have met the needs for application in the field,
the available techniques often fail to accomplish
the basic requirements for a successful diagnosis in
tropical sub-developed countries, namely simplicity,
economy, rapidity and accuracy.” Such new diagnos-
tic tools must also meet the challenges of the evolving
regulatory, payer and patient requirements, as well as
the new business and economic realities.?

Unlike bioassays or conventional bioanalytical sys-
tems, biosensors do not require additional processing
steps (e.g. reagent addition), and are characterized by
permanent fixing of the assay design in the construc-
tion of the device.®’ Biosensors are usually designed
to be highly selective, sensitive, fast, portable, easy to
operate, reusable, cheap, and in general, response-
proportional. In this sense, they differ considerably
from microarrays. Many commercial biosensors rely
on dipstick or immunochromatographic formats,
very suitable for single-case diagnosis in field
applications.

The ultimate goal of decentralized testing may be
the fabrication of lab-on-a-chip devices, essentially an
adaptation of microchips with channels and chambers
for biorecognition in liquid rather than solid phase,
similar to the in vivo conditions. They integrate, in a
single platform, modules for specimen processing,
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amplification, biochemical reactions and product
detection. Disposability is also an advantage, espe-
cially when dealing with infectious agents; it not only
eliminates the problem of the biohazardous nature of
infected body fluid wastes, but also avoids the need for
washing steps between sample preparations, a serious
burden in many tropical regions poorly supplied with
clean water.”® Other advantages include lower con-
tamination, reagent consumption, time of detection
and cost, as well as enhanced rapidity, performance
and automation ability. Nevertheless, many lab-on-a-
chip devices still require off-line sample preparation
and reagent handling, and are therefore unsuitable for
routine home testing.!

Nanobiotechnology has been an emergent theme
for development and production of new bioanalytical
procedures, structures and systems. It is possible to
view, in technological and industrial terms, the fab-
rication of future nanochips and nanofluidic systems
as an extension of current mechanical methods for
production of microsensing devices, but the need for
high-throughput analysis is creating a demand for a
broader range of low-cost and easy fabrication meth-
ods. This may correspond essentially to shifting from
top-down to bottom-up methods, which are prone to
cheap and easy production of small nanostructures.

On the other hand, mass spectrometry (MS) tech-
niques have been used for a long time for pathogen
detection and quantification using bulky labora-
tory apparatus. Unlike rapid and simple biosensing
devices, MS is able to identify pathogens in samples of
unknown composition, which constitutes a different
paradigm in biodetection. MS techniques allow rapid
biodetection, a high degree of automation and soft-
ware control and no need for specialized manpower.
However, they are handicapped by difficult device
miniaturization, high complexity and high-power
instrumentation. As such, it will be a long time before
MS-based platforms can fulfill the necessary require-
ments for application in point-of-care diagnosis in the
field.

One of the most important characteristics of rapid
diagnostic tests is the ability to provide quick results,
an essential feature to avoid delays in starting the
appropriate therapy, thus leading to reduced mortal-
ity and hospitalization costs.'? Delayed diagnosis can
ultimately result in longer patient suffering, increased
pathogen toxicity and drug misuse, higher probabil-
ity for sudden of more severe symptoms and com-
plications and increased risk for acquisition of drug
resistance.

The unprecedented opportunities for innova-
tions in new diagnostic tools have benefited from the
increased potential for the discovery of novel diag-
nostic biomarkers through genomics and proteomics,

better understanding of pathogen virulence factors
and host gene expression, and developments in cut-
ting-edge materials science and nanotechnology.
The application of this wide technical capacity to the
enormous medical needs of developing countries is
a major challenge for the public sector, given the lack
of obvious attractive commercial markets for private
entrepreneurs. The following text will attempt to cover
the general context of diagnosing tropical infectious
diseases, especially in developing countries. Old
diagnostic techniques and new rapid tests based on
biosensor technology will be reviewed, as well as the
status of their application for the medical diagnosis of
some of the main infectious tropical diseases.

The threat of tropical infectious diseases

Overall, communicable and non-communicable
diseases account for several dozen million individual
deaths each year, for which infectious and parasitic
diseases correspond to approximately 35%.! From
these, around 1 million die annually from malaria, 4.3
million from acute respiratory infections, 2.9 million
from enteric infections and 5 million from AIDS and
tuberculosis (TB). Other parasitic and sexually trans-
mitted infections account for hundreds of thousands
of deaths. More than 95% of resulting deaths occur
in poor and developing countries mainly located in
the tropical and sub-tropical regions of the world.?
In addition, increasing human populations, human
migrations and the collapse of vector control programs
(frequently the most effective measure for preventing
disease) in many countries, have led to outbreaks of
many of such pathologies.* Among the most serious
emergency health care drawbacks in endemic coun-
tries is transfusion with contaminated blood, since
screening of donors does not include monitoring of
many infectious agents able to infect either whole
blood or some blood components.'?

At the same time, many endemic diseases of tropi-
cal and sub-tropical regions are also potential threats
for more temperate regions. The threat of their expan-
sion comes mainly from an increase in air travel,
which transports travelers to endemic areas, as well
as conveying pathogens, their vectors and patients
themselves to previously disease-free regions, thus
putting susceptible (non-immunized) humans in
close and prolonged contact with tropical pathogens.
Among travelers, special attention and care must be
paid in the case of vector-borne diseases, since they
may result not only from severe infections brought
from endemic countries (where, very often, they occur
in the form of epidemical outbreaks),* but also from
infections acquired post-traveling, i.e. in the returning



Critical Reviewsin Clinical Laboratory Sciences Downloaded from informahealthcare.com by Technische Universiteit Eindhoven on 06/26/14
For personal use only.

142 Fernando Sérgio Rodrigues Ribeiro Teles et al.

countries, as a result of vector importation (e.g. in air-
line-shipped luggage). Most of the infectious diseases
in the tropics are treatable, but accurate identifica-
tion of patients requiring treatment remains a difficult
task for disease control. Improved diagnostic tests will
likely have little or no impact for diseases which are
easily recognized by their clinical symptoms, and
for which syndromic treatment is recommended.
Moreover, there is no clinical need to identify the
causal agent of these diseases. By contrast, these tests
are necessary for asymptomatic diseases, for diseases
with misleading symptoms, for diseases requiring
different treatments, or for diseases that by their
complex or costly treatment require previous case
confirmation. However, even for easily recognizable
diseases, surveillance and ongoing control measures
must be maintained in order to deal with the risk of
major epidemics. Depending on the control strategy,
better diagnostic tests may be needed for case-find-
ing (identification of nearly asymptomatic infection
cases) and case management, and for improvement of
disease surveillance. On the other hand, surveillance
enables program managers to monitor the effective-
ness of intervention strategies and to identify which
populations require continuing interventions.

The importance of diagnosis

Many disease control programs around the world,
including those for malaria and tuberculosis (TB), have
been threatened by the rise of drug resistance from
pathogens and vectors, with a subsequent increase
in treatment costs, complexity and effectiveness.? In
the absence of specific treatments and prophylaxis
for many of those diseases (for instance, the develop-
ment of safe and effective vaccines requires laboratory
testing, production and validation), diagnosis may be
of decisive importance. However, specifically in the
early phase, the symptoms of many tropical infec-
tious diseases are usually nonspecific; they cannot be
clinically distinguished from those of other infections
and therefore require definite laboratory confirmation.
For many diseases such as malaria the high accuracy
of clinical diagnosis is hindered, even in regions with
high incidence rates, by indistinct clinical symptoms
and also by co-infections.'® The importance of differ-
ential diagnosis is even greater in cases where at least
one of the cross-symptomatic infections requires spe-
cific treatment.

For many tropical disorders, the best diagnostic
tools currently available require laboratory staff and
equipment. Simpler tests are urgently needed for diag-
nosis of most tropical afflictions especially in primary
health care centers in order to reduce errors both in

sample preparation and in result interpretation. The
increasing number of reported cases of tropical infec-
tions amongst European and US tourists reflects both
the preference for holidays in endemic areas and the
reluctance to take prophylactic medication.'® The
lack of acquired immunity of these travelers too often
leads to rapid fatal outcomes without early diagnosis.
This situation is about to worsen as global warming
is rapidly spreading vectors and pathogens of tropical
infections to non-endemic regions, including southern
Europe and the US. Thus, diagnostic strategies need to
be effective not only in resource-limited areas of ende-
micity but also in developed countries where expertise
in diagnosis of tropical diseases is frequently lacking,*
a serious drawback for disease management in travel-
ers returning home.

The importance of simple and affordable diagnos-
tic tests for infectious diseases, based on modified
molecular technologies, has been rated ahead of that
of vaccines or medicines."”

Classical methods of laboratory diagnosis

In general, isolation of infectious microorganisms is
the most direct and conclusive approach to medical
diagnosis. In fact, since the nineteenth century clini-
cal microbiology has basically evolved around culture,
microscopic analysis and staining, a paradigm that
only recently has changed with the advent of molecu-
lar biology tools, which have the additional advantage
of assessing bacterial resistance.

Microscopic examination is the “gold-standard” test
for confirmatory diagnosis of many tropical infectious
pathologies, despite being highly undesirable as a first-
line approach in endemic situations. Moreover, some
days are often required for isolation and classification
of the etiological agent, and usual demand for high-
level equipment, technical skills and manpower may
be limiting. As such, the highest sensitivities are rarely
obtained outside specialized laboratories.'® The whole
process of preparing specific enrichment media to
separate, identify and count bacterial cells may take a
few days after collecting the test sample.*

Culture enables determination of antimicrobial
susceptibilities, but in tropical environments is ham-
pered by the need for stringent transport conditions to
maintain specimen viability and a constant supply of
reagents and electricity.?

Serological techniques are simpler than isolation
and direct detection of the pathogen, but usually
require some days until a sufficient amount of anti-
bodies is produced. Serology is able to yield straight-
forward interpretations even after the first exposure to
the pathogen (unlike in cases of previous infections)
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and suitable for testing even after prolonged exposure
to a tropical climate because antibodies are not easily
inactivated by harsh treatment of specimens. In addi-
tion, serological techniques are relatively simple and
some reagents are commercially available. However,
in practice, serological diagnosis is, in general, less
specific than diagnosis by culture, and usually requires
paired specimens (as is the case of the well-known
hemagglutination-inhibition (HI) test), which delays
diagnosis.

Alternatively, conventional methods for specific
genomic sequence analysis include nucleic acid
sequencing and hybridization between a known DNA
sequence (probe) and the complementary chain (tar-
get). Among them, nucleic-acid hybridization is the
more routinely used in clinical laboratories, due to its
higher simplicity.?

Meanwhile, new biomolecular approaches for diag-
nostics have been fueled by strong societal and gov-
ernmental demands. They offer the advantage of assay
running in a highly parallel format on a cost-effective
basis and with considerable time savings which may
be important for point-of-care testing. Criticism about
molecular diagnostics usually relies on the fact that
positive-tested samples do not always correspond to
current infections and that, among these, not all lead to
disease. However, techniques for molecular diagnosis
are singularly useful for detection of microorganisms
that are not easily cultivated in vitro or when methods
based in growing cultures and microscopy have low
sensitivity, or when they are too expensive, laborious,
unreliable or unavailable.?!

PCR and other PCR-based automated techniques
make use of the nucleic-acid hybridization process,
but require only electrophoresis of the amplified
product, whereas conventional hybridization requires
labeling, purification and standardization of probes.
Despite its ability in principle to render unlimited
sensitivity and amplification, PCR-based methods are
usually too complex (requiring meticulous manipula-
tion for optimal preparation of specimens), prone to
easy contamination (leading to false-positive results)
and require skilled manpower and bulky equipment
for applications in the field.> The storage of serum
samples at very low temperatures may be essen-
tial, for example, for maintenance of nucleic-acid
samples in optimal conditions, a hard task in many
remote regions. While the development of real-time
TagMan® PCR provides some improvements over
conventional PCR, it does not avoid the somewhat
time-consuming two-step amplification, composed
of a reverse-transcription (RT) step (for DNA produc-
tion from RNA genomic material, e.g. in the case of
RNA virus) and an expensive second thermal cycling
PCR step (RT-PCR). Ultrafast PCR can already achieve

more than 30 cycles in less than 15min. This has been
mainly achieved by reducing the solution volume to be
cycled or by pumping fluid through serpentine or spiral
flowing channels with alternating temperature zones.
Other DNA amplification techniques are rolling-circle
amplification, strand-displacement amplification, RT
loop-mediated amplification and helicase-mediated
amplification. These methods operate isothermally,
which greatly simplifies instrument design while being
generally less efficient than PCR.?

Compared to immunoassays (in which antibody
raising usually requires a long time), genetic testing
can be detected in real time as soon as the patient
has been infected. As molecular techniques become
increasingly efficient and more widely used, result-
ant lower costs per test will bring greater applicabil-
ity and implications of molecular diagnosis for the
clinics.?!

Microarrays

The enormous amount of genetic information pro-
vided by extensive genome sequencing has raised
the need for simple, fast, cheap and high-throughput
miniaturized and mass-producible analytical devices
for the growing market of molecular diagnostics,
thus accomplishing the basic criteria for large-scale
and decentralized biomolecular testing. Genome
sequencing has allowed the detection of inherited
disease-causing point mutations and human patho-
gens through their particular specific nucleic acid
sequences. Drug screening, monitoring of differential
gene expression and forensic analysis have also ben-
efited from the ongoing research in microarray tech-
nology. In this regard, biochips constitute one of the
major trends towards the research of novel diagnostic
systems usually associated with microfabrication of
diagnostic kits by screen-printing techniques (which
allows highly selective immobilization of their recog-
nition elements?), inspired by planar, silicon-based
technologies. Biochips are essentially very dense
microband sensor arrays coated with different probes
for simultaneous detection of multiple targets (with or
without a label) printed on the chip by conventional
photolithography.?® They allow monitoring of thou-
sands of biomolecular interactions using very small
reagent volumes dotted on a single glass slide.
Instead of single-cased biosensors, miniaturized
sensor arrays can offer multi-component informa-
tion, dynamic compensation for sample matrix effects,
detection of malfunction/deterioration and improved
selectivity through the interpretation of response
patters obtained from the array.?® DNA microarrays
for multiple and simultaneous target detection make
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use of sequence-specific DNA detection, and have
been extensively used for studying genomic structure
and gene expression. They achieve high efficiency of
analytical processing, as a high density of individual
hybridization spots is a major characteristic of micro-
chip-based genetic analysis. The high frequency of
optical signals - compared, for instance, with electrical
ones - is an undeniable advantage considering the
enormous amount of information that can be carried
by optical devices. This has been decisive for the supe-
rior commercial success, in the last few years, of many
optical sensing platforms, compared to those based
on other transduction mechanisms. Some of the most
commercially successful platforms include, the pioneer
GeneChip® high-density (high spatial resolution of
individual probes) microarray from Affymetrix (Santa
Clara, CA), with fluorescence-based detection cou-
pled to a confocal readout; the fluorescence-detecting
microbead-based BeadXpress® array system from
[lumina (San Diego, CA); the pioneer BIAcore (real-
time biospecific interaction analysis) surface plas-
mon resonance (SPR)-based platforms of Pharmacia
Biosensor (Uppsala, Sweden);** and the NanoLantern
from Lighthouse Biosciences (West Henrietta, NY)
that reaches exquisite sequence specificity by using
DNA hairpin probes, which is further enhanced by the
conversion of raw genomic sequences into effective
hairpin probes through a DNA folding computational
program that predicts genomic DNA portions with
naturally occurring hairpin structures.? It is envisaged
that many of these systems may be applied to several
biochemical assays, including DNA and protein arrays,
and may eventually replace the well-known enzyme
immunoassay (EIA). The difficulty of implementing
EIA in routine clinical settings arises from the lack of
robustness when performed occasionally and for sin-
gle-case identification. Conventional EIA requires long
assays and significant amounts of expensive reagents
and equipment, thus being unsuitable for efficient use
in resource-limited settings.

Microarrays have also been adapted to monitor
pathogen mutations that give rise to drug resistance,
e.g. DNA segments from regions of interest can be
dotted onto a glass slide and hybridized with DNA
from clinical isolates. The signal of the complemen-
tary sequences is stronger compared to that of the
hybrids containing point mutations. The efficiency
of microarrays is usually hampered by the typically
large size of biological samples and by their complex
treatment, which also makes it difficult to obtain real-
time outputs. Other drawbacks include the difficulty of
scaling down the array density, limited resolution and
strong sample concentration-dependence.® Moreover,
in spite of the ability of DNA biochips to detect many
genes in a single assay, detection at the cellular level

without previous genomic sequence amplifications
remains limited.” Microarray technology is still too
expensive to become valuable for point-of-care diag-
nosis in the short term. It seems clear that implement-
ing sensor arrays with multiple-sample delivery, while
being simple in concept, will require improved tech-
nological development fueled by strong commercial
demands.*

The “ideal” diagnostic test

An “ideal” diagnostic test should overcome the main
limitations of the existing techniques. Despite the fact
that some technological improvements have met the
needs for application in the field, the available tech-
niques often fail to accomplish the basic requirements
for a successful diagnosis in tropical sub-developed
countries namely, simplicity, economy, rapidity and
accuracy.” Under tropical environments, successful
employment of diagnostic devices must take into
account the lack of (good quality) water, irregular
electricity supply and high temperatures and humidi-
ty.?” In this regard, analytical in vitro diagnostic equip-
ment must comply with the needs of a larger and more
decentralized target market. Ideally, the test should
be able to detect recrudescence or relapse and blood
clearance of the pathogen if therapeutic monitoring is
required.” Such new diagnostic tools must also meet
the challenges of the evolving regulatory, payer and
patient requirements, as well as the new business and
economic realities.® These rapid diagnostic tests are
useful in primary health care settings where there may
be no electricity for diagnostic equipment or refrigera-
tors for reagent storage. The World Health Organization
(WHO) has proposed the acronym “ASSURED tests” to
describe the ideal characteristics of a diagnostic test for
resource-limited settings, namely affordable, sensitive
(vielding few false-negative results), specific (yielding
few false-positive results), user-friendly (simply to
perform and requiring minimal training), rapid (ena-
bling treatment at first visit) and robust (not requiring
refrigerated storage), equipment-free, deliverable (to
those who need it).?

Many walk-in health care environments are located
in remote and poor regions worldwide. In such condi-
tions, tests and their results must be supplied at once
while the patient is still in the clinical facility, as the
return of the patient (some days after), who often has
to travel long distances for test results is not always an
easy task. Thus, even when competing with the high-
est sensitive laboratory-based assays, ASSURED tests
may allow more infected people to receive treatment.
Consequently, the best test is not always the most use-
ful one.
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Biosensors: new diagnostic tools

Recent advances in bioelectronics have generated
many diagnostic kits and new techniques based on
biosensor technology which have been commercially
exploited. Biosensors are compact and portable ana-
lytical devices that convert a biochemical reaction or
interaction into an analytical signal that can be further
amplified, processed and recorded. Biorecognition
occurs directly on the surface of a physical transducer,
unlike in conventional solid-state formats. Biosensors
consist of integrated modules where the biochemical
components, the transducer (e.g. electrochemical,
piezoelectric, acoustic or optic) and the detector are
packaged in a single unit. Unlike bioassays or conven-
tional bioanalytical systems, biosensors do not require
additional processing steps (e.g. reagent addition), and
are characterized by permanent fixing of the assay
design in the construction of the device.® Unlike indi-
vidual biosensors, biochip surfaces must be scanned
for acquisition of full information about the bioaffinity
reaction profile. The ongoing progress from microar-
rays to biosensors will certainly be mediated by the
production of disposable, easy-to-use devices, thereby
obviating the typical limitations of current microarray
technology.

The most important application of biosensors is in
the rapid and early detection of pathogens in blood
stored in donor blood banks,* but also for detection
of virulence in vaccines, of dangerous pathogens in
the environment, and of septic wounds (bandage-like
devices), as well as disease in prevalence surveys.?
Biosensors should allow easier, faster and cheaper
results than traditional bioaffinity assays, while
keeping high sensitivity and specificity of detection.
Ongoing research and increased sensitivity have
pointed towards the development and optimization of
devices to operate in an in vivo or non-invasive mode
(e.g. using urine specimens), precluding the need
to draw and handle blood.'® Due to the complexity
of some pathogen’s life cycles, molecular diagnosis
with new and rapid tests often remains too invasive
and challenging. As such, in vivo measurements fre-
quently make use of implantable devices, a process
significantly less invasive and damaging for body’s
structure and function when miniaturized devices are
used. Under prolonged use, however, the efficacy of
implanted biosensors may be limited by the need for
sterilization, the leaching of toxic components from
the biosensor, eventual lack of device’s biocompat-
ibility, and difficulties in calibration.

Biosensors for glucose detection still represent by
far the greatest group of developed and commercial-
ized biosensors for rapid and in vitro clinical diagno-
sis. The commercial driving force may, in part, be due

to the conjugation of two facts not easily achievable
with other diseases, namely a potentially very broad
target public and the need for multiple daily screen-
ings. Many glucose and other commercial biosensors
rely on dipstick or immunochromatographic (lateral
flow) formats, very suitable for single-case diagnosis in
field applications. In these formats, which are similar
to those of cheap, rapid and common immunoassay
pregnancy tests, the clinical liquid sample migrates
across the surface of a nitrocellulose membrane by
capillary action.** However, some diseases (including
diabetes) cause significant visual disabilities, which
may lead to misinterpretation of results by end-user
patients. As a consequence, devices with digital
output-based displays have opened the door to other
forms of signal generation.

Classification and characterization of biosensors
for medical diagnosis

Biosensors can be tailored to the detection of nucleic-
acids (genosensors), antigens or antibodies (immu-
nosensors), enzymes, whole-cells, non-enzymatic
receptors and carbohydrates (among which glucose
is the most well-known). Amongst them, immuno-
sensors and genosensors are the most well studied
for their clinical relevance. Immunosensors exhibit
the advantages of sensitivity and selectivity inherent
in the use of immunochemical interactions, although
cross-reactivity may occur. A major drawback of geno-
sensors when compared to immunosensors is the
fact that, in vivo, microorganism genomes are tightly
packaged inside the cell biomembrane, thus, their
concentration may be too low for a successful diag-
nosis without prior amplification by PCR. In general,
microorganism proteins are also more abundant than
nucleic acids. Despite the ultimate goal of directly
determining DNA traces in clinical samples, only very
low levels of nucleic acids exist in biological fluids,
otherwise undetectable, if previous PCR amplification
is not performed.* In the case of blood infections the
amount of human genomic DNA can be 10 times
higher than pathogen target DNA; an important chal-
lenge in terms of sensitivity and selectivity.* Of note,
a truly high performance biosensor with an immo-
bilized DNA-probe should be able to discriminate a
single base-pair mismatch between different target
DNA sequences. Biosensor schemes for single copy
detection have already been developed, but amplifica-
tion has the benefit of increasing the signal-to-noise
(S/N) ratio of an assay, thus lowering the probability of
interferences by sample contaminants. In this regard,
a key challenge has been obtaining sufficiently pure
nucleic acid templates to allow efficient amplification.?
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Moreover, salt-dependent electrostatic effects greatly
influence the stability, structure, reactivity and bind-
ing of nucleic acids in solution or at an interface.*

DNA, on the other hand, is the only biomolecule
that can be easily copied and amplified by PCR and
other related techniques. Careful choice of a suit-
able DNA sequence conserved within the genomes
of pathogens of the same species is usually the basis
for DNA hybridization detection in such cases. DNA
also has superior ability to distinguish different strains
of the same organism, especially when isolated from
different geographical locations, by simple choice of
strain-specific DNA probes. Moreover, when com-
pared to immunological assays, nucleic acid testing
allows earlier diagnosis.** Unlike antibodies, DNA
forms biological recognition layers easily synthesiz-
able and reusable after simple thermal melting of
the DNA duplex.*® Nucleic acid arrays are also more
suitable than protein counterparts for direct synthe-
sis onto a chip surface, without the need to produce
and purify the ligands.*® Concerning the transduction
mechanism, electrochemical and optical biosensors
are by far the most promising and readily available in
biosensor research and development. Most described
catalytic (e.g. enzyme-based) biosensors rely on
electrochemical transduction, whereas affinity (e.g.
protein- and nucleic acid-based) biosensors are usu-
ally more suitable for optical methods.*”

In general, electrochemical biosensors are relatively
simple, rapid, less costly and amenable to miniaturiza-
tion and mass-production when compared to optical
biosensors. Together with the adaptability, compat-
ibility with microfabrication techniques, low power
demands and the portable nature, electrochemical
transduction seems appropriate for decentralized
diagnosis of many infectious and inherited diseases.*
These biosensors, however, have problems of inter-
ference from electrochemically active substances and
troublesome electron-transfer pathways between
the biosensing layer and the surface of the bare
electrode.

Concerning optical transduction, fiber-optic sen-
sors seem the most suitable for decentralized testing,
because of the absence of electrical interferences,
inherent small size, high transmission efficiency
and chemical stability and flexibility, thus open-
ing the way to miniaturization and remote sensing.
Furthermore, the harmless nature of optical signals
(compared with electrical ones), biocompatibility
and the easy sterilization make them attractive for in
vivo measurements.** Nonetheless, their propensity to
interference from biological samples and the intrinsic
complexity and expense of most optical transducers
and components has hindered wider applications for
use in the field.

Mass-sensitive piezoelectric biosensors constitute
another important class of biosensors. However,
regardless of their wide use in on-the-bench systems,
they seem quite limited for field use since their per-
formance and sensitivity strongly depend on perturb-
ing external influences, e.g. even very small fluctuations
in the surrounding air flow. In general, appropriate
performance of piezoelectric biosensors requires
extensive washing and drying steps. Obviously, this
severely restricts real applications to well-controlled,
in-house laboratory conditions.

Lab-on-a-chip and microfluidics

There has been a growing interest over the past years
for microfluidic analysis schemes and devices (also
called micro total analytical systems (uTAS), lab-on-
a-chip or biomicromechanical systems (bioMEMS)),*
essentially an adaptation of DNA chips, containing
channels and chambers for flowing liquids. Such
flow-through systems, which are often built on metal
oxide substrates, have emerged with advances in
materials sciences, and possess obvious advantages
compared to simple discrete single reaction ves-
sels. Microfluidic devices integrate, in a single chip,
modules for specimen processing, biochemical reac-
tions and product detection, with on-chip control of
thermo-pneumatic pumps, micro-heaters and tem-
perature sensors, miniaturized fluorescence detec-
tors, sample/analyte concentrators and filters. The
advantages include lowering contamination, reagent
consumption and time of detection, while enhancing
rapidity, performance and automation ability. In these
systems the biorecognition event occurs in a liquid
instead of a solid phase, a similar condition to the in
vivo microenvironment. The ability of microfluidic
platforms to manipulate very small volumes of fluid
(thus minimizing the sample volume needed for
analysis) has great interest for faster and more accu-
rate molecular diagnosis.

Ultimately, the goal in decentralized testing is
achieving a suitable lab-on-a-chip device fulfilling the
ASSURED criteria.> Detection sensitivity in particular
can be improved by surpassing some geometrical con-
straints of on-chip devices. This can be accomplished
by decreasing the complexity of flowing channel
configurations, for example, by simply shaping the
detection region in the format of an expanded blis-
ter.** Consequently, the fluid sample speed decreases
in the detection region, but the detection throughput
remains the same since the flow rate also does not
change. In this way detection sensitivity can be sig-
nificantly enhanced compared to normal channels.
Ongoing efforts with DNA chips aim the production
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of PCR-free DNA detection systems, but this has not
been fully achieved yet in commercially available
devices.*

As efforts for improving the amplification and
detection of nucleic acids have been a major concern,
the sample preparation and the nucleic acid extraction
steps remain relatively underestimated with regard to
the development of a true point-of-care diagnostic
device. In addition, many of these current systems
also require off-line sample preparation and reagent
handling, being therefore unavailable for routine
home testing.!! These pretreatments for cell lysis and
subsequent extraction (with eventual labeling) of the
target nucleic acid sequence significantly burden these
assays, the reason why many efforts have been made to
develop rapid and reliable methods to break the hard
coating that packages genetic material within many
bacterial and viral cells,® and ultimately for whole-
organism detection.

The concept of uTAS is rapidly becoming an inde-
pendent area of analytical chemistry. This is due to
the fact that the combination of sample analysis and
rapid analysis offered by microfluidic devices is blur-
ring the traditional distinction between sensors and
instruments as these new systems exhibit some char-
acteristics usually associated with biosensors (e.g. real-
time outputs and small size).?® The high reliability of
optical microscopy for detection and imaging of infec-
tious pathogens (at both cellular and molecular levels)
has been combined with microfluidic technologies
to develop point-of-care diagnostic devices.”® These
systems usually face problems of lack of portability
and expensive optics, but new platforms based on
lensless and portable charge-coupled devices (CCD)
have emerged as promising alternatives for cell detec-
tion.* Instead of using typical fluorescent labeling,
these systems may operate by simpler shadow imaging
processes, thus opening up opportunities for incorpo-
ration into portable self-powered platforms for use in
the field. The trend for miniaturization of conventional
flow cytometers has been propelled in part by conven-
ient lensless imaging techniques.*

Minimal expensive and complex optics, label-free
detection and simple channel geometry are essential
requirements for cytometer miniaturization. An addi-
tional requirement for this goal is sheathless focusing
of the flowing sample, aiming to prevent direct contact
between the sample and the microchannel inner walls,
thus avoiding nonspecific cell or molecule adsorp-
tion.”® Technological improvements have recently
paved the way for further miniaturization of micro-
fluidic devices down to the nanofluidic domain, basi-
cally an extension of microfluidics to fluid flow and
manipulation around nanoscaled structures.”” The
goal is to surpass limitations of microfluidics, namely

spatial and temporal control of nanosized biological
entities such as viral particles.” Lab-on-a-chip devices
promise to lower the cost of point-of-care diagnosis,
for which the cost of reagents and mass-production,
the quality control and the ability for miniaturization
must be taken into account.®

Nanobiotechnology

An emergent topic in the development of new bio-
analytical procedures, structures and systems is
nanobiotechnology. A brand new range of electronic
devices and biosensor nanoplatforms has emerged as
a consequence of the inherent small size and unusual
physicochemical properties of nanoparticles, unlike
those of bulk materials. As the system decreases below
10nm, many physicochemical properties such as
plasticity, thermal and optical parameters, reactivity,
catalytic ability, electron/ion transport and quantum
mechanical properties become more pronounced.*
Moreover, with an appropriate transducing method the
selectivity of nanobiosensors may be tuned as a result
of signal dependence on nanoparticle morphology.*
By avoiding the use of complex and expensive instru-
mentation, many nanoparticle-based biosensors seem
quite promising for point-of-care diagnosis.
Traditionally, nanostructures involved in capillary-
driven microflow within plastic supports have been
used to scale-up disposable microfluidic devices
for mass production through known molding tech-
niques.** Inversely, it is possible to see, by techno-
logical and industrial innovation, mass fabrication
of future nanochips and nanofluidic systems as an
extension of current mechanical methods for pro-
duction of microsensing devices most often based
on organic polymers and gels, especially polydimeth-
ylsiloxane (PDMS) frames. However, the need for
high-throughput analysis is creating a demand for
a broader range of less costly and easier fabrication
methods. Paper, for example, has been assayed as a
potential and suitable material for high-throughput
production of disposable chip devices through lithog-
raphy-based processes that avoid the requirement for
complex microfabrication infrastructures.>® Even so,
complying with growing cost-effectiveness and sim-
plicity may correspond essentially to shifting from
top-down methods (which begin with a patterned,
larger-scale layout and reducing its dimensions) to
bottom-up methods, by building up nanostructures
from atoms or molecules. Such bottom-up methods
are conducive to cheap and easy production of small
nanostructures. The sudden rise in the expected
cost/benefit of miniaturizing photolithographically
produced microsystems has led to the assembly of
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micromechanical systems and functional biomimetic
structures in the 5-100 nm range.**

Carbon nanotubes (CNTs) are among the most
recently developed and promising bottom-up nan-
otechnological platforms for electrochemical biosens-
ing. This is due to a notable range of unique electronic
properties, including excellent electrical conductivity,
and enlarged surface area for DNA immobilization,
which makes them excellent elements for chemical
sensing. In addition, they are physically robust and
inert towards most chemicals.”® As part of a loosely
packed nanostructure network, each nanotube may
act as an individual nanoelectrode, with sufficient free
space between neighboring nanotubes preventing the
overlap of their diffusion layer, therefore yielding high
S/N ratios and improved detection limits.>® In view of
the unavailability of fast, sensitive, selective, inex-
pensive and easy-to-use methods for detection and
quantification of pathogenic bacteria cells, CNTs were
used as efficient ion-to-electron transducers in poten-
tiometric analysis for specific electrochemical detec-
tion of ultra-low levels of such targets.'® Traditionally
this is difficult without chemical labeling, as the
receptor-bacteria interaction does not yield a meas-
urable electrochemical signal; however, CNT-coupled
aptamers can be used as highly selective receptors to
detect such living cells as easily as measuring the pH
value. Aptamers are specific nucleic acids that mimic
antibodies in many applications, being comparable in
affinity and specificity, while not requiring animal sys-
tems for their production, occurring rather in vitro.>®
In this sensor, the presence of target bacteria prob-
ably induces a conformational change in the aptamer
which, in turn, promotes a charge change to the CNT
(leading to a change in potential). Simultaneously or
alternatively, the bacteria can also lean towards the
CNT, thus establishing charge transfer between them
and the highly concentrated H* ions that surround the
cell wall. Highly accurate linear response and good
reproducibility were obtained without any pretreat-
ment. CNT-aptamer hybrids have been successfully
used for nanobiosensing of a wide range of molecular
targets.>”*®

Nanowires are an interesting nanostructure of
metallic or semiconducting materials, with potential
use for the interconnections of biochip circuits.*

Another important bottom-up nanostructure is the
quantum dot (QD), a type of nanoparticle for fluores-
cence tagging of probe biomolecules. It differs from
a conventional organic fluorophore by its brightness
(due to the higher quantum yields) and its photosta-
bility. In addition, its color can be directly correlated
with its size, with emission of a single, well-defined
wavelength after excitation (a higher size correspond-
ing to a higher emitted wavelength). QDs have broad
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Figure 1. Schemes of novel nanostructures for biosensing. (A) QD.
Specific binding occurs between a fluorophore-tagged target-bi-
omolecule (e.g. a DNA strand from a clinical sample) to a specific
probe-molecule (e.g. the complimentary DNA strand) immobilized
on the surface of a QD. Afterwards, light excitation of the assembly
with a particular wavelength results in QD-originated emission. In
addition, through the cascade phenomenon of fluorescence reso-
nance energy transfer (FRET), which occurs between the donor QD
and the acceptor fluorophore, specific emission of the fluorophore
at a given wavelength also takes place. (B) Single-walled CNT. In
the biorecognition event, the target biomolecule is specifically
recognized by the probe attached (through a linker) to the trans-
ducer surface-immobilized CNT. (C) Aptamers. The DNA aptamer
probe can be tagged, in one extremity, with an organic label (L),
e.g. fluorescent or redox, which is in close proximity with the trans-
ducer surface. In this layout, electronic flow between the trans-
ducer surface and a closely located electroactive label or absence
of fluorescence (due to tight binding of a fluorescent label to a
quencher located near the aptamer/transducer binding site) may
be observed, among other possible changes. Specific hybridization
with the complimentary DNA chain (target) causes linearization
of most of the aptamer linear sequence. As a result, L moves away
from the transducer surface, thus rendering a specific signaling
response (e.g. electroflow vanishing or arising of fluorescence).

absorption spectra and narrow emission spectra with
large emission shifts, allowing excitation at wavelengths
far-removed from their emission peaks.* Nearly all
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QDs of different emission peaks can be excited using
a single short-wave excitation source, making it a
powerful tool for monitoring several components in
complex biological systems.® These properties make
dots of different sizes suitable as distinguishable labels
for different targets.*

Nanostructures for biological detection (some of
them are schematically depicted in Figure 1) may be
built in the form of nanoarrays, which are intuitive
extensions of microarrays to nanoscale dimensions.
These arrays sometimes may include millions of
unique peptide or oligonucleotide sequences, allow-
ing testing replicates for each probe, and S/N ratio
enhancement in turn. Ultra-high density nanoarrays
constitute promising powerful tools for genomic- and
proteomic-based assays and screening, as millions
of minimal biomolecular variations can be scanned
concomitantly using very small sample volumes.®

Implantable biosensors for in vivo diagnosis

Nanotechnology has accompanied recent develop-
ments in implantable biosensors for in vivo diagno-
sis. Implantable biosensors are especially useful for
continuous monitoring of biomarkers in the body,
while not requiring patient intervention. Unlike in
vitro diagnostics (e.g. in the form of test strips), this
approach allows earlier and more reliable indication
of disorder and disease. Implantable biosensors will
allow real-time detection of a pathogen in the organ-
ism in a way that not only accounts for the patterns and
trends associated with patient daily habits, but also
enables the triggering of fast responses to changes in
pathogen changes. Understandably, most developed
implantable biosensors have been tailored for glucose
measurements in diabetic patients. One major handi-
cap of implantable devices is their propensity after
implantation to fouling from proteins and living cells.
This may hinder biotarget mass transfer and significant
changes in local O, concentrations, leading to signifi-
cant errors in the sensor’s response (as O, is a cofactor
in most enzymatic biosensors) and compromising its
long-term stability.5*%*

Another drawback is the generation of tissue
inflammation due to foreign body response, the sig-
nificance of which depends on the extent of the tissue
damage that occurred during implantation. Foreign
body response was initially countered with the use of
biocompatible antifouling coatings. However, despite
not rendering toxic effects to the body, biocompatible
materials still stimulate immune responses associated
with the implantation event.® Biodegradable materials
have also been applied for construction of implant-
able biosensors, aiming to facilitate explantation at

the end of their useful life. Unfortunately, combina-
tion of biodegradable and biocompatible materials
within implantable devices has been considered a
difficult task.*® These obstacles have led to device
miniaturization as a way to minimize body tissue
damage, and thus patient invasiveness, e.g. by using
implanted ultra-fine needles.® This is the challenging
task for miniaturization of all biosensor components,
including sensing elements, power sources and signal-
processing elements. In this context nanotechnological
approaches have been introduced in order to improve
an implantable biosensor’s performance, namely in
terms of sensitivity and selectivity. “Smart” nanopo-
rous membranes are particularly useful because they
change permeability as a response to changes in pH,
temperature, saline concentration and electromag-
netic fields, usually by reversible expansion of pore-
incorporated polymers.®’

In an attempt to reduce biofouling, nanocomposite
coatings based on CNTs® and silica nanoparticles®
have also been used. The use of polymeric nanocom-
posites in device manufacture allows enhancement
of antifouling properties through changes in polymer
surface charge, hydrophilicity and tensile strength.
Furthermore, the softness and flexibility of polymer
structures can be used to diminish tissue damage
during implantation and to enhance adaptation of the
device to the body’s anatomy. In addition, nanotech-
nology can also be used to incorporate new imaging
approaches (e.g. through the use of fluorescent nano-
particles) into implantable devices for kinetic studies
and to help estimate the exact time for explantation
after the lifetime of the device has expired, as well as
visualizing nanomaterial leaching.

As for in vitro biosensors, implantable diagnostics
will greatly benefit from multi-target detection abili-
ties, although physiologically based interdependence
between different biotargets may be a serious obstacle.
Ultimately, suitable multiplexed arrays for point-of-
care detection will not only render efficient monitor-
ing of body disorders, but will also to determine if and
which daily habits influence sensor responses.*® The
measurement of critical physiological parameters
(e.g. seroconversion) may provide reliable indication
of current infectious disease.™

Mass spectrometry

MS techniques have been used for pathogen detection
and quantification using bulky laboratory apparatus.
Unlike rapid and simple biosensing devices, MS is able
to identify pathogens in samples of unknown compo-
sition, which constitutes a different paradigm in bio-
detection. The mass spectrum represents a specific
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fingerprint, or molecular profile, of the microorganism
analyzed. Essentially, the software system compares
the mass spectrum with that of an existing infectious
agent database, being also able to describe how the
analyzed organism relates with others in the database.
Commercially available MS-based universal plat-
forms for nucleic acid detection usually employ sets
of broad-range primers to amplify PCR products from
a large number of closely related organisms without
prior knowledge of their specific genomic sequences.
This strategy successfully led to the inclusion of the
human severe acute respiratory syndrome (SARS)
virus in the coronavirus family.” One such commer-
cial device was also tested as a rapid and inexpensive
method for global surveillance of emerging influenza
virus genotypes.”

The main advantages of MS-based detection are
high resolution speed (above one sample per min),
high degree of automation and software control, no
need for specialized manpower, and possibility of
performing strain typing and antibiotic resistance
studies. The main disadvantages are the intrinsic dif-
ficulty of MS device miniaturization, the need for con-
tinuous enrichment of databases with new genomic
sequences, and the requirement for high-power
instrumentation. As such, it will be some time until
MS-based platforms can fulfill the necessary require-
ments for application in point-of-care diagnosis in the
field.

Conventional and new laboratory
diagnostic tools for the main tropical
diseases

The following subsections give a short overview of
some of the major current tropical diseases encom-
passing conventional and new laboratory diagnostic
tests. For the reasons stated above, many traditional
tropical infections are now threatening the developed
world. Conversely, some of these diseases such as
acquired immunodeficiency syndrome (AIDS) or TB,
are not exclusive to developing countries, but rather
affect the entire world (as will be discussed below)
for diverse reasons and circumstances. However, in
general, most of the burden of such diseases occurs
in developing countries, usually for the same reasons
pointed out for classical tropical infections. This has
much to do with harsh life conditions, poverty, dif-
ficult or nonexistent access to basic education and
health care and failure of many disease control and
eradication programs, among other reasons.

This overall picture has led recently to a conven-
ient shift in the paradigm of “tropical diseases” to
that of “tropical health” In this regard, and bearing

in mind the crucial importance and burden of such
diseases in the developing world, some of them will
be included in the following list of the main tropical
infections. We decided not to include Ebolavirus in
this list due to the specific conditions of this infec-
tion, especially the very high propagation (through
bodily fluids of contaminated patients) and lethality,
and to the usual occurrence in sparsely populated
remote regions. Direct exposure to infected patients
poses great risk of contamination and even death to
health care workers. The use of complex and expen-
sive protective vestments is thus strongly advised
for these professionals. Understandably, this may be
more limiting for patient and disease management
than the availability of point-of-care diagnostics itself.
On the other hand, proper isolation and quarantine
measures are usually undertaken in typical outbreaks,
thus limiting the risk of infection to no more than a
few hundred cases. This is a very unattractive driving-
force for commercial developers and suppliers of rapid
diagnostic devices. Taken together, these facts have
hindered the development of biosensors for diagnosis
of Ebolavirus infections, where immediate and pre-
sumptive isolation/quarantine and supportive treat-
ment may be more urgent and efficient. Thus, not only
may symptoms be clear enough to preclude the need
for rapid diagnosis, but also other circumstances (e.g.
the occurrence of epidemic outbreaks in usual Ebola-
occurring regions, the high severity of symptoms and
even the high mortality rate), including the presumed
risk of easy contamination of healthcare profession-
als close to infected individuals, may discourage wider
implementation of diagnostic supportive programs in
affected regions. This may result in a lack of driving-
force to develop such rapid diagnostic tests. The list
below includes the majority of diseases to which
the UN Tropical Diseases Research (TDR) Program
for diagnostics has been devoted.* In general, this
list excludes infectious diseases for which approved
and effective vaccines are available (e.g. yellow fever,
typhus and hepatitis B).

Malaria

This is the most important and well-known tropical
disease, and the main cause of child deaths in sub-
Saharan Africa. It is vertically transmitted to humans
by female Anopheles spp. mosquitoes infected by
parasitic Plasmodium spp. It affects all the tropical and
sub-tropical regions worldwide, especially the poor-
est ones, and is a potential threat to half of the world’s
population. Apart from clinical criteria, high-power
microscopy of Giemsa-stained thick blood smears
is the “gold-standard” method for its diagnosis,”™
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although being time-consuming, of variable applica-
tion and often unreliable.'®

Cost/benefit issues have hindered a more world-
wide availability of rapid diagnostic tests for malaria.
In fact, presumptive treatment for all febrile children
in malaria endemic areas was applied in the past, due
to the lack of available microscopy diagnosis and to
the occurrence of many deaths soon after the onset
of malarial symptoms. This was feasible because
chloroquine for malaria treatment was widely avail-
able, effective and cheap. Thus, definite diagnosis was
unnecessary. However, several chloroquine-resistant
strains of the malaria parasite have emerged in most
endemic areas. Given the paucity and expense of
alternative drugs, it may be now more economically
advantageous to confirm malaria occurrences with
rapid diagnostics rather than treating all children pre-
sumptively, with the additional benefit of allowing the
identification of febrile children without malaria, but
most likely requiring treatment for other afflictions.?

Sensitivity analysis studies regarding rapid tests for
malaria have shown that cost-effectiveness towards
conventional diagnostic techniques becomes favora-
ble above a given number of diseased patients.” Many
companies are already producing rapid diagnostic
tests for malaria, usually set up in the form of dipstick
or lateral flow devices to detect malarial antigens, in
accordance with WHO recommendations for malaria
case management through parasite-based diagnosis.”
Lactate dehydrogenase (pLDH) and aldolase enzymes
have already been identified as valuable diagnostic
targets among all human malaria™ in peripheral blood
during infection. Such tests usually generate results
within 15min and require only minimal operator
training, but when compared to microscopy, they are
somewhat expensive, only render qualitative results,
and are of limited usefulness in detecting low-level
parasitemia.?® Nevertheless, not many of them have
been carefully evaluated.”” Many of these tests suffer
from excessive variation on quality control parameters
in manufacture and product stability.”

WHO has recently undertaken a malaria evalua-
tion program for commercial rapid diagnostic tests
to improve their overall impact,” including an online
list of manufacturers and distributors. In this multi-
partner, collaborative study which involved WHO,
TDR, the Foundation for Innovative New Diagnostics
(FIND) and the US Centers for Disease Control and
Prevention (among others), selected manufacturers
were invited to submit their tests for evaluation against
panels of parasitized patients (parasite-negative pan-
els were also used as controls). In particular, thermal
stability at high temperature and humidity (similar to
conditions found in tropical environments) was tested
for some months. Results for several tested kits showed

easy detection of low parasitemia of both Plasmodium

falciparum and Plasmodium vivax, with few false-pos-
itive results and good stability at tropical temperatures.
However, varying performances between different lots
were observed and even higher variation between dif-
ferent (although similar) products. The outcomes of
this study suggested the need for standardized testing
of different lots soon after purchase and prior to use
in the field, as well as for manufacturers to compare
their products with reference materials for product
development.

Selection of the best products must take into
account parameters other than those concerning the
product itself, namely training for test use, supply chain
and availability of proper infrastructure. BinaxNOW®
(Inverness Medical Professional Diagnostic, Princeton,
NJ), a test kit for malaria approved by the US Food
and Drug Administration (FDA), is based on the
histidine-rich protein-2 (HRP-2) which, like pLDH,
is a Plasmodium falciparum-specific antigen.” It
reaches an overall sensitivity of 82% and specificity for
Plasmodium falciparum.® This test is approved by FDA
to evaluate symptomatic patients with negative results
requiring confirmation. However, the FDA has argued
that this kit should only be used in laboratories able
to acquire Plasmodium falciparum-containing blood
samples for use as a positive control. In addition, this
and many other diagnostic kits does not differentiate
viable from non-viable parasites, which not only pre-
vents monitoring the parasitemia level (on which man-
agement decisions are based), but also the therapeutic
response as antigens persist even after elimination of
the parasite.?? Furthermore, positive rheumatoid factor
has been associated with false-positive results.*

Recently, a magneto-optic technology was devel-
oped for rapid and quantitative diagnosis of malaria
in an in vivo, non-invasive format. (18) It detects
hemozoin, a by-product of malaria parasite action on
hemoglobin that, under an applied magnetic field,
gives rise to an induced optical dichroism characteris-
tic of its concentration. Such dichroism correlates with
hemozoin concentration in infected blood and tissues,
and superior performance over other diagnostic tech-
niques has been claimed after a preliminary clinical
trial. A major advantage of magnetic detection assays
is that few biological compounds are magnetically
active.? Microfluidic devices have also been developed
for inexpensive and point-of-care malaria diagnosis.
Since the microfluidic channels can be tailored to
mimic capillary blood vessels, host-parasite interac-
tions and infected erythrocytes can be accurately
assessed.® It is known that the sensitivity and thus
the performance of rapid diagnostic tests for malaria
strongly depend on parasite density in target popu-
lations; therefore, detection of low parasite densities
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is becoming increasingly important in countries that
are in the process of reducing or even eliminating
malaria.™

Not only high sensitivity but also high specificity is
required to avoid misleading diagnosis of the etiologic
agent in order to prevent inappropriate treatment, and
thus unnecessary drug pressure (strongly related with
the genetic basis of antimicrobial resistance), espe-
cially in regions of low incidence of non-falciparum
species of Plasmodium parasites. In addition, spe-
cificity is also required in order to yield more precise
estimates about the real local burden of malaria. Local
epidemiological patterns may be crucial in order to
define strategies concerning the utilization of rapid
diagnostic tests. In fact, HRP-2-based kits may be
preferred for regions where Plasmodium falciparum
circulates alone or with non-falciparum species as
co-infectants. On the other hand, regions where fal-
ciparum and non-falciparum species co-circulate
require tests for differential diagnosis between them,
whereas falciparum-free regions with endemic malaria
may need a generic test for Plasmodium species, or
often specific tests for Plasmodium vivax.*®

The adoption of such simple guidelines is not always
straightforward. In fact, recent observations have
shown that HRP-2 can exhibit high polymorphism
among isolates from the same region.*” In addition,
monoclonal antibodies raised against HRP-2 can
cross-react with other histidine-rich proteins,® and
deletions in the parasite HRP-2 gene may test nega-
tive for HRP-2 rapid tests. Therefore, epidemiological
studies related to the geographical distribution of
endemic Plasmodium falciparum variants lacking
the HRP-2 gene prior to large-scale implementation
of HRP-2-targeted rapid tests are crucial for successful
combatting of malaria in those regions.®*

Dengue

Dengue is currently the most important arthropod-
born disease. It is caused by females of Aedes spp.
mosquitoes infected with RNA-containing dengue
virus. Dengue may occur in the form of four antigeni-
cally-related viral serotypes and affects mainly urban
populations in the tropical world, but can be a serious
threat to more temperate countries. Very often, hemor-
rhagic fever or even shock syndrome (both conditions
requiring critical health care) may arise. In the absence
of approved vaccines or therapeutics which should be
effective against all the four serotypes, accurate and
rapid diagnoses are urgently needed.

Direct detection of the virus and RT-PCR is often
required for early diagnosis due to the short time
period (less than one week) in which viremia can be

detected. Thus, serological diagnosis through the meas-
urement of nonstructural dengue proteins, mainly the
nonstructural 1 (NS1) protein, and of specific immu-
noglobulins G or M (IgG or IgM, respectively) dengue
antibodies, has been frequently employed for routine
dengue diagnosis. In this context, colorimetric IgM
monoclonal antibody capture EIA test (MAC-EIA) is
the most widely used technique for dengue serologi-
cal diagnosis. However, serology frequently renders
misleading diagnosis of dengue (a) with other febrile
illnesses, especially other flaviviruses (e.g. yellow fever
and viral encephalitis); (b) in secondary infections,
due to cross-reactivity with dengue antibodies of sero-
types from previous infections; and (c) in individuals
previously vaccinated against yellow fever or Japanese
encephalitis, also due to cross-reactivity.’* Moreover,
the MAC-EIA test is not always available in resource-
limited health care settings.

Infection with a given dengue serotype usually
confers life-long immunity against that serotype,
but enhances susceptibility to the other serotypes.
Therefore, accurate identification of prevalent circu-
lating serotypes may be crucial for predicting epide-
miological implications and patterns during epidemic
outbreaks. Thus, biosensors not only for dengue
detection, but also for unambiguous serotype iden-
tification are currently envisaged. Despite the avail-
ability of commercial MAC-EIA-based kits for dengue
diagnosis,®*®® their cost remains a barrier to purchase
by developing countries where dengue exists.

Among the reported dengue biosensors is an
immunochip employing two specific monoclonal anti-
bodies, immobilized into a piezoelectric transducer,
for detection of glycoprotein-E and NS1 protein.®”
Multi-antibody coating allows the capture of several
different antigens, thus enhancing the detection sig-
nal. This layout exhibited 100-fold higher sensitivity
than conventional EIA and a short response time
(30-60min). In another approach, a genosensor
employed ferrocene, an electroactive hybridization
indicator that binds single-chain DNA with less affin-
ity than that for double-chain DNA, thus resulting in
unequal concentrations near the electrode surface and
therefore a variation of the electrochemical response.
This was used for simple electrochemical detection
of a dengue-related oligonucleotide sequence with
a chitosan-coated glassy carbon electrode through
cyclic voltammetry.?® Instead of the common methods
that use an oligonucleotide probe with a covalently
linked label (e.g. a fluorophore), a cheap and simple
dengue biosensor employing a liposome labeled
universal reporter-probe (to bind any of each dengue
serotype-related targets) and four sequence-specific
probes (one for each serotype) was reported,® with
the liposomes allowing signal amplification. Rapid
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electrochemiluminescent detection (within 15 min)
and serotype-discrimination were carried out by
nucleic acid sequence-based amplification (NASBA),
a PCR-based technique for thermal cycling amplifi-
cation of RNA.* This sandwich system integrates a
liposome-coupled reporter-probe and a membrane-
immobilized biotinylated capture-probe, being the
amount of tagged liposomes proportional to that of
sample RNA.

When employing NASBA, care must be taken in
handling and storing their molecular targets, since
RNA is more labile than DNA. Compared to fluores-
cence, chemiluminescence offers the advantages of
not requiring an excitation optical source and of not
being prone to quenching phenomena. Moreover, it
is also highly sensitive and relatively low in cost.” A
pioneering chemiluminescent optical fiber immu-
nosensor for detection of IgM dengue antibodies in
serum samples was developed and compared with
three available MAC-EIA schemes (chemilumines-
cent, colorimetric and commercial Panbio® (Brisbane,
Australia)).”? For this optical fiber sensor, a lower
detection limit than the three MAC-EIA formats and
sensitivity at least 10-100 times higher than that of
the respective colorimetric test were claimed, and this
may be particularly useful in detecting typical asymp-
tomatic forms of dengue disease. In addition, the time
of analysis with the chemiluminescent optical fiber
sensor was shorter than with the chemiluminescent
MAC-EIA assay. Nevertheless, MAC-EIA tests showed
better reproducibility than this optical fiber sensor,
probably due to difficulties in surface binding.

A slight variation of the above described liposome-
based electrochemiluminescent layout reports immo-
bilization of a magnetic sphere-attached capture-probe
onto a permanent magnet in a detection region, built
in a microfluidic format.”® Liposomes were filled with a
dye marker, thus yielding high signal amplification and
sensitivity by fluorescence microscopy. Based upon the
two layouts described above, an optical biosensor with
a polyethersulfone membrane-immobilized universal
reporter-probe and dye-filled liposomes was applied
to dengue detection.” The reporter and capture probes
can be easily and quickly changed for a specific target
sequence. The same detection scheme was applied to
the specific identification of four dengue virus sero-
types in a single multianalyte assay instead of using
four independent assays.* The reporter and capture
probes may be easily and quickly changed to be spe-
cific for the target sequence.

More recently, an electrochemical dengue biosen-
sor was developed using gold electrode- immobilized
concanavalin-A by means of gold nanoparticles and
polyvinyl butyral.®> As with other lectins, the specifi-
city of concanavalin-A glycoprotein for carbohydrate

moieties can be used for developing specific biosen-
sors for sugars. Confirmed dengue fever, dengue hem-
orrhagic fever and non-diseased sera samples were
compared by electrochemical impedance spectroscopy
(EIS), a sensitive and effective technique to probe the
interfacial properties of modified electrodes. The dis-
tinctive patterns of impedimetric responses observed
were ascribed to different glycoprotein patterns in the
different sera. This type of biosensor showed potential
applicability for the recognition of different patterns of
serum glycoproteins. Since impedance spectroscopy
requires the recording of a full spectrum within a broad
frequency region, it is a time-consuming technique.
Therefore, its use for bioanalytical purposes has been
limited basically to characterization features and as
an auxiliary technique.® Nevertheless, impedimetry-
based biosensors may find a market where low cost,
portability and speed of analysis are required and
moderate sensitivity is sufficient.”

Specificity is of utmost importance for analysis of
clinical samples, and in a recent work reporting the
development of an immunoassay for detection of
specific IgM dengue antibodies in serum through
indirect competitive inhibition,*® this was achieved
by self-assembled monolayer (SAM)-based covalent
immobilization onto a gold chip surface of a biorecep-
tor conjugate of a dengue antigen and bovine serum
albumin (BSA). This protein is commonly employed
as a blocking reagent in biosensing methodologies
in order to minimize nonspecific binding of interfer-
ents that typically occurs in clinical samples. In this
study a SPR transducer was used with an increase in
the resonance angle in the presence of dengue virus.
Compared to traditional immunoassay formats SPR
allows real-time and label-free analysis, although
miniaturization of optical and electronic components
of SPR-based devices is still a difficult issue with regard
to point-of-care applications.™

Recognizing the enormous potential threat of the
introduction of dengue disease to Europe, in 2006
the European Union started the DENFRAME project,
aiming to develop, implement and standardize novel
rapid diagnostic kits for dengue, on the basis of ligand
binding molecules and chemiluminescence. [http://
www.denframe.org/objectives.html.].

Tuberculosis

TB is an old and often deadly respiratory disease that
affects about one third of the world’s population. It is
caused by Mycobacterium tuberculosis, and after its
disappearance in many parts of the world following
decades of intensive efforts, TB rose again in the form
of multi-resistant strains due to the intensive use of
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antibiotics (a serious problem in intensive care health
units), as well as in immunocompromised individuals,
especially after the advent of AIDS. Estimates point to
around two million human deaths each year caused
by TB. If appropriate control measures are not under-
taken in a short time, one billion people may become
infected by 2020.'* The rise of TB in the world, even in
developed countries, is also strongly associated with
the decrease of its surveillance (the disease was con-
sidered eradicated in many regions worldwide until
recently) and is highly correlated with impoverish-
ment and decline of lifestyle and quality of life.

The smear sputum test usually employed for its diag-
nosis identifies only active pulmonary TB, precluding
extra-pulmonary symptoms common among human
HIV patients. In addition, the test shows decreased
sensitivity in resource-poor settings.” Clinical diagno-
sis of the disease is complicated because opportunistic
infections in immunocompromised patients produce
symptoms similar to those of TB.! As both the time
and cost of TB screening are relatively high, rapid and
inexpensive detection methods are required.

An electrochemical biosensor for determination of
short sequences of Mycobacterium tuberculosis DNA
with carbon paste and microfabricated carbon-strip
electrodes has been described.'® Chronopotentiometry
was employed for label-based detection of the hybridi-
zation event, and after a short 5-15 min hybridization
period, ng/mL levels of target-DNA were detected.
Co(phenantroline) *, a very common electroactive
hybridization indicator, was used in this work. The
use of cheap carbon paste electrodes allows low back-
ground currents to be obtained and broad potential
windows to be employed.'”

Recently an optical genosensor for detection of the
TB bacterium by SPR was used. It used a cysteine-mod-
ified NH,-end peptide nucleic acid (PNA)- and 5’-thiol
end-labeled DNA-probes, immobilized on gold-coated
glass plates.'® The shift in the resonance angle when
the target DNA binds the surface-immobilized probes
was used to signal the presence of the pathogen.

A piezoelectric immunosensor has been described
for the rapid diagnosis of Mycobacterium tuberculo-
sis. It is based on the frequency shift caused by anti-
gen binding to rabbit IgG against the TB bacterium,
immobilized in an ordered orientation onto the crystal
surface.!® Detection was performed within the range
of 10°-108 cells/mL. Other methods such as the bulk
acoustic-wave impedance biosensor'* and the multi-
channel series piezoelectric quartz crystal sensor
system,'® have been developed for rapid detection of
Mycobacterium tuberculosis.

A microfluidic scheme for PCR-based amplifica-
tion of DNA from Mycobacterium tuberculosis was
also developed.'® The device uses a low-cost and

low-power halogen lamp heat source that, together
with the need for smaller volumes of required sample
and reagents, will allow the reduction of the thermo-
cycling step from hours to minutes and therefore
enhance usefulness for the development of a portable
field device.'®

Given the extreme ease of contamination with the
TB pathogen, especially within health care settings,
there is a strong demand for a rapid TB test in sus-
pected decedents, as the most common test requires
one month (at least) for results. This would certainly
benefit those who had close contact with infected
individuals, enabling timely diagnosis and treatment.
Thus, a portable and automated fiber-optic, evanes-
cent-wave biosensor (RAPTOR platform) was recently
developed to detect Mycobacterium tuberculosis from
lung tissue homogenates,'* with results obtained in
3h. An alternative application for this assay is on biopsy
tissue from living individuals with heavy pulmonary or
disseminated infections by the TB pathogen.

Visceral leishmaniasis

Considered one of most neglected of tropical
diseases,'® leishmaniasis may occur in the cutane-
ous or visceral forms, with the visceral leishmaniasis
(VL) variant being potentially fatal and responsible for
thousands of deaths, mainly among children. More
than 90% of cases of VL (also known as kala-azar or
dumdum fever) occur in Brazil, India, Sudan and
Bangladesh. Even in Europe, several countries have
notified cases.! The disease is caused by protozoa
parasites of the genus Leishmania and transmitted to
humans by female Phlebotomus sandflies. VL is also
considered a zoonosis, since other mammals, includ-
ing dogs, may be affected.

Presumptive treatment of VL is inadequate because
of the potentially serious side effects of current
chemotherapy. Direct microscopic examination and/
or culture of spleen tissue aspirates have been con-
sidered the reference tests for diagnostic confirma-
tion, although not recommended as first-line health
care measures in endemic areas. Bone marrow and
lymph node aspirates can also be used, although this
method is much less sensitive.'® On the other hand,
PCR has been shown to provide a marker for infection
rather than for clinical disease, at least in VL endemic
regions.''? Although parasitology is quite reliable for
VL diagnosis, unless spleen aspirates can be taken
sensitivity is no higher than 90%."" In the absence of
a true “gold-standard” method for diagnosis of VL,
the validity estimates of new tests under scrutiny can
be affected due to their dependence on the adopted
reference test.!’> Consequently, cheap and reliable
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serological tests have been proposed as desirable
alternatives to parasitology.

A few decades ago a direct agglutination test (DAT)
for VL was developed and proposed for applications
in the field,'® although low specificity for this test
has been claimed.'* In some remote regions, treat-
ing patients for VL upon clinical suspicion and/or
diagnosis with a classical formol gel (aldehyde) test
(FGT)s is still practiced. Meanwhile a dipstick test
(rK39) was developed for VL,'¢ although the high
validity claimed has been contested. Moreover,
commercial production of the device has been inter-
rupted several times.'"” In short, both the low spe-
cificity of serological tests for VL and their irregular
supply have hampered a wider use in health care
settings.'®

For validation purposes a comparative study using
the latent class analysis (LCA) technique to estimate
disease parameters (prevalence, sensitivity and spe-
cificity), of five diagnostic tests for VL was reported.
These tests were: FGT, DAT, an indirect fluorescence
antibody test, the rK39 dipstick test and a hematologi-
cal sign (pancytopenia).'®® This study corroborated the
high sensitivity and good specificity of the DAT test.
It also concluded that the DAT and the rK39 tests
can replace parasitology for treatment prescription
with regard to validity criteria, while simplicity of use
favors the rK39 dipstick test. Nevertheless, final deci-
sions regarding diagnosis must take other criteria into
account, namely disease prevalence, reproducibility,
cost, sustainability and particular medical contexts.

Chagas disease

Chagas disease occurs in the Americas and is caused by
the hemoflagellate Trypanosoma cruzi, with millions
of people infected from southern Chile and Argentina
to southern USA. The disease is usually asymptomatic
in the early phase, when parasites are invading vital
organs. Fatal damage of these organs may occur in
the chronic phase.'* Insecticide-based disease control
measures against hematophagous insect vectors have
been successfully undertaken, but contamination by
infected blood transfusion in countries that do not
screen blood donor banks for this particular pathogen
remains a major burden.

For Chagas disease diagnosis, direct visualization
of the parasite and serology (detection of specific
antibodies) are the most common choices. Serology
is the preferred option for etiological diagnosis in the
chronic phase in routine clinical settings. The usual
serological tests are indirect hemagglutination, indi-
rect immunofluorescence and EIA, while western
blot may sometimes be used for confirmatory results.

Lack of sensitivity and slow turnaround are, however,
significant drawbacks.

Among the few works published about biosensors
for Chagas disease is the report of a label-based elec-
trochemical scheme that uses EIS for transduction
and adsorption onto gold and platinum electrodes, of
a polypeptide chain composed of recombinant anti-
gens and Trypanosoma cruzi-specific antigens.!'® In
general, results showed good antigen stability during
interaction with serum from chagasic patients and
therefore viability of the technique.

In another scheme, a chronoamperometric immu-
nosensor for detection of Trypanosoma cruzi proteins
from epimastigote membranes was built, and its per-
formance was compared with that of conventional
EIA.® In the modified gold electrode the detection
reaction used peroxidase-labeled IgG conjugate, H,0,
and iodide substrate. While EIA required an incuba-
tion time around 1h, the immunosensor required
no more than 20 min. Some cross-reactivity with VL
and schistosomiasis was observed, which should be
eliminated by purification of reactive antigens.'® The
method may be important not only for detecting the
presence of chagasic antibodies in blood donors,
but also to follow antibody decay during treatment
of infected patients with available drugs.

Schistosomiasis

Schistosomiasis is typically caused by parasitic worms
of the Trematoda class, usually from Schistosoma
spp., of which Schistosoma mansoni and Schistosoma
Jjaponicum are among the most well known. It is
usually endemic in sub-Saharan Africa and is con-
sidered one of the major helminthic diseases of the
world. Despite the availability of an effective drug
and of successful control programs, the number of
infected cases has remained almost constant in the
last few decades, at around 200 million people.'*
Schistosomiasis is propagated through contaminated
drinking water and, although many infected cases are
initially asymptomatic, the disease may evolve over
time with severe infestation.'” Repeated infections
may lead to damage of liver, intestines, lungs and
bladder.™

Classical schistosomiasis diagnosis has been based
on detection of parasite eggs in urine and feces, but
the amount of excreted eggs is often low and variable.
Antibody detection is highly sensitive and specific, but
interpretation of results is not straightforward; while
travelers returning from non-endemic areas usually
exhibit high antibody responses, travelers with a life-
long history of exposure have low or even negative
responses. Serum levels of adult worm-associated
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gut antigens correlate with worm burden, but unlike
antibodies, rapidly decrease after drug treatment.'*

Circulating anodic antigen (CAA), is commonly
detected by monoclonal antibody-based EIA with
around 100% sensitivity for all Schistosoma spp.'* in
heavy infections, but lower performance in lighter
infections, which occur mainly in international travel-
ers.’”* Furthermore, the CAA-EIA test is not sufficiently
robust when used for single-case identification. For
such situations, a reliable biosensor for detection of
infection by Schistosoma in urine or serum would be
valuable. A rapid lateral-flow test strip for detection of
CAA in single serum samples of Schistosoma-infected
patients was developed.'” It uses the same specific
monoclonal antibodies of standard CAA-EIA and
fluorescent submicron-sized up-converting phos-
phor technology (UPT) reporter particles. Unlike
conventional labels (e.g. fluorescent), UPT reporters
are claimed to be highly sensitive, long-lived and low-
cost.'? In this study, the UPT lateral flow format exhib-
ited higher sensitivity and accuracy than the CAA-EIA
test and showed suitability for laboratory diagnosis
of Schistosoma infections, mainly in immigrants and
international travelers.

Another biosensor for Schistosoma detection relies
on amperometric transduction with a functionalized
epoxy-graphite electrode for targeting the anti-apyrase
antibody of Schistosoma mansoni.**® The function of
epoxy resin is to harden the carbon powder of the manu-
factured electrode. This strategy of surface modification
renders a suitable platform for protein immobilization
on protein arrays and immunosensors. The EIA-based
test is thus well suited for laboratory diagnosis of indi-
vidual Schistosoma infections.

Leprosy

Leprosy is a chronic disease caused by Mycobacterium
leprae, ranging from asymptomatic infections to a
severe disfiguring condition. Almost 200 million peo-
ple are exposed to this infection, which affects mainly
the tropical regions. Despite being an old and well-
known disease, its eradication is difficult, due to its
complex epidemiology.*” Given the steady number of
newly infected patients, instituted control measures
have not been sufficiently effective. In addition to the
lack of a specific vaccine, diagnostic and prognostic
tests are not feasible or not well established in clinical
routine settings.'?® Bacterial culture of Mycobacterium
lepraeis not possible, which greatly limits the possibili-
ties of diagnosis. Moreover, EIA and PCR have a very
limited approach for leprosy, which must be consid-
ered a neglected disease. IgM antibodies against the
specific Mycobacterium leprae phenolic glycolipid-1

(PGL-1) antigen may reflect the total bacterial load in
the body,'* although blood levels may be absent in
cases of low bacteremia. Of note, the relative risk of
developing leprosy is about six-fold greater in AIDS-
infected individuals.'*® Hence, there is a need for new
sensitive and specific diagnostic tests for leprosy.

Protein microarrays**' and phage display*** have
been used for such purpose, with the potential for
discovery of new disease biomarkers. As many dif-
ferent peptide antigens are produced by the leprosy
bacterium, leading to different antigenic responses in
different individuals,'* it is likely that a multiple-target
assay would improve leprosy diagnosis. Nevertheless,
anti-PGL-1 assays are sufficiently simple, cheap and
easy for routine use in endemic countries.'*

An interesting electrochemical biosensor for detec-
tion of Mycobacterium leprae DNA was obtained after
immobilization of PCR amplicons from genomic DNA
of the bacterium onto a functionalized electrode.'**
Target DNA was detected by using ferrocenecarboxyal-
dehyde as the hybridization indicator. The rapid 3-min
detection of non-amplified Mycobacterium leprae DNA
clearly suggests the possibility of producing a portable
device for detection in the field.

Human African trypanosomiasis

Human African trypanosomiasis (HAT), or sleep-
ing sickness, may be caused by Trypanosoma brucei
gambiense (in chronic infection) or Trypanosoma
brucei rhodesiense (in acute infection), and transmit-
ted by tsetse flies (genus Glossina), mainly in poor and
rural sub-Saharan regions. If untreated, this disease
can cause severe symptoms (e.g. mental deteriora-
tion) and death. HAT presents essentially two disease
stages: an early hemolymphatic, and a late, more
serious, encephalitic one. Early diagnosis is crucial
to prevent both the onset of irreversible neurological
disorders and transmission.' Efficient disease con-
trol is dependent on accurate infection diagnosis and
prompt treatment.

The major obstacle for molecular diagnosis of this
infection is the so-called antigenic variation, which
relies on the high frequency of change in the struc-
ture of immunologically unrelated variant surface
glycoproteins (VSGs) that cover a huge portion of
trypanosome cell surfaces. Classical molecular diag-
nosis of HAT usually relies on the detection of specific
antibodies against the parasite with a card agglutina-
tion test, a method that may fail in terms of some lack
of specificity,"** and on detection of parasites in blood
or lymph by microscopy, which is often hindered by
extremely low parasitemia, especially in the case of
Trypanosoma brucei gambiense. As a consequence,
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20-30% of infected patients remain undiagnosed by
standard parasitological techniques.'*

The mini anion exchange centrifugation technique
(mAECT), probably the most sensitive method to detect
trypanosomes in blood, is able to detect around 100
parasites per mL of blood."*” It involves a separating
anion exchange chromatography followed by concen-
tration by low-speed centrifugation and can be coupled
with microscopic examination before the concentra-
tion step in order to increase the sensitivity of parasite
detection.'® Provided a centrifuge and electricity are
available, mAECT can be deployed in the absence of an
efficient cold storage. For field applicability, however,
the need for electricity is a serious hurdle in many poor
and under-developed regions.

PCR, real-time PCR and other PCR-based tech-
niques have been used for detection and discrimination
between Trypanosoma spp.***'* Their suitability, how-
ever, encompasses research and disease surveillance
purposes, precluding routine clinical diagnostics,'*
partly due to labor intensity and to hazardous charac-
teristics of common chemical reagents. In particular,
sub-species or even strain identification may be use-
ful for epidemiological studies of HAT.*! Interestingly,
there is evidence of integration of Trypanosoma spp.
within the human genome,** which may explain con-
tradictory results between PCR and serology for HAT
diagnosis.'*®

Simple and rapid dipstick layouts for HAT can be
developed using oligochromatography (OC), where
PCR products are detected through hybridization
with gold-conjugated probes. Detection is carried out
in only 5 min, without the need for heavy equipment.
To date, one of the few reported rapid tests for HAT
diagnosis concerns the use of a Trypanosoma brucei-
specific PCR-OC test (known as HAT-PCR-OC) for
blood analysis.!* The 18S ribosomal RNA (rRNA) was
chosen as the target for being a multi-copy gene con-
taining sequences conserved among trypanosoma-
tids, as well as species-specific sequences.'*® This test
combines the sensitivity and specificity of PCR with
the rapidity and simplicity of membrane chromatog-
raphy. Unlike other conventional amplicon detection
techniques, OC does not require post-amplification
preparation or sophisticated equipment.

The HAT-PCR-OC test is tailored for moderately
equipped clinical facilities, but further improve-
ments should take into account the need for elimi-
nating the PCR thermocycling steps. In this regard,
loop-mediated isothermal amplification (LAMP)
has been applied as a promising PCR-based tech-
nique for clinical sample analysis due to its ability
to amplify genomes without the demanding thermal
cycling conditions of conventional PCR and real-time
PCR. This technique has been successfully applied

to the amplification and detection of HAT-related
DNAM%7 and, coupled to NASBA, to HAT-related
rRNA!" sequences. By coupling the high sensitivity
of NASBA with membrane oligochromatography, a
scheme was developed for simpler and less demand-
ing formats.'* In this context a user-friendly layout
based on fluorescence in situ hybridization with PNA
probes was developed to target the parasite rRNA.*°
It is limited as a point-of-care resource as a result of
some lack of sensitivity and requirement for electric-
ity, although fluorescence microscopes for parasite
detection based on battery-powered light-emitting
diodes (LEDs) may constitute a valuable solution.'*! In
the future, applications in the field may benefit from
simple fluorescence detection devices with a previous
step for parasite concentration.'*

Improvements in HAT diagnosis are expected from
nanotechnology, especially from VSG-specific RNA
aptamers, which are able to recognize and bind VSG
variants with sub-nanomolar affinity. In this way, RNA
for aptamers can bind the surface of living trypano-
somes, thus acting as carrier-type delivery molecules
for antibodies, with obvious advantages for thera-
peutics and diagnosis.'** Given the very low volume
of liquid allowed for microscopic examination and
the relatively low parasite load in body fluids, prior
concentration steps are still needed to reach the same
analytical sensitivity of mAECT.**

Lympbhatic filariasis

Filariasis is propagated by mosquitoes and caused
by lymphatic-dwelling filarial nematodes, namely
Wuchereria bancrofti (mainly) and Brugia malayi.
About 120 million people are infected, mainly in
Asia and Africa. Apart from psychiatric illness,
filariasis is the main cause of long-term disability
in the world. Filariasis may be asymptomatic, or
result in acute or chronic infections in endemic
areas.'® Even in the early stages, permanent abnor-
malities of lymphatic vessels (e.g. dilatation) may
occur.’® The most common chronic manifestation
is lymphedema, which may progress to highly dis-
figuring elephantiasis. A major pitfall of classical
laboratory diagnosis of filariasis is the failure to
diagnose the clinical and sub-clinical stages of the
infection. Although the detection of specific anti-
filarial antibodies in serum is useful for diagnosing
clinical filariasis, it cannot differentiate microfilaria
carriers from clinical filarial subjects, and hence is
not appropriate to differentiate between the micro-
filaremic and the chronic stages. Such inability to
distinguish between the two stages of the disease
also applies to PCR-based assays. In short, better



Critical Reviewsin Clinical Laboratory Sciences Downloaded from informahealthcare.com by Technische Universiteit Eindhoven on 06/26/14
For personal use only.

158 Fernando Sérgio Rodrigues Ribeiro Teles et al.

diagnostic biomarkers for diagnosing acute and
chronic infections are needed.

Immune complexes formed after antibody onset in
the body (in response to antigen releasing, from living
and dying parasites, into the circulation) have been
shown to be suitable biomarkers for serodiagnosis of
chronic lymphatic filariasis.'*® Highly accurate and
specific filarial antigen detection assays are already
available for detection of Wuchereria bancrofti, both
as immunochromatographic and EIA-like assays.'*%'%"
Taking advantage of the enormous potential of optical
fibers for remote sensing, a fiber-optic immunosen-
sor for filarial detection was developed,* with outputs
given in 15min with this scheme. An advantage of
this method over other conventional methods is that
extensive washing steps are not required to separate
bound and unbound tagged antibodies. This tech-
nique can be tailored to become a portable device for
epidemiological studies in the field.

Cholera

Cholera is caused by the toxin-producing Vibrio
cholera bacterium, a natural inhabitant of aquatic
environments (both free and in association with vari-
ous marine animals and plants), and hence is mainly
transmitted by contaminated water. It is a frequent
cause of rapid dehydration, diarrhea and death in poor
countries, and the reason why the monitoring of such
liquid losses is so important for surveillance and epi-
demiological studies. Thus, concomitant monitoring
of the bacterium and its enterotoxin in water sources
and supplies is of utmost importance for effective
public health protection from cholera. Conventional
methods for diagnosing and classifying Vibrio cholerae
usually require prolonged incubation and growth on
selective media to reduce the amount of nonspecific
organisms.'*® Besides being time-consuming and labo-
rious, such methods do not allow screening of a large
number of bacteria, nor its detection within heteroge-
neous populations. Other molecular and immunologi-
cal techniques have enabled specific detection of this
bacterium.'?%1%

In this regard, an amperometric immunosensor
with disposable screen-printed electrodes was devel-
oped for environmental detection of Vibrio cholerae
01.'%! For electrode construction, graphite powder
was mixed with polystyrene polymer. This polymer,
which is used for making EIA plates, was chosen for
easily adsorbing proteins. This sensor is able to detect
as few as 8 CFU/mL in ground water and seawater in
less than 1h.

Other immunosensors have been reported for detec-
tion of Vibrio cholera O1 through SPR'* and of the

Vibrio cholera 0139 strain through piezoelectricity.'®
Aiming to detect the cholera antitoxin immunoglobu-
lin A (IgA), a chemiluminescence-based immunosen-
sor was developed by immobilizing the pentameric
cholera toxin B subunit (the immunogenic, though
safe, portion of the cholera toxin) onto fiber-optic
tips.'®* The antitoxin analyte was tagged with a horse-
radish peroxidase (HRP)-labeled secondary antibody.
The system exhibited good sensitivity, specificity and
rapidity, while not requiring a purification step.

A different version of this chemiluminescent detec-
tion scheme consisted of immobilizing the cholera
toxin B subunit onto optical fibers coated with a con-
ductive indium-tin oxide (ITO) thin film, onto which
a polypyrrole-biotin coating was formed by electropo-
lymerization.'®® Biotin-labeled cholera toxin B subunit
was attached to this film through highly specific and
strong avidin-biotin linkages. By providing a hydro-
phobic environment, the poly(pyrrole-biotin) coating
seems to help to decrease nonspecific adsorption of
avidin and the biotinylated cholera toxin B subunit
to the sensor surface. Strong reduction of nonspecific
binding induced by cholera toxin B peptides may be
important to preclude unwanted binding of similar
enterotoxins from other pathogens, e.g. Escherichia
coli. The biosensor was claimed to be sensitive, to have
a wide linear range and to be reusable after breaking
avidin-biotin linkages apart with a surfactant.'*

The performance of this HRP-based sandwich
immobilization procedure was compared in terms
of sensitivity and detection limit by amperometric
transducing with those of two other enzyme markers
for cholera antitoxin antibody tagging: biotinylated
polyphenol-oxidase (here used for the first time as
an enzyme marker for immunosensors) and bioti-
nylated glucose-oxidase.'*” In this system the cholera
toxin B subunit was immobilized through the avidin-
biotin system onto an electropolymerized copolymer
poly(pyrrole-biotin)/poly(pyrrole lactobionamide),
used as the initial anchoring layer.

Compared to the HRP-based configuration, the
polyphenol-oxidase and the glucose-oxidase layouts
require two additional incubation steps, and unexpect-
edly display lesser sensitivities and poorer detection
limits. This lower performance of the immunosensor
is probably due to steric constraints imposed by the
probe immobilization procedure, which may decrease
the accessibility of generated electroactive species
to the electrode surface. Nevertheless, all the three
layouts performed well in detecting the anti-cholera
antibody.

A chemiluminescent biosensor based on a sup-
ported lipid bilayer incorporated with ganglioside
GM1 was recently developed for detection of the
cholera toxin.'*® The biosensing planar-supported lipid
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membrane was prepared through spontaneous spread
of ganglioside-incorporated phospholipid vesicles
on the gold surface which was coated with octade-
canethiol. This biosensor uses a GM1-functionalized
liposome probe and HRP in a sandwiched format. An
HRP-catalyzed chemiluminescent reaction provides
the signal for detection of the target cholera toxin.
The main advantages over more standardized bio-
sensing schemes include easy renewal of the sensing
surface, small background signal due to low nonspe-
cific adsorption of serum compounds on the lipid
membrane, and effective immobilization of multiple
biocatalytic amplifiers and recognition components
through common phospholipid reagents. Correlation
with cholera toxin concentration within the range of 1
pg/mL and 1 ng/mL was achieved.

HIV/AIDS

HIV is a lentivirus that causes AIDS, a human condition
in which the immune system begins to fail, leading to
life-threatening opportunistic infections. HIV, which
basically includes the HIV-1 and HIV-2 sub-categories,
affects millions of people worldwide, as with many
other sexually transmitted diseases, mostly in devel-
oping countries (mainly in sub-Saharan Africa and
India), where the burden of the disease is enormous.
Propagation occurs basically through sexual trans-
mission or via contaminated body fluids. Since the
incubation period may be several years, wide propa-
gation among asymptomatic and unaware individuals
is a major concern. Estimates suggest that only up to
10% of people are aware of their HIV sero-status.'®®
The resultant silent progression of the disease is a
main cause of the disease burden even in developed
countries.

Over the past two decades, standard HIV diagno-
sis has been based mainly on an EIA assay for CD4*
T-lymphocytes (host cells). Apart from the need for
expensive optical microscopes for cell counting, the
occurrence of many false-positive results, especially
when screening low-prevalence populations, has been
a considerable limitation. Retroviral RNA quantifica-
tion (indicative of viral load) has also been used for
HIV monitoring. Nowadays, standardized HIV diag-
nosis is rather complex and time-consuming, as it
includes EIA, and for positive cases confirmation by
western blot. On the whole, conventional methods for
HIV diagnosis (flow cytometry and quantitative PCR)
are time-consuming and require appropriately skilled
manpower.

In parallel, many HIV-infected patients do not get
tested until later (and often irreversible) symptoms
arise. Furthermore, the growing availability for anti-

retroviral treatment creates an increased demand for
simple and affordable tests in developing countries.?
Currently available HIV rapid tests provide sensitivi-
ties and specificities comparable to those of standard
laboratory tests. In they offer a suitable solution to
avoid positive-tested individuals failing to return to the
health care facility in order to get the test results. It is
estimated that this may occur with 30-40% of tested
patients and represents a missed opportunity for those
individuals to immediately commence follow-up
treatment.'” Various reports have shown that the pro-
portion of patients who receive post-test counseling
increased substantially after the introduction of rapid
testing.'” By offering an opportunity for routine testing
for AIDS in hospitals, rapid tests avoid huge numbers
of HIV-infected patients remaining undiagnosed for
long periods of time.!"

Comprehensive studies including test methods,
statistical methods, test results and estimates and
participant data are crucial information for program
management and policy making for appropriate dis-
ease monitoring and management.'” By using a spe-
cific RNA aptamer, a piezoelectric biosensor for the
protein trans-activator of transcription (Tat) of HIV-1
was built, through binding between the biotinylated
aptamer and gold surface-deposited streptavidin.*
This model system exhibited comparable performance
to that of the homologous anti-Tat immunosensor.
However, both sensors failed to reach the sensitivity
for Tat detection in real samples. A thiolated CNT/gold
nanoparticle modified gold electrode surface was used
for self-assembled deposition of ferrocene-pepstatin
and subsequent detection of HIV-1 protease by cyclic
voltammetry and EIS.'”* Remarkable detection sensi-
tivity and a detection limit around 0.8 pmol/L were
claimed. Aiming to simultaneously detect HIV-1 and
HIV-2 genome-related oligonucleotides, thiolated
hairpin DNA probes were self-assembled onto gold
electrodes in a simple and inexpensive multi-electrode
array layout. The hybridization events were monitored
by square-wave voltammetry, using methylene blue
(which binds single-stranded DNA with higher affinity
than double-stranded DNA) as the hybridization redox
indicator.'” This sensor array showed good specificity
for both HIV-1 and HIV-2, including discrimination
between single-base mismatches.

Recently, DNA sequences coding the immune
system modulator interleukin-2, commonly used for
HIV diagnosis, were probed with an ultrahigh-density
nanoarray based on fiber-optics.% The nanowell arrays
created by the etching process were filled with spe-
cific oligonucleotide probe-modified nanospheres
and used for DNA-target detection. Unlike previous
reports of similar systems, this nanoarray reached
densities above a million array elements per mm?
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while retaining the features of previously designed
fiber-optic microarray technology.'”

Most rapid tests already approved for field use rely
on immunochromatographic or finger stick layouts
for serum or plasma analysis. Among them for HIV-1
screening are the Uni-Gold Recombigen (Trinity
Biotech, Bray, Ireland), the OraQuick® Rapid HIV-1
Antibody Test (OraSure Technologies, Bethlehem,
PA) - both for storage at room temperature - and the
Reveal G2 (MedMira, Halifax, Nova Scotia), for stor-
age under refrigeration. For both HIV-1 and HIV-2
screening there is the Multispot HIV-1/HIV-2 (Bio-
Rad Laboratories, Redmond, WA) test, which requires
refrigerated reagents. In general, these tests are mod-
erately complex for operation by medium-skilled labo-
ratory personnel, with test completion times ranging
from 5 to 20 min. Some of these tests are already being
used with oral rather than blood fluids, allowing less
invasive testing.!™

In a convenient merging between micro- and
nanotechnology, several portable and cost-effective
lab-on-a-chip devices have been reported for HIV
capture and imaging from whole blood, e.g. a scheme
for quantification of serum anti-HIV-1 antibodies'””
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brobe (LAB-ON-A-CHIP) Outlet
inlet >~ 1
4 (flow) 1
4 4
P | 1 \
I ! N
Target e T T ‘\
(sample) Pre-treatment | N
inlet region ) Detection
Microchannels region

Point-of-care
testing

(insert)

limited by questionable correlation between HIV posi-
tive diagnosis and actual disease states, a disposable
RT-PCR layout for detection of HIV viral capsid p24 and
gp120 proteins,'” although still relatively complex for
point-of-care in poor regions, a label-free CD4* blood
cell counter'” which still requires an expensive optical
microscope for detection, a relatively cheap lensless
CCD* which needs further optimization in field con-
ditions, and a nanosized QD-based scheme for HIV
imaging of unprocessed infected whole blood.'*® In
the future, more accurate diagnosis of HIV is expected
from the development of nanofluidic platforms for
viral load determination by proper retention of viral
particles and concomitant removal of macro-sized
cells from infected whole blood.*

Management and surveillance of tropical
diseases

As portable and easy-to-use devices, biosensors may
be useful not only for point-of-care and intra-clinical
testing of biological samples, but also as part of an
inter-clinical (multi-center) approach for disease
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Figure 2. Scheme of a card-like microfluidic device (lab-on-a-chip) for decentralized analysis of clinical samples. Stored data can be
used either for point-of-care testing (at the individual and intraclinical level) or epidemiological surveillance (at the population and

interclinical level).
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epidemiological surveillance (Figure 2). Since many
available diagnostic tests have low sensitivity, many
undiagnosed people suffer and eventually die. As these
people may act as infection reservoirs, it becomes
obvious that sensitive diagnostics are required not
only for case detection and management, but also for
disease surveillance and epidemiological studies. In
this regard, pathogen identification at the sub-species
level may be especially useful.'*®

Most of the infectious diseases in the tropics are
treatable, but accurate identification of patients
requiring treatment remains a hard task for disease
control. Improved diagnostic tests will likely have little
or no impact for diseases which are easily recognized
by their clinical symptoms and for which syndromic
treatment is recommended. These include deadly
acute respiratory infections, diarrheas and pneumo-
nia, for which immunization and case-management
are crucial, as well as bacterial infections which can
be treated syndromically with broad-spectrum anti-
biotics (except for TB or leprosy). For some of these
diseases the WHO recommends supportive treatment
for children, including targeting of common etiological
agents and appropriate fluid replacement measures.
In these situations there is no clinical need to identify
the causal agent, and therefore diagnostic tests are not
required for disease management.

By contrast, such tests are necessary for asympto-
matic diseases, diseases with misleading symptoms,
diseases requiring different treatments or diseases
that by their complex or costly treatment require pre-
vious case confirmation (some of them demand, for
example, intravenous, prolonged and expensive toxic
treatments). Such groups include several parasitic
infections, such as HAT. However, even for the former
diseases periodic surveillance is needed to identify
changes in disease spectrum and antimicrobial sus-
ceptibility. Surveillance and ongoing control measures
must be maintained in developing countries in order
to deal with the risk of major epidemics. It must be
taken into account that surveillance for elimination-
targeted diseases should be improved as a way to
detect sporadic although persistent cases of infection.?
As shown by the examples of re-emergent treponemal
infections'® and TB, surveillance must be maintained
even in cases of decreased disease burden, which usu-
ally diminishes the perceived importance of diagnosis
and of its cost-effectiveness.

Depending on the control strategy, better diagnos-
tic tests may be needed for case finding/case manage-
ment and for improvement of disease surveillance. In
the first case they can be used to screen asymptomatic
individuals at risk of disease, or to confirm/rule out a
clinical diagnosis in symptomatic patients. Investment
in high-quality diagnostic tests may be expensive,

but the essential issue is the overall cost of patient
health care, especially in cases of long and costly
treatment, not to mention the predictable pitfalls of
lack of treatment or even wrong or delayed treatment.
It is estimated that about 25% of the current burden
of infectious diseases in developing countries could
be averted if 80% of populations from low-income
countries could receive a minimum clinical package
(including prenatal/delivery care, family planning,
management of sick children, treatment of TB and
case-management of sexually transmitted diseases)
at a cost below US$10 per person per year.'*

Difficulties and challenges

Many of the difficulties and challenges in biosensor
technology relate to technical aspects of their devel-
opment and production. In particular, the behavior
of active biomolecules when adsorbed on a surface
is highly unpredictable, together with troublesome
interaction of matrix compounds which may com-
plicate determination of selectivity, sensitivity, limit
of detection and response time of the biosensor.'®
Furthermore, mass production of biosensors with a
reproducible output often requires large amounts of
the purified biomolecule from a biological source with
areasonable degree of purity, except in the case of the
highly specific monoclonal antibodies. These are more
specific than polyclonal antibodies, while being less
sensitive. Furthermore, the source of antigen used
(purified native proteins, recombinant proteins or
peptides) may significantly influence the performance
of rapid diagnostic tests.*®

Certain biological components of the biosensor
may also be released over time, thus contaminating
the biological sample. Today’s biosensors also have
poor stability and are difficult to sterilize, thus explain-
ing the increasing interest and investment in single-
use (disposable) devices and integrated low-cost chip
technology.® Regardless of the undeniable advantages
of disposability (single testing) compared to reusabil-
ity when dealing with infected samples, this should
comply with affordability conditions, a link that some-
times fails in resource-depleted regions and settings.
It is likely that the use of disposable diagnostics will
eventually dominate as production costs per unit will
further decrease as a consequence of mass-production
through cheaper and simpler manufacturing processes
and materials.

The lack of robustness in real samples may be attrib-
uted to the usually low operational and/or long-term
stability of the biological receptor and/or the physical
transducer.'®* The modest stability of biomolecules
for biosensing under working conditions e.g. room
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temperature, may limit the performance of the bio-
sensor after some months. Nevertheless, storage
under refrigeration and immobilization of the bio-
logical sensing element in membranes or gels may be
employed to overcome these obstacles.

Another setback in biosensor research and develop-
ment is low selectivity due to nonspecific interfering
signals at the level of the transducer element. Research
about the effects of interfering substances has been
performed in pure synthetic model samples rather than
in complex real samples, while prior knowledge of the
selective molecular recognition processes is needed.'®
In general, current biosensors still need sensitivity
improvement in order to achieve the extremely small
detection limits in the attomolar range'® required for
diagnostic assays with real, nonamplified biological
samples, whereas this is often beyond the fundamental
limits of common sensing devices.

Genome amplification-based diagnostics, despite
being typically more sensitive than amplification-
independent ones, are still too complex and costly
for first line point-of-care diagnosis. An appropriate
diagnostic may not only require detection, but also
quantification of the disease-causing substance, since
pathological states are usually associated with high
serological levels of these compounds. Many read-
out devices, however, are only able to yield qualitative
outputs on a “yes/no” basis. Multiplexed simultaneous
analysis of many targets must be improved in several
current layouts under research and development in
order to accomplish the needs for high-throughput
analysis. Very often, this may be more dependent
on electronic read-out improvements than on the
mechanical assembly of the testing device itself. Rapid
multiplexing diagnostics will be particularly useful, for
example, in cases of co-infections, where unambigu-
ous identification of the disease-causing pathogen(s)
is of utmost importance for prompt and adequate case
management and treatment. The accuracy of many
biosensing devices and methods is still questionable
because most still lack proper evaluation, validation
and standardization. Ultimately, this will be important
for integration and successful use of rapid molecular
diagnostics in disease control programs.

Upon development, these diagnostics need to be
tested regarding their usage and effect in a sequence of
steps.’®” Usually only a few go beyond the first evalua-
tion stage, as testing is mostly carried outindoors rather
than in the health care settings where these diagnostics
are ultimately supposed to be employed. The UNICEF/
UN Development Program/World Bank/WHO TDR
Program was created in 1975 for research aimed at the
development of new tools for tropical disease control
and for training researchers from disease-endemic
countries, through public-private partnerships. Such

tools include drugs, vaccines and diagnostics, as well
as socio-economic issues. In particular, the develop-
ment of new, accurate, user-friendly and affordable
point-of-care tests for health care settings in develop-
ing countries is envisaged, but also timely test evalu-
ation and standardization in developing countries
by establishing specimen and strain banks in several
regions. Wider access to high-quality, low-cost tests
is ensured when they are included in the WHO bulk-
procurement scheme.'* Moreover, the TDR Program
collaborates with in vitro diagnostic manufacturers and
other institutions to award grants for the application
of new technologies for disease diagnosis. TDR now
publishes guidelines about the process of diagnos-
tics evaluation for several diseases; these guidelines
have been the basis on which to formulate regulatory
approval standards in developing countries.'® Leading
journals now use a TDR checklist to improve standards
for publication of diagnostic trials.'®

Some years ago the TDR Program acquired an addi-
tional expertise in care improvement for patients with
sexually transmitted infections in resource-limited set-
tings through better diagnostic options. Public sector
partnerships such as this are beginning to address the
traditional failure in the developed-country market
concerning the development through private sector
investments, of diagnostic tests for diseases of the
developing world. In order to specifically assign the
development of new diagnostic tools for neglected
infectious diseases to the advent of new biotechnologi-
cal outcomes, the Bill and Melinda Gates Foundation
created the FIND in 2003, the only not-for-profit
organization totally devoted to the development of
diagnostic tests for infectious diseases. FIND aims to
create a model for public action that addresses the cur-
rent failure of market stakeholders to provide diagnos-
tics for neglected diseases.

The unprecedented opportunities for innova-
tions in new diagnostic tools have benefited from the
increased potential for the discovery of novel diag-
nostic biomarkers through genomics and proteomics,
better understanding of pathogen virulence factors
and host gene expression (e.g. through microarrays)
and developments in cutting-edge materials science
and nanotechnology. Improved materials have been
investigated for use either as matrices for surface
biomolecule immobilization (namely new polymers)
and as substrates for manufacturing the device body
itself (especially from planar fabrication technologies).
Predictably, such uniform fabrication will produce fea-
tured devices as similar as possible with reproducible
characteristics.*

In addition to these highlights, future automated and
portable diagnostic devices will likely be connected
to wireless communication and information systems,
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taking advantage of camera-equipped mobile phone
networks coupled to web databases, with expected
applications to diagnostic imaging and telemedicine
in resource-limited settings.'® By constituting a viable
alternative to bulky and expensive camera-equipped
microscopy systems, new possibilities for automatic,
remote, interactive and nearly real-time data transmis-
sion and processing are opened, and hence enormous
improvements in disease and patient management,”
especially in peripheral clinical settings and in rural
areas.

Point-of-care devices must comply with standard
evaluation criteria that include performance (sensitivity
and specificity), simplicity of usage, conditions of use/
storage and shelf-life.’** The application of this wide
technical capacity to the enormous medical needs of
developing countries is a major challenge for the public
sector, given the lack of obvious attractive commercial
markets for private entrepreneurs. However, many
manufacturers worldwide, particularly in middle-
income countries, already show strong capacity and
interest in the development and commercialization of
these technologies.? For commercialization purposes
in particular, a major challenge in the development
of point-of-care devices is minimization of coupled
peripheral components.’*> The Clinical Laboratory
Improvement Amendments (CLIA), a regulatory guid-
ance of the FDA, categorizes (through a certification
process) commercially marketed in vitro diagnostic
tests into three categories: waived tests, tests of moder-
ate complexity, and tests of high complexity.

The first category concerns tests that are excluded
from certain performance requisites and thus can be
used outside traditional laboratory settings. These
waived tests, which do not have to comply with heavy
regulatory restrictions, can be used, in general, by
physician offices that do not have a laboratory for
moderately complex testing. In order to achieve the
desired coverage and impact, however, new diagnos-
tics must reach and benefit those who really need it.
Economical evaluations have shown the advantages
of using rapid diagnostic tests in peripheral rural areas
with limited access to standard laboratory diagno-
sis.’®® This ultimately depends on the infrastructure
and manpower labor contexts in which diagnostic
testing takes place in developing, low-income coun-
tries. Not surprisingly, those determinants are usually
disrupted and collapsed in such countries, as limited
laboratory facilities, few skilled laboratory personnel,
unreliable basic health information, competing verti-
cal initiatives, scarce drugs, and weak policy capacity
often occur.'®®

Expected economic revenues from capital invest-
ment by commercial suppliers in the development,
production and marketing of novel rapid diagnostic

kits for use in tropical developing countries are unat-
tractive.'? Since local non-governmental organizations
have supported mainly fundamental research rather
than industrial and commercial endeavors, additional
efforts for wider promotion of rapid diagnostic tests
are expected from international public health organi-
zations. Of course, this will largely depend on the
establishment of evaluation regulations and standards
for clinical use of point-of-care devices.'

Conclusion

Biosensors represent a novel technology very different
from that currently used in clinical facilities worldwide.
In addition, biosensors often face difficulties in obtain-
ing regulatory approval for testing and commercializa-
tion. In vitro diagnostic devices will likely be expensive
to purchase over a one-test basis, although the overall
cost may be lower due to the minimal requirement for
laboratory manpower. The need for point-of-care test-
ing, especially in resource-limited settings, requires
simpler and cheaper instrumentation. In addition, the
production and commercialization of high-throughput
devices may require investments in the order of several
hundred million dollars, a serious obstacle for small
start-up companies. The need and market appeal for
mass-production of rapid diagnostic tests has pointed
not only towards automated fabrication (leading, for
instance, to preferable solid-state biosensor designs),
but also for entirely new fabrication technologies; in
this regard, large industries with expertise in semi-
conduction, electronics and advanced printing, rather
than in biosensing itself, have been in the forefront of
knowledge and development.

Constraints about the interpretation of results
by non-clinical laboratory staff and maintenance of
historical patient records must also be considered in
biosensor-based diagnosis, also bearing in mind the
need for evaluation of diagnostic procedures among
different laboratories. Wider acceptance of these
new diagnostic tools by the clinical community may
be impaired by controversial usefulness of monitor-
ing one single analyte as a disease biomarker. In this
respect, multiplexed and multi-disease tests, for con-
comitant detection of various infectious targets within
a syndrome, can be more clinically useful and cost-
effective. Biosensor platforms for clinical diagnosis
must fill the need for lower cost in more flexible and
diversified end-user environments, while providing
a higher level of diagnostic information. Improved
micro and especially nanotechnological platforms
may thus perform a special role in this regard. On
the other hand, the still limited availability of bio-
sensors in the market may be due mainly to a lack
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of appropriate technology for their manufacture at a
competitive cost rather than a lack of fundamental
knowledge. Future advances in biosensor technol-
ogy will require integration of analytical chemistry,
surface chemistry, materials engineering, biological
sciences, microelectronics, microfabrication and
automation before these devices can become more
widely accepted by the clinical community as valua-
ble diagnostic tools for diagnosis of tropical and other
infectious diseases.

Many available rapid tests for the diagnosis of
tropical diseases lack well-established perform-
ance features, are relatively expensive, and have not
received regulatory approval either in developing
countries or in the countries of origin. Given the
world distribution of tropical infectious diseases,
the validation of relevant diagnostic kits is usually
carried out in geographically diverse settings within
the affected developed countries, and thus research-
ers and manufacturers must bring the requisites
of decentralized, point-of-care testing, including
standard evaluation criteria, to the implementation
of biosensing platforms in developing countries. A
more systematic implementation of these novel diag-
nostic tests as a first-line health care approach will
require carrying out extensive cost/benefit studies
to forecast the potential impact and advantages of
such technologies. This will largely depend on the
specific social, economic and technical contexts in
which they will be used. It is anticipated that in the
future the advanced level of medical diagnosis will
be largely dependent on the successful development
and implementation of biosensors in such contexts
and conditions.
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