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a  b  s  t  r  a  c  t

Paracoccidioidomycosis  (PCM)  is  the  most  prevalent  mycosis  in  Latin-America.  As for  other  mycosis,  its
importance  of  has been  largely  underestimated,  partially  due  to the  limited  geographical  distribution  of
the  etiologic  fungal  agent  (Paracoccidioides  brasiliensis).  However,  the advent  of  AIDS and  other  immune
suppressing  conditions  is  creating  an  emergent  need  for improved  diagnostic  tests  envisaging  simpler,
cheaper,  faster  and  more  sensitive  and  accurate  detection  of  pathogenic  fungi,  especially  those  caus-
ing  systemic  and  opportunistic  diseases.  Routine  laboratorial  diagnosis  of  PCM  disease  relies  mainly  on
direct  observation  of  the  fungus.  However,  culture  growing  is slow  and,  too  often,  definite  diagnosis  can
only  be  obtained  at  later  growing  stages.  Immunodiagnosis  is  also  widely  employed,  although  usually
cumbersome  and  complex.  Enzyme-based  immunoassays  are  more  amenable  to  automation  for  high-
throughput  testing,  but  may  lead  to  cross-reactivity  with  other  fungi.  Plus,  molecular  diagnosis  relying
iosensors
apid  test

on  polymerase-chain  reaction  (PCR)  and  nucleic-acid  hybridization,  although  still  at  early  stages  of  appli-
cation  to routine  diagnosis  of  P. brasiliensis,  has  triggered  the  development  of  techniques  for  its  improved
specific  detection,  thus  contributing  for epidemiological  studies  as  well.  In the  future,  microarrays  and
newer  biosensing  technologies,  coupled  to  new  bionanotechnological  tools,  will  certainly  improve  diag-
nosis  of PCM  and  other  mycosis  through  very  specific  and  sensitive  pathogen  biomolecular  detection.
© 2011 Elsevier B.V. All rights reserved.
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. Introduction

The recognition of mycosis as potential causative agents of
evere infectious diseases has been highly underestimated by
linicians, but the advent of HIV/AIDS and of other immunodepress-
ng conditions that modern life increasingly imposes to mankind
ave drastically changed this situation, given the huge increase
f immunocompromised patients among the human population
nd thus their susceptibility for opportunistic infections. PCM,
lso known as South-American blastomycosis, is caused by the
ungus Paracoccidioides brasiliensis and is one of the most preva-
ent systemic mycosis in Latin-America, especially in Brazil. Even
o, the real incidence of PCM in Brazil is still underestimated
ecause case notification is not obligatory [1]. Although uncom-
on, some cases have also been recently reported in Europe,

oth in individuals from endemic regions and in returning trav-
lers from those areas [2,3]. While millions of individuals may  be
nfected worldwide, only a small percentage actually develops dis-
ase [4]. PCM ranks among the most deadly infectious diseases
nd has the highest mortality rate among all systemic mycosis.
he dimorphic, temperature-dependent transition of P. brasilien-
is from the mycelial to the yeast form is critical for pathogenicity
5], with primary sources of infection being probably air-borne fun-
al particles. There are no reports about horizontal transmission
etween humans, but living reservoirs include several domes-
ic and wild animals (e.g. dogs and armadillos) [6,7]. The lack of
xperienced clinicians and the long latent period of the disease
ay significantly contribute to the difficulty of diagnosing PCM

utside endemic regions. Allied to the effects of global climate
arming, to the rapid and significant sociodemographic and eco-
omical changes currently taking place in Brazil and to the intense

mmigration flows from South-America to Europe and USA, this
ay ultimately lead to the emergence of PCM as a problem of

ublic health in the receptor regions. In addition, PCM patients
requently exhibit other diseases, including tuberculosis, carcino-

as, enteroparasitosis, pulmonary infections, AIDS, leishmaniosis,
eprosy, Chagas disease and other mycosis. In general, these and
ther co-morbidities must be considered for differential diagnosis
f PCM, as rapid and accurate diagnosis is essential to timely begin
pecific therapy. Conventional diagnosis of fungal infections usu-
lly begins with the identification of clinical symptoms followed
y laboratorial direct examination by microscopy and isolation
rom clinical specimens, which is still the “gold-standard” for lab-
ratorial diagnosis of fungal infections. Despite the usual high
ensitivity of this method, atypical forms of P. brasiliensis may  be
istaken with those of other fungi [8]. This approach also requires

killed manpower, long times for culture growing and ability of
he fungus to be cultivated in vitro, besides the drawbacks of being
on-quantitative and biohazard. Plus, a positive culture may indi-
ate fungal colonization instead of true invasion, especially in the
ase of opportunistic microorganisms. Serological techniques are
sually simpler than culture and very useful for diagnosis and

ollow-up of infected patients, but may  suffer from cross-reactivity
etween the anti-P. brasiliensis antibodies and other fungi antigens
9]. The sensitivity of serology may  still be low in immunocom-
romised patients, where only low levels of circulating antibodies
 . . . .  .  .  .  .  .  . . . .  .  .  .  .  .  . . .  . .  .  .  .  . . . . . .  .  .  .  . . . . . . .  .  .  . . . . . .  .  . .  . .  .  .  . .  .  .  . .  . . . .  . .  .  .  . . 2263

exist.  In general, serology is also inadequate to distinguish between
different microorganism strains, especially from different geo-
graphic regions [10]. Molecular diagnosis has brought a new and
improved range of essentially quantitative techniques. Molecular
methods, usually relying on prior genomic amplification by PCR
and other related techniques, are essential to distinguish and iden-
tify circulating genotypes, and have shown particular success in
detecting P. brasiliensis when microscopic observation fails and
when antigen or antibody blood levels are too low for successful
immunodiagnosis. A strong handicap, however, is the absence of
more systematic evaluation and standardization of PCR-based tests
for fungal disorders. Furthermore, positive-tested samples do not
always correspond to current infections (it may be a latent infection
or simple colonization) and, among these, not all lead to disease.
By their ability to assess and quantify gene expression patterns,
microarrays can overwhelm this limitation. These high-throughput
bioanalytical systems can provide multiplexed qualitative and
quantitative testing of very small volumes of complex environ-
mental samples containing hundreds or thousands of different
species. However, complexity, expensiveness and requirement for
skilled technicians are usual limitations of microarrays towards
widely implementation for routine laboratorial analysis. Thus,
an urgent need remains to develop new and improved diagnos-
tic tests for sensitive, specific, reproducible, simple and cheap
in situ detection of endemic and opportunistic pathogenic fungi.
In particular, the lack of sensitivity of current diagnostic meth-
ods for clinical detection of medically important fungi has certainly
been responsible for the underestimated burden of many mycosis
[11]. In this scope, biosensor technology is expected to pro-
vide suitable methodologies for fungal detection and diagnosis
of mycosis, by suitable integration of the biorecognition event
with the physical transducer and permanent fixing of the biolog-
ical components into the assay device. In parallel, the emergent
field of nanotechnology has rendered a multitude of new ana-
lytical procedures, structures and systems for high-performance
biosensing, namely in terms of improved sensitivity and selectivity.
Unfortunately, this area is still in the early stages of develop-
ment and application for fungal diagnosis. This paper reviews
the state-of-the art of laboratorial diagnosis of P. brasiliensis,
encompassing direct detection, immunodiagnosis and molecular
methods. It also describes noteworthy remarkable advance-
ments on fungal diagnosis based on proof-of-concept biosensors,
while pointing out new trends in bioanalysis and biomolecular
diagnosis.

2. The importance of specific laboratorial diagnosis

PCM may  be fatal if untreated. Like in most of the other invasive
mycosis, the fungus is difficult to eliminate from the human body,
and prompt detection and treatment are usually decisive to avoid
long-term deleterious injuries and consequences. Unlike residents

in endemic areas, immigrants develop severe disease more fre-
quently, probably due to a lack of immunity acquired from previous
exposure [12]. In addition, white persons, followed by yellow ones,
seem to be more prone to the disease than natives from endemic
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reas. The occurrence of PCM cases in individuals that have never
eft cities within endemic areas shows a progressive dissemination
f this infection from rural to urban environments [13]. Outside
he endemic regions, most of the reported cases worldwide refer
o individuals that lived or visited Latin-America at least once, thus
ustifying the consideration of PCM as a travelers’ disease [14]. Nev-
rtheless, it has been reported the increasing frequency of notified
ases even outside endemic areas, particularly in Europe [15]. Iron-
cally, it has also been speculated that the increasing immigration
ow towards the cities should cause a decrease in the overall dis-
ase prevalence, probably assuming its rural origin. Apart the rural
rigin of many inhabitants of Latin-American cities, many of these
rban centers are still relatively new; therefore, it is difficult to
nd people in Latin-America, even in the cities, who have never
irectly contacted with soil and vegetation, the natural habitats of
. brasiliensis. As a consequence, it may  thus be almost irrelevant the
ural or urban provenience of Latin-America immigrants to Europe
nd other hosting regions in the world. Inversely, but in the same
ine of thought, there are documented cases of European immi-
rants that, upon arriving and establishing in Latin-American cities
without apparent contact with rural environments) within PCM
ndemic regions, became infected with PCM [16], a serious sign
bout the risk for the expansion of this disease to the cities, not
nly within the current endemic regions and countries. In particu-
ar, the high flows, during the last decades, of Japanese immigrants
n Brazil – most of them rural workers – back to their country [17]
hould concern Japanese authorities about the possible sudden of
CM cases in this Asian country along the next years. Although
ertain clinical features are regularly observed in PCM patients,
here is no fixed pattern or characteristics. Clinical examination

ay thus reveal a patient in a good condition or almost cachectic.
n addition, several months usually elapse between the onset of
ymptoms and medical consultation. The disease may  arise in the
cute/sub-acute and chronic clinical forms. In the acute/sub-acute
orm, both genders are described to be equally affected. There is a
apid evolution affecting mainly the organs of the reticuloendothe-
ial system, with multiple adenopathies and sharped collapse of
he general health status (with fever, anorexia and anemia). The
ungus can disseminate to skin and other tissues. Although the
ung compromise is usually asymptomatic, the fungus can be iso-
ated from sputum. As in immunocompromised patients, usually
he pulmonary system is minimally affected. Late reactivation phe-
omena, probably associated with immunedepression factors, may
esult in chronic infection [11], which is more common and less
evere than the acute form [18] and accounts for more than 90%
f the infected patients [19]. The chronic form is especially inci-
ent within middle-age males, taking months or years to become
stablished. Several organs may  be compromised (with uni- or
ultifocal origin), including compromise of the oral mucosa [20]

nd other organs (larynx, trachea, vocal cords, supra-renal glands
nd skin). Clinical symptoms may  vary significantly, but weight
oss and fever are especially frequent. In general, the pulmonary
ystem (including lungs) is severely affected. Ganglia hyperplasia,
epatomegaly and splenomegaly may  also occur, as well as CNS

nvasion and damage (the condition known as NPCM). In NPCM,
spiration or biopsy of CNS lesions must be avoided due to the inva-
iveness of neurological procedures, which highlights the need for
ensitive and specific immunodiagnostic assays to determine the
resence of the fungus in cerebrospinal fluid [21]. Most probably,
his scarcely reported condition has been highly underdiagnosed,
or which asymptomatic or atypical presentations, unskilled neu-
ological evaluation and lack of suitable and specific diagnostic

ethods have certainly contributed [11]. Mortality due to NPCM
ay reach 20% [22], although delayed diagnosis usually wors-

ns this rate. Apart co-infections, differential diagnosis between
he two conditions must always be considered as well [14]. The
ta 85 (2011) 2254– 2264

condition  of subclinical infection is very frequent in endemic areas,
and may  affect around 60% of native populations [23]. Moreover,
as with tuberculosis and other systemic mycosis, early lesions of
PCM may  remain asymptomatic for decades until late dissemina-
tion [21]. In fact, the latency period of PCM usually lies between
some months and several decades. PCM patients frequently exhibit
other diseases of either infectious or non-infectious nature, includ-
ing Hodgkin’s disease (and associated carcinomas), tuberculosis (in
5–10% of the cases), enteroparasitosis, chronic pulmonary infec-
tions, AIDS and, less frequently, leishmaniosis, leprosy, Chagas
disease and other mycosis (e.g. histoplasmosis and blastomycosis)
[19,24], highlighting the need for accurate differential diagnosis.
Among HIV patients, PCM often occurs as an opportunistic infec-
tion [9], although at a lesser extent than could be initially expected,
probably as a result of its prevalence in rural areas (where HIV
cases are less frequent) and to the wide antifungal usage among
HIV patients [20]. Nevertheless, increasing cases of PCM–HIV co-
infections have been registered, presumably due, at least in part,
to the gradual spread of HIV epidemics to small urban centers,
close from the rural areas where PCM is endemic. Moreover, it was
observed that HIV-positive patients co-infected with the chronic
form of PCM usually exhibit clinical-epidemiological patterns that
resemble those of the acute form of PCM, being most of these cases
due to reactivation of latent foci rather than to recent severe infec-
tions [25]. This finding, and the fact that the acute form of PCM
usually raises higher antibody levels than the chronic form [26],
highlights the importance of differential laboratorial diagnosis and
identification of the clinical pattern for adequate follow-up and
therapy. Together with the lack of experienced clinicians and the
long latent period of the disease, all the aforementioned factors may
significantly contribute to the difficulty of diagnosing PCM, espe-
cially outside endemic regions, where this disease can be easily
misdiagnosed [27]. Ultimately, and given the potential severe and
irreversible debilitating effects of this mycosis, rapid and accurate
diagnosis is important to promptly begin specific therapy (which
is very different, for example, from that for tuberculosis), in order
to minimize the risk of the deleterious effects on internal organs
[28]. So far, cases of acquired resistance to antifungal treatment in
PCM patients have been relatively scarce, but the frequent relapses
in chronic infections, by imposing long-termed antibiotic admin-
istration, may  lead to unfavorable prognosis [29] and, as such,
to the future emergence of PCM as an important public health
concern.

3. Conventional diagnosis of PCM

Conventional diagnosis of fungal infections usually begins with
the identification of clinical symptoms followed by fungal direct
examination and isolation from clinical specimens. Laborato-
rial diagnosis may  then proceed by histopathology, which relies
on staining of fungal structures for morphological identification.
However, unless an experienced observer is in charge, the com-
monness of atypical morphologies exhibited by many fungi difficult
definitive histopathological diagnosis. In non-endemic areas, the
etiological agent of PCM may be confused with other dimorphic
fungi, such as Histoplasma spp., Blastomyces dermatitidis or Coc-
cidioides immitis [9]. Additionally, histopathology may  suffer from
lack of sensitivity. In tissues, the presence of cells of different size
with various types of sporulation (single blastospores, short chains
or multiple budding) can suggest the diagnosis. However, when
there is a predominance of small cells, the infection may  pro-
vide incorrect identification for other fungi [30]. For these reasons,

direct examination by microscopy has been considered the refer-
ence method for laboratorial diagnosis of PCM and of many other
mycosis.
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.1. Direct examination and culture

The “gold-standard” technique for laboratorial diagnosis of fun-
al infections consists in the direct microscopic examination of
linical specimens and their culturing followed by macroscopic
nd microscopic observation of the colonies for identification of
he fungal species. The identification of a particular fungal disor-
er has been considered crucial for accurate identification of the
tiologic agent and as a marker for active infection as well. In
act, the foremost diagnostic test for PCM involves direct exami-
ation of clinical samples for visualizing the causative agent [8]. As
n example, microscopy-based distinction between P. brasiliensis
nd B. dermatitidis can be relatively easy since, very often, a single
east cell from P. brasiliensis may  produce a characteristic multi-
udding format, while the other yeasts usually produce a single
ud [31]. However, accurate microorganism identification through
irect examination requires skilled manpower, long times for cul-
ure growing and proneness of the target fungus to be cultivated
n vitro, apart the non-quantitative and the biohazard aspects. In
articular, delayed and misleading diagnosis may  present several
ublic health concerns, namely the difficulty and lengthiness to

nitiate and apply appropriate therapy [31,32]. P. brasiliensis cul-
ures usually take weeks to grow [20] and must be kept for at
east two months before confirming a negative result [8]. As culture
eatures are not differentiated enough for unambiguous identifi-
ation of the fungus, the suspected colonies should be reverted
o the yeast phase for proper identification [33]. This, obviously,
everely limits the usefulness of culturing techniques for early
iagnosis of infections caused by this agent. This is also a disad-
antage when compared to the faster histopathological technique
34]. Another drawback of culturing is that a positive culture may
ndicate fungal colonization instead of true invasion, especially in
he case of opportunistic microorganisms [35]. A general handicap
f direct examination techniques is the inability to supply conclu-
ive diagnosis in the case of a negative result since, in this case, the
eterogeneity of the examined sample fraction may  erroneously

ead to assume the inexistence of the fungus in the whole sam-
le. Therefore, it may  be desirable and necessary the utilization of
lternative laboratorial methods, namely serological or molecular
echniques, for improved diagnosis of many fungal infections.

.2.  Immunodiagnosis

Serological techniques are usually simpler than culture and
re very useful in the diagnosis and follow-up of patients with
his infection. They have suffered considerable advances on the
ast decades as a result of the development of innovative detec-
ion schemes, identification of relevant P. brasiliensis antigens [36]
nd increasing use of monoclonal antibody technology for applica-
ion in immunoassays [37]. Immunodiagnostic tests for detection
f anti-PCM antibodies have been described based on the mea-
urement of soluble reactants (e.g. tube precipitation [38], ID
39] and immunoelectrophoresis [40]), cell lysis (e.g. CF [41]) or
ntigen/antibody interactions (e.g. latex agglutination [42], ery-
hroimmunoassay [43] and immunoblotting [44]). Among them,
D probably remains the main serological test for PCM, due to its
igh sensitivity, specificity, simplicity and inexpensiveness [19].
owever, enzyme-based immunoassays, usually in ELISA formats,
ave been increasingly used for serologic diagnosis of PCM and
ther fungal infections. Although being less specific than ID due to
roneness to cross-reactions [21], ELISA is highly sensitive, fast and

uitable for high-throughput testing. In general, ELISA is also sim-
ler and cheaper than traditional serological methods for routine

aboratory testing. The expected correlation between the seric level
f some immunoglobulins and their specific antibody functions
ta 85 (2011) 2254– 2264 2257

against  P. brasiliensis has been confirmed in some reports, although
this seems to be controversial. In some studies, high antibody titres
(namely of IgA, IgG and IgE) have been observed in severe and
disseminated PCM [19]. There are evidences about competition
between different immunoglobulins in serological tests, as is the
case of IgE and IgG, being the former usually considered a marker
in cases of deep severe mycosis. High IgE levels can be found espe-
cially in patients with blastomycosis, coccidioidomycosis and PCM.
The classical indirect ELISA (originally developed for detection of
IgM), which relies on binding of the solid-phase immobilized anti-
gen to all antibody isotypes proportionally to their concentration in
the sample, uses a secondary antibody for detection of specific IgE,
but too many false-negative results may  arise due to IgG competi-
tion for the antigenic sites. Alternatively, in capture ELISA, selective
binding of patient IgE to the solid-phase occurs, therefore elimi-
nating IgG competition [45]. The P. brasiliensis-specific IgE/total IgE
ratio in the sample, measured by capture ELISA, has been claimed
to be a more accurate parameter than P. brasiliensis-specific IgE
only, measured by indirect ELISA [46]. As a general handicap for
the diagnosis of infectious agents, serological techniques for anti-
body detection are of low usefulness in detecting early disease
since some days are required to elicit the production of detectable
antibody levels. The sensitivity of antibody detection tests may
be relatively low in immunocompromised patients, in which only
low levels of antibodies circulate in the blood, despite the dis-
ease has been, to date, only rarely observed in patients affected
by AIDS and other immunosuppressant conditions [47]. A tradi-
tional drawback on PCM serology is the potential cross-reactivity
between the anti-P. brasiliensis antibodies with antigens from other
fungi, mainly with Histoplasma capsulatum [9], due to the frequent
usage of crude preparations of whole microorganisms, contain-
ing undefined antigens with high variability. Plus, ELISA studies
showed higher reactivity to P. brasiliensis antigens in leishmania-
seropositive than in leishmania-seronegative dogs. This, although
preferentially suggesting co-infection, does not exclude eventual
cross-reactivity [48]. In these cases, conclusive serological diagno-
sis can only be achieved by using paired serum samples (from,
respectively, the acute and convalescent phases), but this takes
three to four weeks to completion [34]. The quality of the antigens
usually varies among different laboratories, depending on the fun-
gal strain, growth phase, culture medium, inocula size, incubation
time and recovery techniques [38]. Together with the complex-
ity and lengthiness for production of these preparations [49], this
strongly impairs standardization of diagnostic techniques among
different laboratories [50]. Compared to antibody detection, the
detection of circulating antigens not only allows early diagnosis
(crucial to prevent severe symptoms), but also monitoring the
effect of antimycotic therapy in fungal clearance from body flu-
ids during treatment [36]. The exocellular gp43 of P. brasiliensis is
continuously secreted to the yeast cell medium during the expo-
nential growth phase of this fungus [51]; for being found in virtually
all isolates [52], it may  well be considered the most ubiquitous
antigen for serological diagnosis of PCM. In sera of PCM patients,
gp43 is frequently found in circulating IgG immunocomplexes [53].
Unlike in acute infections, there are evidences about the occurrence
of high seric levels of IgG against polydispersed high molecular
mass antigens produced by P. brasiliensis in chronic PCM infections
[18]. However, the utilization of gp43 for diagnosis may  render
false-negative results, probably due to gp43 polymorphism [54].
Since the gp43 expression is only roughly characterized [55] and is
isolate-dependent [56], a standardized gp43-based serological test
for P. brasiliensis will require the presence of this antigen in high

concentration [10]. Furthermore, the carbohydrate epitopes (which
could recognize up to almost 50% of total reactivity of PCM sera) of
gp43 may  cause some cross-reactivity in cases of histoplasmosis
or lobomycosis [57]. This is highly related to the fact of galactose
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eing the main common epitope among pathogenic fungi. There
ave been attempts to eliminate the cross-reactive carbohydrate
pitopes of gp43, including those responsible for the intense cross-
eactivity of P. brasiliensis with H. capsulatum, but they have not
een well succeeded towards the development of a specific ELISA
est for PCM [58]. In addition, the methods for detection of circu-
ating antigens may  suffer from low sensitivity [59] and strongly
epend on the sourced biological fluid which, apart serum, can be
ronchoalveolar lavage fluid (in the case of pulmonary infections)
60] and cerebrospinal fluid (in the case of CNS infections) [61].
hus, gp43-related antibodies can be used as viable alternatives for
outine testing [62], as a strong and long-lasting antibody response
gainst the gp43 antigen is usually observed in PCM patients [63].
n fact, 90% of PCM patients present positive results for gp43-based
D assays and around 100% in immunoblotting assays [64]. The p27
as been considered a suitable alternative for serological diagnosis
f the fungus. This recombinant antigen has shown to be reactive
gainst a high proportion of patient sera with PCM [65], reaching
onsiderable sensitivity and specificity in the ELISA test format [66].
aking into consideration the relative expensiveness for producing
he gp43 and complexity in the case of the p27 (another relevant
ntigen of P. brasiliensis), a fast and inexpensive assay for diagno-
is of PCM with subcloning and expression of the p27 gene was
eported, in a dot-blot test format where the recombinant protein,
roduced in high amount, was used as the antigen [28]. Excel-

ent sensitivity and specificity (both around 100%) were claimed,
nd the dot-blot immunoassay format showed to be a viable alter-
ative to ELISA. The authors also claim better performance than
hat obtained in a similar work employing gp43 [67], probably due
o the use of a recombinant antigen rather than a purified one.
n this last study, gp43 was treated with sodium metaperiodate
o avoid cross-reactivity with histoplasmosis serum. Besides gp43
nd p27, other antigens have been used for PCM diagnosis, namely
he gp70 [36], the hsp60 [68] and the hsp87 [69]. Environment-
elated conditions (e.g. climate, soil type and pH, temperature and
umidity) may  influence the immunogenic patterns of P. brasilien-
is isolated in different regions [10], but the geographical origin
f the isolates itself may  also play an important role [1]. Indeed,
he region of the Mato Grosso State, in Central-Western Brazil,
as a high incidence and daily reports of PCM and forms a dis-
inct geographic region for the acquisition of the disease [70]. So
ar, the Central-Western region of Brazil is the only where the P.
rasiliensis Pb01-like isolate cluster (by reference to the previously
nown Pb01 isolate) was isolated [71]. This cluster shows signifi-
ant genetic divergence with the other P. brasiliensis isolates [72], in
uch an extent that it has recently been reclassified as a new species
Paracoccidiodes lutzii) within the Paracoccidioides genus [73]. This

ay  have significant implications for serological diagnosis of PCM
n that endemic region. In fact, several confirmed cases of PCM,
specially originated from that region, have exhibited seronegativ-
ty. Such false-negatives are probably due to the fact that antigens
or serological tests are usually produced from species from the P.
rasiliensis S1 group (of one the most abundant, existing in other
outh-American countries [71]), as confirmed by ID-based studies
howing the importance of the differences in antigenic composi-
ion for unambiguous PCM serological diagnosis [1]. Many studies
ave also evidenced significant differences in results for the same
CM serum when distinct serological techniques are employed. The
ariable specificity of immunodiagnostic tests suggests the need
or establishment and standardization of a single technique within
ach clinical setting [38]. Alternatively, as a result of the production
f well-defined and reproducible antigens permitted by the unend-

ng advances in molecular biology, immunodominant antigens for
CM serology can now be obtained by cloning and expression. By
sing standard recombinant antigens, cross-reactions can be min-

mized in relation to the use of crude antigens [28]. Nevertheless,
ta 85 (2011) 2254– 2264

cloning  and expression of antigens is still hampered by the com-
plexity of the process and high costs. In short, despite its usual
limitations, the advantages and versatility of serology, which con-
tinues to evolve in a great number of formats, either for antibody
(e.g. by latex bead agglutination [26]) or antigen (e.g. by inh-ELISA
[34,52,60,63]) detection, have proven undoubted value for routine
laboratorial diagnosis of PCM infections.

4. Molecular diagnosis

The  advent of molecular diagnosis has brought a new and
improved range of essentially quantitative techniques. Molecular
assays have evidenced success in detecting P. brasiliensis even when
microscopic observation and antibody detection fail [32]. PCR, in
particular, has shown greater usefulness when antigen or antibody
blood levels are too low for successful immunodiagnosis [74]. In
general, quantitative methods for detection and identification of
human pathogenic fungi exhibit better performances, especially
in terms of specificity, than qualitative methods. This strongly
enhances their ability to predict invasive fungal disease [75]. Unlike
traditional diagnostic assays, molecular methods will undoubtedly
continue to be useful in rapidly detecting invasive fungal infections
with high sensitivity.

4.1.  PCR

As  far as it is currently known, P. brasiliensis consists in a species
complex with distinct genetic groups. Thus, molecular methods are
essential to distinguish and identify circulating genotypes of the
fungus [6]. Molecular diagnosis of fungal infections usually relies
on PCR and other PCR-based techniques for amplification of fun-
gal genomes, whose blood levels are usually too low for successful
detection without a previous amplification step. Conventional PCR
does not yield quantitative results, which are important to evalu-
ate disease progression. Thus, quantitative methods (e.g. culturing)
are usually required for downstream analysis in order to assess the
effect of the fungus and to decide whether to treat, or not, the fungal
disease. In parallel, automated DNA synthesis is a relatively recent
achievement. The resulting production of molecular probes with
consistent and defined properties has improved the reproducibil-
ity, sensitivity and specificity of fungi diagnosis [34]. Nested-PCR,
which uses a second set of primers (internal to the first, original
primer set) to amplify, in a second amplification round, an internal
and thus very specific genomic region, is not only inherently more
specific but also more sensitive than conventional PCR. On the other
hand, RT-PCR, by using the reverse-transcriptase enzyme before
the PCR step, allows the amplification of fungal RNA by intermedi-
ate synthesis of cDNA, which can then be used as a conventional
PCR template. Real-time PCR is a highly sensitive and quantita-
tive PCR-related technique integrating standard PCR and detection
with fluorescent probes in the same reaction vessel. Emitted flu-
orescence can then be quantified and correlated with the amount
of PCR amplicons. Unlike in standard PCR, the accumulation of PCR
products is automatically screened and recorded after each ampli-
fication cycle by using fluorescent DNA intercalating dyes (e.g. SYBR
Green I), sequence-specific probes [76] or molecular beacons [77].
Intercalating dyes are usually cheaper but have low selectivity,
since they bind every double-stranded DNA molecules, irrespec-
tively to their sequences. This, of course, does not happen with
the use of sequence-specific probes, which further allow detec-
tion of SNPs. Furthermore, the possibility of tagging probes with

different reporter dyes allows monitoring simultaneously differ-
ent fungal isolates for better assessment of interaction between
different isolates and population analysis. Real-time PCR can also
be useful to distinguish between simple colonization, subclinical
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nfections and actual disease caused by fungus. Compared to PCR
nd other PCR-based methods, real-time PCR exhibits, in general,
imilar sensitivity (usually higher than that of culturing meth-
ds, especially in the case of slow-growth pathogenic fungi, like
. brasiliensis) and specificity, decreased assay time (by preclud-
ng the need for a post-amplification processing and detection),
nd reduced environmental contamination (since amplification
nd detection take place in the same closed reaction vessel). This
s extremely relevant as a consequence of the ubiquitous pres-
nce of many environmental fungi [31]. This may  be especially
mportant in fluorescent in situ PCR, a technique that employs fluo-
escently labeled genomic probes coupled to detection by confocal
icroscopy, allowing detection of non-cultivable microorganisms

nd of fungal/host interactions, as well as quantitative detection
f fungal PCR amplicons in fixed environmental samples [78]. The
uccessful exploitation of PCR-related techniques for microorgan-
sm identification strongly depends on the chosen DNA extraction
rotocol (which may  have to account for the eventual need for
apid extraction, for high DNA purity or for the type of environmen-
al source) and on the selection of target oligo- or polynucleotide
equences. This last feature can be carried out by cloning and
equencing arbitrary portions of fungal genomes, or by selecting
pecific sequence information from online DNA databases in order
o design PCR primers to target conserved or variable genomic
egions. Fungal sequence analysis has been considered less robust
han for bacteria due to the endless changes in fungal taxonomy,
o the exiguity of current fungal sequence databases and to the
nexistence of a wide conserved genomic region for fungal iden-
ification at the genus or species level [79]. Moreover, sequencing

ethods for identification of filamentous and dimorphic fungus
as is the case of P. brasiliensis) have not been as extensively eval-
ated as those for yeasts. Pyrosequencing technology, originally
eveloped by Biotage AB (Sweden), is an adaptation of the classical
anger dideoxy sequencing method in which inorganic phosphate
eleased from a DNA chain growing by the action of a DNA poly-
erase produces measurable light by the enzymatic activity of

ulfurylase and luciferase [31]. The technique is faster and cheaper
han conventional sequencing, but is still limited to the analysis of
hort templates (around 100 bp), which hinderers good discrimi-
ation among closely related fungal species [80]. Criticism about
olecular diagnostics usually relies on the fact that positive-tested

amples often correspond to simple colonization or to latent infec-
ions rather than to current infections, and that, even among these,
ot all lead to disease [81]. The absence of more systematic evalu-
tion and standardization of PCR-based molecular diagnostic tests
or fungal disorders has been a major constraint, but initiatives like
he UKPCG [82] may  ultimately pave the way for a wider imple-

entation of these tests into laboratorial routine testing.

.2.  Primers and probes for molecular diagnosis of P. brasiliensis

Concerning specific-primer design for molecular diagnosis of
ungal species, highly conserved regions acting as primer binding
ites must exist within the target gene, and these regions must
ank regions with enough sequence variability to permit genus-
r species-level discrimination. Fungal ribosome genes, especially
hose related with 18S RNA, exist in all organisms in high amounts,
hich favors high sensitive detection [9]. The rRNA gene con-

ains both conserved (28S, 5.8S and 18S) and specific (ITS1 and
TS2) regions, turning it valuable for fungal identification [34].
ccordingly, high-rate mutation regions are useful for discrimi-

ation among different genus or upper phylogenetic levels, while

ow-rate mutation regions are especially useful for species dif-
erentiation [6]. In addition, around 100 copies of this gene exist
n the corresponding chromosome, which constitutes a suitable
ta 85 (2011) 2254– 2264 2259

pre-amplification step for subsequent PCR amplification [83]. The
genes of rDNA are among the most commonly targeted sequences
for detection of P. brasiliensis in clinical samples. A work reporting
the targeting of the 5.8S and 28S rDNA genes with fungal univer-
sal primers followed by more specific primers (OL3 and UNI-R) for
nested-PCR resulted in good discrimination of P. brasiliensis from
human DNA and other pathogenic fungi, including H. capsulatum
[74]. Nested-PCR was  also employed for highly sensitive and spe-
cific detection of the fungus and strain identification by means of
the PbITS1s and PbITS3a set of primers [84]. These primers ampli-
fied specifically a 418 bp DNA fragment in the ITS regions. In a recent
work, a labeled molecular beacon probe was directed to the ITS1
region of P. brasiliensis rDNA, with highly reproducible, specific
and sensitive real-time fluorescent detection [85]. Another work
developed a method of sequential utilization of universal fungal
primers to target corresponding conserved regions of rDNA from
several yeast-like fungi, including P. brasiliensis, followed by fungal
specific primers for fungi identification at the species level. Detec-
tion was  carried out by colorimetric ELISA, which, unlike amplicon
size-based detection (e.g. after conventional electrophoresis and
ethidium bromide staining), prevents erroneous fungal diagnosis
due to the fact that different fungi may  produce characteristic
amplicons with the same size. This PCR/ELISA detection method,
which is also simpler to perform than Southern-blot, may be used
for fungal identification in culture and in clinical samples as well.
The technique proved to be useful in differentiating the studied
fungi species and suggests the possibility of designing an array
for simultaneous detection of different fungi after a single PCR
amplification step followed by the use of specific probes. The sen-
sitivity of this PCR-ELISA test may  be further improved by using,
for instance, nested-PCR or new forms of Taq polymerase, suffi-
ciently stable to stand more PCR cycles [34]. Experiments with the
18S rRNA genes of P. brasiliensis evidenced high homology between
this fungus and B. dermatitidis and H. capsulatum, which has often
motivated the use of the gp43 associated gene to enhance the
specificity of PCM diagnosis [57]. After full cloning, sequencing
and characterization of the gp43 gene coding region [52], sev-
eral primer sets have been designed for molecular diagnosis of P.
brasiliensis. These genes have been widely used to specifically target
P. brasiliensis genome sequences in biological samples [86]. DNA-
based vaccination against P. brasiliensis with the gp43 gene has also
been successfully assayed in mice [87]. Works employing sensi-
tive nested-PCR [9] and fluorescent real-time PCR [88] detection
have also been reported. The gene of the 27 kDa antigenic protein
has also been used for detection of P. brasiliensis in wild animals,
inoculated mice and artificially contaminated soil [89]. Other works
have described the development of molecular assays based on the
0.72 and/or on the 0.83 kbp DNA fragment, which are common to
all P. brasiliensis strains [32,90]. In addition to clinical diagnosis, P.
brasiliensis epidemiology and phylogeny can also benefit from PCR-
based technologies. PCR studies where specific primers designed
to target the 43 kDa and the 27 kDa protein genes of P. brasiliensis
were used, showing the possibility of successfully isolating this and
other environmental microorganisms from the soil and hence con-
tributing to identify their habitats [91]. Conventional culture and
animal inoculation techniques usually exhibit low reproducibility
in this regard [10]. This is due to the presence, in soil samples, of
natural contaminants (e.g. polysaccharides and humic acids) that
strongly interfere with the PCR reaction, as a consequence of their
resemblance with DNA in terms of chemical nature and solubility
[92]. Aiming to investigate a possible correlation between certain
characteristics of P. brasiliensis isolates and virulence in humans,

PCR was used to amplify DNA fragments containing microsatel-
lites as molecular markers to discriminate various P. brasiliensis
isolates and relate them with different pathogenicity patterns [91].
In particular, it was  also observed that gp43 gene sequences of
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ome P. brasiliensis isolates were phylogenetically distant from
he sequences of other isolates, suggesting a possible correlation
etween some P. brasiliensis gp43 gene polymorphism and the
athogenic degree of these strains [93]. While some works (for
xample, employing RAPD analysis) have confirmed this correla-
ion [94], the above mentioned study with microsatellites did not.
ther authors working with RAPD suggest that, instead of being
orrelated with clinical manifestations, genetic differentiation can
e associated with the geographic regions of endemicity [95]. The
icrosatellite study also showed the possibility of using the p27

ene to screen P. brasiliensis in known natural reservoirs (animals
nd soil), although reports about its utilization in human samples
ave not been found so far in the literature [89]. The RAPD tech-
ique has recently been used to detect and characterize, for the
rst time, genetically distinct isolates of P. Brasiliensis from a sin-
le patient, by using different random primers [96]. The significant
enetic variability thus detected, above 28%, confirms the genetic
omplexity within this fungal species and opens a new road for
linical studies.

.3.  Commercial diagnostic kits

The AccuProbes, from Gen Probe (San Diego/CA, USA), are among
he few commercially available molecular tests for fungal analy-
is. These kits usually rely on specific nucleic-acid hybridization
ollowed by chemiluminescent detection and allow highly sensi-
ive and specific identification of dimorphic fungus in culture [97].
fter cell lysis and DNA extraction, sequence-specific hybridization
etween a chemiluminescent single-stranded DNA probe and the
omplementary rRNA from the target organism occurs. Since a PCR
tep to amplify the target is not used, fungal growth in pure cultures
s usually required to achieve the reported sensitivities. In a study
bout the evaluation of AccuProbe assays for rapid identification of
. dermatitidis and C. immitis, the inclusion of P. brasiliensis isolates
or comparison showed, once more, the morphological and anti-
enic relatedness of P. brasiliensis with other fungal species [98].
lthough P. brasiliensis endemic regions (in South America) are dif-

erent from those of B. dermatitidis (in North America), imported
ases in USA and Europe among immigrants [27] have raised con-
ern about the inability of the B. dermatitidis probe for conclusive
iagnosis in such cases [99]. Some works have reported other fungal
ybridization probe-based systems, although not commercialized
et or even routinely used [34]. A common problem of many com-
ercial kits for disease diagnosis is the relatively long assay time

nd tedious sample processing, making difficult to considerer them
s true and valuable rapid diagnostic tests for decentralized, point-
f-care applications [100].

.4. Microarrays

Microarray technology may  constitute a step forward towards
he development of high-throughput detection systems for bio-
nalysis and assessment of gene expression patterns, due to its
bility for multiplexed qualitative and quantitative testing of very
mall volumes of complex environmental samples containing hun-
reds or thousands of different species [101]. Unlike single-analyte
ests, microarrays can offer multi-component information and
ynamic compensation for sample matrix effects [102]. The utiliza-
ion of microarrays for fungal diagnosis has already been reported
103,104]. Genomic microarrays have already been employed for
he identification, in vitro, of genes and gene expression during
rowth of P. brasiliensis, in which the distinct expression patterns

bserved between the yeast and the mycelium form corrobo-
ate the well known physiological features of both forms [105].
he ability of microarrays for simultaneous scanning of multi-
le pathogens constitutes, in general, a significant advantage, in
ta 85 (2011) 2254– 2264

terms  of high-throughput and cost-effectiveness per assay, to cur-
rent single-analyte tests [31], usually based on PCR. This has been
made possible with high-density microarrays, although further
improvements are still required to manually handle and to ana-
lyze biological samples with millions of different genes without
simultaneously increasing contamination, the number of false-
positive results and the background signal [78]. The ability of
optical devices to carry huge amounts of information may  suitably
explain the high commercial success of optical transduction-based
microarrays compared to electrical ones [81]. However, common
drawbacks include difficulty of scaling down the array density, lim-
ited resolution, high variability of the response signal due to sample
concentration and dependence on a prior biomolecule amplifi-
cation step [106,107]. Further evaluation and standardization of
microarray techniques for fungal detection and identification are
still required before they can be widely implemented in labora-
torial routine analysis [31], as well as lower costs for the current
expensive and complex equipments required. In general, these
technologies still do not accomplish the full criteria for in-the-field
(in situ) applicability, seeming rather laboratory-based detection
systems. There is an urgent need to develop new and improved
diagnostic tests able to provide sensitive, specific, reproducible,
simple and cheap detection of invasive and systemic pathogenic
fungi, both endemic and opportunistic, for diagnosis within health-
care settings and for in-the-field applications as well.

Table  1 summarizes the main operational features from most of
the techniques and methods referenced in this chapter concerning
the laboratorial diagnosis of P. brasiliensis. This table does not intend
to be exhaustive, but rather to pinpoint some quantitative land-
marks that, ultimately, improved diagnostic tests for this fungus
will face in the future. The recent search for new rapid diagnostic
tests with improved sensitivity and specificity has driven the appli-
cation of molecular diagnostic techniques to PCM in only a reduced
number of patients and experimental models, within some labo-
ratories, in order to complement routine classical diagnosis. These
are mainly in-house methodologies without proper standardiza-
tion and, therefore, (still) unpublished. There is still the need to
optimize and standardize DNA extraction from different clinical
samples and to solve other common handicaps and challenges of
molecular detection methods. Owing to these constraints, as well as
to the recurrent lack of improved equipment and skilled manpower
in low-income settings and regions where PCM is endemic, it will
certainly take a long time until molecular techniques become more
widely implemented to empower routine laboratorial diagnosis of
this illness.

5.  Biosensors for fungi

Biosensor  technology is expected to provide suitable method-
ologies for fungal detection and diagnosis of mycosis. In biosensors,
the biorecognition event occurs directly on the surface of a physical
transducer and, unlike in conventional bioassays and bioana-
lytical devices, the assay design is permanently fixed on the
device platform. Biosensors are usually designed to be highly
sensitive, selective, fast, portable, cheap, simple and, in general,
response-proportional. Moreover, when dealing with pathogens,
disposability is usually preferred to reusability. Additionally,
biosensors for label-free, real-time and in situ detection will cer-
tainly enhance the ability to detect microorganisms in different
environments. Compared to microarrays, biosensors do not require
surface scanning for acquisition of full information in order to yield

an output. In parallel, nanotechnology has rendered a multitude of
new analytical procedures, structures and systems for biosensing,
as a consequence of the inherent small size and unusual physico-
chemical properties of nanoparticles. The convenient application
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Table 1
Summary of the main characteristics of some laboratorial techniques for diagnosis of P. brasiliensis described in the literature.

Type of test Biotarget Bioprobe Reported performances Reference (year)

Immunologic (agglutination) Serum antibodies Latex (polystyrene)
particle-attached fungal cell
antigens

Sensitivity: 60.8–69.5% [54] (1978)

Immunologic  (competitive
ELISA)

gp43 anti-gp43 antibody 6 ng ml−1 [47] (1992)

Immunologic  (indirect ELISA) Serum antibodies Recombinant p27 antigen 73.4% sensitivity and 87.5%
specificity

[80]  (1998)

Molecular  (PCR) p27 and gp43 genes 3 specific primer pairs LOD of 3 pg (90 cells) [100]  (1999)
Molecular (nested PCR) gp43 gene 2 primer pairs LOD of 0.5 fg (∼100 gene

copies)
[40] (2000)

Molecular  (modified
PCR–ELISA)

rRNA pan-fungal gene Biotinylated universal and P.
brasiliensis-specific primer
pairs

LOD of 3.2 pg [52] (2001)

Immunologic
(immunoblotting)

Serum  antibodies Recombinant HSP60 protein 97.3% sensitivity and 92.5%
specificity

[80]  (2002)

Molecular  (real-time PCR) Sequence from the gp43 gene Fluorescently labeled primer
pair

LOD  up to 10 molecules of DNA
per reaction

[99] (2002)

Immunologic  (inh-ELISA) gp70 Specific monoclonal antibodies 100%  sensitivity and 100%
specificity

[82]  (2004)

Molecular  (PCR) Universal gene sequence Specific primers 10 pg [101] (2005)
Immunologic (dot-blot assay) Serum antibodies Recombinant p27 100% sensitivity and 98%

specificity
[43]  (2006)

Immunologic  (ID) Serum antibodies Exoantigen 550B (Ag 550B) 92.3% sensitivity and 98.4%
specificity

[8]  (2008)

Molecular (real-time PCR) DNA  sequence from the ITS1 Labeled molecular beacon LOD of 1 fg �l−1 and sensitivity [95]  (2009)
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OD, limit of detection.

f nanotechnological tools to the biosensor field has been increas-
ngly exploited as an emerging theme within nanobiotechnology, to
roduce improved and innovative schemes and devices envisaging
isease diagnosis.

.1.  Mass-sensitive and electrochemical biosensing for fungi

A  mass-sensitive biosensor to detect the growth phase of
spergillus niger and Saccharomces cerevisiae (as models for the
ehavior of pathogenic fungi) with gold-coated and uncoated
ilicon microcantilevers functionalized with fungal surface-
nteracting proteins was developed [108]. Spore immobilization
ed to a specific resonance frequency shift, reaching a detection
imit of 103 CFU ml−1 and assay time of only 4 h, unlike the several
ays required by conventional techniques. One of the few reported
iosensors employing living microbial cells as templates for MIPs
as developed [109]. It relies on the QCM principle for whole yeast

ell detection and on the well-known sedimentation behavior of
easts [110] (Fig. 1). A detection limit of 104 cells ml−1 was reached
n complex media. The QCM and other types of mass-sensitive
iosensors have been less exploited than optical and electrochem-

cal ones. This is caused by the fact that their performance and
ensitivity strongly depend on environmental conditions, even very
mall fluctuations in air flow and humidity. Too often, washing
nd subsequent drying steps must be meticulous to obtain rigor-
us measurements. In addition, interfacial phenomena between the
uter air phase and the bioanalytical liquid medium strongly impair
ccurate quantitative predictions. Understandably, this severely
imits their usefulness for in-the-field applications. On the other
and, electrochemical transduction seems to be appropriate for
roduction of simple, inexpensive and miniaturized (portable)
evices [81]. An alkanethiolate SAM/gold-based impedimetric
iosensor for detection and pioneer quantification of living yeast
ells (from S. cerevisiae) immobilized onto an electrode surface was

eported [111], whereas, a similar aminealkanethiol SAM-based
mmobilization procedure had already been assayed for detection
f yeast DNA hybridization by voltammetry [112]. This technique
as also employed for PCR-free detection of Trichoderma harzianum
of 100% (respiratory samples)

species-related oligonucleotide probes at a gold disk electrode
[113]. In another work, monoclonal antibodies against Candida albi-
cans were adsorbed onto SWCNTs, thus providing specific binding
sites for fungal antigens [114]. The detection mechanism relied on
a FET with the SWCNT network as the conducting channel (Fig. 2).
The resulting variation in the electrical conductance is probably due
to a physical distortion of CNTs upon the biorecognition event or
to charge-transfer [115]. Although exhibiting some cross-reactivity
between anti-Candida antibodies and existing S. cerevisiae cells, the
sensor was able to detect as few as 50 CFU ml−1 of yeast cells (in only
1 h), nearly half of the detection limit of current detection methods.
This is, most likely, the first application of CNT-based FETs to the
detection of eukaryotic cells. In general, the main handicaps of elec-
trochemical biosensors are the propensity for interferences caused
by electrochemically active compounds in the response signal and
electron-transfer blocking effects between electrodes and sensing
layers [81].

5.2.  Optical biosensing for P. brasiliensis

Until recently, there have been no reports about the appli-
cation of biosensors or nanotechnology to the detection of P.
brasiliensis, but an ongoing financed project in Brazil may  be,
most likely, the pioneer in this endeavor [116]. The project con-
cerns the application of P. brasiliensis-related DNA nanoprobes
linked to gold nanoparticles and testing of clinical fluid samples
aiming to target the complementary DNA chains. After fungal
DNA extraction and amplification, detection will be carried out
by optical methods. Compared to electrochemical transduction,
optical transducers, in general, are still too complex, expensive
and less amenable for miniaturization; however, the ability of
optical signals to carry enormous amounts of information in
a very fast and safer way, apart the easier sterilization, make
them more biocompatible and thus more promising for ultimate

in vivo biosensing, namely by making use of fiber optic tech-
nology [81]. The methodology proposed in the Brazilian project
lies among the most modern and innovative approaches for dis-
ease diagnosis. It is expected that, in a short term, successful
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Fig. 1. Rotating QCM for yeast cell detection. Two major electrodes (upper black boxes), embedded in the QCM (white box), were coated with a polymer (gray box), while the
minor  electrodes (lower black boxes) faced downward. One of the coated electrodes was surface-imprinted with whole yeast cells, thus allowing differential measurements
by comparison with the non-imprinted (reference) electrode. This layout was  assembled within a flow cell (dashed cage, with arrows representing the inlet and outlet),
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here yeast cells (white circles) circulate. Most of these cells adhere to the tailored
radual  decrease of the response signal (frequency shift, represented, respectively, 

nd under the tested conditions (e.g. of flow rate), cell adhesion to the reference ele

esults may  be obtained and published in scientific broadcasting

egular media. In addition, this also constitutes a rare reported
pplication of optical methods for detection and identification of
ungi.

ig. 2. CNT-based FET biosensor for detection of yeast cells. The CNT network
bricked  wall-like box) was  directly adsorbed onto a SiO2 layer (light-gray box) and
his, in turn, onto a Si layer (black box). The source and drain (dark-gray boxes)
f  electric current were placed in the extremities of the assembly. Specific mon-
clonal  antibodies (Y-shaped black boxes) were then immobilized onto the CNTs
nd a blocking reagent (white spots) used to cover the unprotected gaps of the CNT
alls, thus preventing non-specific binding of other yeasts or proteins. Exposure to

 biological sample containing the target yeast cells (dotted rectangles) causes a sig-
ificant decrease of the CNT conductance as a result of antibody–yeast cell binding.
his  may be due to CNT physical distortion or to enhancement of charge-transfer to
he CNTs upon binding of the biological target.
inted cavities. Rotation of the whole setup towards the vertical position results in a
, �F′ and �F′′), due to yeast cell disassembly and sedimentation. Along the process
e was negligible.

6. The future of fungal diagnosis: final remarks

There is still a long way to go from well-standardized molecular
methods and high-throughput microarrays to the newest biosensor
technologies, especially in the form of rapid tests for simple, rapid,
inexpensive and in situ diagnosis. Technological platforms based
on lateral flow immunochromatography, molecular imprinting,
surface plasmon resonance, fluorescence polarization and elec-
tronic noses – frequently in tight relation to bionanotechnological
improvements – are just now being applied to the detection of
mycotoxins and mycotoxigenic fungi [117], although only scarce
reports have been found for non-mycotoxigenic, yeast-like fungi,
and none for P. brasiliensis. For the identification of mycotoxi-
genic fungi, specific mycotoxins for protein-based detection and
mycotoxin-producing genes for DNA-based detection may  be suit-
able biomarkers. For the remaining fungi, including P. brasiliensis,
biomolecular detection may  eventually be more difficult, aggra-
vated by the multi-cellular and large-dimension features of most
of these organisms, compared to bacteria or virus. DNA-based diag-
nosis, in particular, usually requires prior DNA extraction from cells,
a significant obstacle for easy fungal detection due to the com-
mon thick and rigid cell walls of fungal species. Compared to the
transducing mechanism, the sample pretreatment step has been

considerably underestimated in biosensor development, which,
obviously, constitutes a further limitation in the case of fungal diag-
nosis (especially mycelia-forming fungi). A good new in this regard
is that very efficient kits for automatized nucleic-acid extraction
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rom fungi cells are already available commercially. In the near
uture, these systems may  ultimately be integrated in lab-on-a-
hip and microfluidic platforms with modules for sample detection
oupled to upstream biological sample processing. Interestingly, as
n bacteria, yeast cell surfaces are, very often, negatively charged
t physiological pH values [118], which may  favor the design of
lectrochemical biosensing mechanisms, namely through bind-
ng to charged polymers. In fact, this characteristic may  largely
xplain the predominance of reported electrochemical sensors for
ungi compared to other physical transduction mechanisms, as seen
bove. In most cases, as for other eukaryotic organisms, whole-cell
etection has been employed in biosensing layouts. Rather than a
ossible side-effect of the very small number of reported biosensors
or fungi compared to those for other microorganisms, e.g. bacte-
ia and virus, this may  be seen as a result of some advantageous
haracteristics of fungal cells. Here are included the possibility of
esponding to a wider number of substrates from fungal enzymes
nd the high stability of fungal cells in the sensor environment,
esulting from their high tolerance to large variations in pH, osmotic
ressure and temperature (leading to increased shelf-life) [119].
ifficulties and challenges will persist to develop autonomous com-
ercially available rapid tests for disease diagnosis from simply

roof-of-concept biosensors [100]. Some of these challenges have
een extensively reviewed in the literature [81], but of note is
hat, more than the lack of solid scientific knowledge, the devel-
pment and commercial exploitation of standardized rapid tests
ay have been hindered by cost/benefit considerations, especially
hen mass-production and high-throughput testing are envisaged

120]. Nevertheless, in the future, we may  foresee the development
f improved sample processing platforms coupled to highly sen-
itive detection schemes, probably in the form of lab-on-a-chip
nd/or microfluidic devices, for economically attractive laborato-
ial and in-the-field diagnosis of P. brasiliensis and other systemic
nd opportunistic fungi.

cknowledgements

We  deeply acknowledge Dr. Olivier Hayden (from Siemens AG)
or having us elucidated about the layout of the rotating QCM,
hich constitutes the core of Fig. 1.

eferences

[1] J. Batista Jr., Z.P. Camargo, G.F. Fernandes, A.P. Vicentini, C.J.F. Fontes, R.C.
Hahn, Mycoses 53 (2009) 176.

[2] M. Ginarte, M.  Pereiro, J. Toribio, Mycoses 46 (2003) 407.
[3] H. Horré, G. Schumacher, K. Alpers, H.M. Seitz, S. Adler, K. Lemmer, G.S. De

Hoog, K.P. Schaal, K. Tintelno, Med. Mycol. 40 (2002) 213.
[4] J.G. McEwen, A.M. Garcia, B.L. Ortiz, S. Botero, A. Rastrepo, Arch. Med. Res. 26

(1995) 305.
[5] G. San-Blas, G. Niño-Vega, T. Iturriaga, Med. Mycol. 40 (2002) 225.
[6] V.B. Richini-Pereira, S.M.G. Bosco, R.C. Theodoro, S.A.G. Macoris, E. Bagagli,

Mem. Inst. Oswaldo Cruz 104 (2009) 636.
[7]  M.A. Ono, A.P.F.R.L. Bracarense, H.S.A. Morais, S.M. Trapp, D.R. Belitardo, Z.P.

Camargo, Med. Mycol. 39 (2001) 277.
[8]  A.J.R. Almeida, Cellular and molecular studies on the dimorphic pathogenic

fungus Paracoccidioides brasiliensis, PhD Thesis, University of Minho, Portugal,
2007.

[9]  R. Bialek, A. Ibricevic, C. Aepinus, L.K. Najvar, A.W. Fothergill, J. Knobloch, J.R.
Graybill, J. Clin. Microbiol. 38 (2000) 2940.

[10]  E. Brummer, E. Castaneda, A. Restrepo, Clin. Microbiol. Rev. 6 (1993) 89.
[11]  V.M. Santos, R.M. Xavier, J.A. Cortes, E.M.C. Osterne, M.W.F. Lopes, Myco-

pathologia 166 (2008) 155.
[12] D.L. Greer, A.M. Restrepo, Bol. Of. Sanit. Panam. 83 (1977) 428.
[13] C.S. Lacaz, E. Porto, J.E.C. Martins, E.M.H.-V. Vaccari, N.T. Melo, Tratado de

Micologia Médica, Sarvier, São Paulo, 2002, pp. 639–729.
[14] S.M. Almeida, F. Queiroz-Telles, H.A.G. Teive, C.E.L. Ribeiro, L.C. Werneck, J.
Infect. 48 (2004) 193.
[15] A. Bousquet, C. Dussart, I. Drouillard, E.C. Charbel, P. Boiron, Méd. Malad.

Infect. 37 (2007) S210.
[16] D. Borelli, Proceedings of the International Symposium of Mycoses, Pan Amer-

ican Health Organization, 1970, pp. 28–38.
ta 85 (2011) 2254– 2264 2263

[17] Organization of the American States, International migration in the Americas,
First Report of the Continuous Reporting System on International Migration
in the Americas (SICREMI), Washington DC, 2011.

[18]  A.S. Marquez, A.P. Vicentini, M.A. Ono, M.A.E. Watanabe, Z.P. Camargo, E.N.
Itano, J. Clin. Lab. Anal. 19 (2005) 199.

[19]  M.A. Shikanai-Yasuda, F.Q.T. Filho, R.P. Mendes, A.L. Colombo, M.L. Moretti,
Rev. Soc. Bras. Med. Trop. 39 (2006) 297.

[20] O.P. Almeida, J. Jacks, Crit. Rev. Oral Biol. Med. 14 (2003) 377.
[21] Z.P. Camargo, Mycopathologia 165 (2008) 289.
[22] A.G. Tristano, M.E. Chollet, M.  Wilson, J. Perez, M.  Troccoli, Invest. Clin. 45

(2004) 277.
[23] E. Bagatin, An. Bras. Dermatol. 61 (1986) 5.
[24]  C. Scully, O.P. Almeida, J. Oral Pathol. Med. 21 (1992) 289–294.
[25] G. Benard, A.J.S. Duarte, Clin. Infect. Dis. 31 (2000) 1032.
[26] F. Silveira-Gomes, D.N. Sarmento, T.M. Pinto, R.F. Pimentel, L.B. Nepomu-

ceno, E.P.T. Espírito-Santo, M.  Mesquita-da-Costa, Z.P. Camargo, Clin. Vaccine
Immunol. 18 (2011) 604.

[27] L. Ajello, L. Polonelli, Eur. J. Epidemiol. 3 (1985) 160.
[28] M.M. Correa, A.M. Bedoya, M.P. Guerrero, J. Méndez, A. Restrepo, J.G. McEwen,

Mycoses 50 (2006) 41.
[29] C.S. Lacaz, E. Porto, J.E.C. Martins, E.M.H.-V. Vaccari, N.T. Melo, Tratado de

Micologia Médica, Sarvier, São Paulo, 2002, pp. 998–1067.
[30] K.J. Kwon-Chung, J.E. Bennett, Medical Mycology, Lea & Febiger, New York,

1992.
[31]  N.L. Wengenack, M.J. Binnicker, Clin. Chest Med. 30 (2009) 391.
[32] D.L. Sewell, Clin. Microbiol. Rev. 8 (1995) 389.
[33]  D.R. Hospenthal, Paracoccidioidomycosis: differential diagnosis & workup.

http://emedicine.medscape.com/article/224628-diagnosis, 2008 (accessed
03.2011).

[34]  M.D. Lindsley, S.F. Hurst, N.J. Iqbal, C.J. Morrison, J. Clin. Microbiol. 39 (2001)
3505.

[35] L. Repentigny, Clin. Infect. Dis. 14 (Suppl. 1) (1992) S11.
[36] S.H.M. Silva, D.M. Grosso, J.D. Lopes, A.L. Colombo, M.H. Blotta, F. Queiroz-

Telles, Z.P. Camargo, J. Clin. Microbiol. 42 (2004) 4480.
[37] B.L. Gómez, J.L. Figueroa, A.J. Hamilton, B. Ortiz, M.A. Robledo, R.J. Hay, A.

Restrepo, J. Clin. Microbiol. 35 (1997) 3278.
[38]  A. Restrepo, Adel. Microbiol. Enf. Infecc. 3 (1984) 182.
[39] A. Restrepo, L.H. Moncada, Appl. Microbiol. 28 (1974) 138.
[40] L.L. Yarzábal, Rev. Inst. Med. Trop. São Paulo 13 (1971) 320.
[41] M.E.S. Nogueira, R.P. Mendes, S.A. Marques, M.  Franco, M.  Braz, J. Med. Biol.

Res. 19 (1986) 241.
[42] A. Restrepo, L.H. Moncada, Bol. Of. Sanit. Panam. 84 (1978) 520.
[43] Z.P. Camargo, J.L. Guesdon, E. Drouhet, L. Improvisi, Sabouraudia 22 (1984)

73.
[44] M. Franco, C. Fava Netto, L.G. Chamma, Rev. Inst. Med. Trop. São Paulo 15

(1973) 393.
[45] R.L. Mamoni, C.L. Rossi, Z.P. Camargo, M.H.S.L. Blotta, Am.  J. Trop. Med. Hyg.

65 (2001) 237.
[46] J.P. Siegel, J.S. Remington, J. Clin. Microbiol. 18 (1983) 63.
[47] S.A. Marques, A.M. Robles, A.M. Tortorano, M.A. Tuculet, R. Negroni, R.P.

Mendes, Med. Mycol 38 (Suppl. 1) (2008) 269.
[48] L.H. Silveira, I.H. Domingos, K. Kouchi, E.N. Itano, E.A. Silva, V.O. Landgraf, S.M.

Werneck, Z.P. Camargo, M.A. Ono, Mycopathologia 162 (2006) 325.
[49] A. Restrepo, L. Cano, M.  Ochoa, Sabouraudia 23 (1985) 23.
[50] M. Franco, E. Bagagli, M.  Cunha, L. Chamma, D. Fecchio, Mycopathologia 135

(1996) 13.
[51] B.U. Stambuck, R. Puccia, M.L.C. Almeida, L.R.L.R. Travassos, J. Med. Vet. Mycol.

26 (1988) 367.
[52] P.S. Cisalpino, R. Puccia, L.M. Yamauchi, M.I. Cano, J.F. Silveira, L.R. Travassos,

J. Biol. Chem. 271 (1996) 4553.
[53] C.S. Unterkircher, S.C. Yazaki, M.T. Shimizu, A.O.C. Jorge, Z.P. Camargo, J. Med.

Vet. Mycol. 34 (1996) 273.
[54] G. San-Blas, G. Niño-Vega, Mycopathologia 165 (2008) 183.
[55] K.C.L. Carvalho, L. Ganiko, W.L. Batista, F.V. Morais, E.R. Marques, G.H. Gold-

man, M.F. Franco, R. Puccia, Microbes Infect. 7 (2005) 55.
[56] M.C. Souza, J.L. Gesztesi, A.R. Souza, J.S. Moraes, J.D. Lopes, Z.P. Camargo, J.

Med. Vet. Mycol. 35 (1997) 13.
[57] R. Puccia, L.R. Travassos, J. Clin. Microbiol. 29 (1991) 1610.
[58] C.F. Albuquerque, S.H.M. Silva, Z.P. Camargo, J. Clin. Microbiol. 43 (2005) 1944.
[59]  G. Freitas-da-Silva, M.C. Roque-Barreira, J. Clin. Microbiol. 30 (1992) 381.
[60]  S.H. Marques-da-Silva, A.L. Colombo, M.H.S.L. Blotta, F. Queiroz-Telles, A.B.

Balthazar, J.D. Lopes, Z.P. Camargo, Clin. Vaccine Immunol. 13 (2006) 1363.
[61]  S.H.M. Silva, A.L. Colombo, M.H.S.L. Blotta, F. Queiroz-Telles, J.D. Lopes, Z.P.Z.P.

Camargo, J. Clin. Microbiol. 43 (2005) 4680.
[62]  S.H.M. Silva, F. Queiroz-Telles, A.L. Colombo, M.H. Blotta, J.D. Lopes, Z.P.

Camargo, J. Clin. Microbiol. 42 (2004) 2419.
[63] S.H.M. Silva, A.L. Colombo, M.H.S.L. Blotta, J.D. Lopes, F. Queiroz-Telles, Z.P.

Camargo, J. Clin. Microbiol. 41 (2003) 3675.
[64]  M.H.S.L. Blotta, Z.P. Camargo, J. Clin. Microbiol. 31 (1993) 671.
[65] B.L. Ortiz, A.M. Garcia, A. Restrepo, J.G. McEwen, Clin. Diagn. Lab. Immunol. 3

(1996) 239.

[66] B.L. Ortiz, S. Díez, M.E. Urán, J.M. Rivas, M.  Romero, V. Caicedo, A. Restrepo,

J.G. McEwen, Clin. Diagn. Lab. Immunol. 5 (1998) 826.
[67] C. Taborda, Z. Camargo, J. Clin. Microbiol. 32 (1994) 554.
[68] D.A. Cunha, R.M. Zancopé-Oliveira, M. Sueli, S. Felipe, S.M. Salem-Izacc, G.S.

Deepe, C.M.A. Soares, Clin. Diagn. Lab. Immunol. 9 (2002) 374.



2 / Talan
264 F.R.R. Teles, M.L. Martins 

[69]  S. Díez, B.L. Gomez, A. Restrepo, R.J. Hay, A.J. Hamilton, J. Clin. Microbiol. 40
(2002) 359.

[70] R.C. Hahn, A.M. Macedo, C.J.F. Fontes, R.D. Batista, N.L. Santos, J.S. Hamdan, J.
Clin. Microbiol. 41 (2003) 2849.

[71] G.C. Machado, Espécies Crípticas em Paracoccidioides brasiliensis:
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Brazil. Nanossonda de ouro no diagnóstico do Paracoccidioides brasilien-
sis [Gold nanoprobe for diagnosis of Paracoccidioides brasiliensis].
http://www.bv.fapesp.br/pt/projetos-regulares/28292/nanossonda-ouro-
diagnostico-paracoccidioides-brasiliensis,  2010 (accessed 03.2011).
[117] A.A. Stark, in: M.  Rai, A. Varma (Eds.), Mycotoxins in Food, Feed and
Bioweapons, Springer-Verlag, Heidelberg, 2010, pp. 21–37.

[118] N. Mozes, A.J. Leonard, P.G. Rouxhet, Biochim. Biophys. Acta 945 (1988) 324.
[119]  K.H.R. Baronian, Biosens. Bioelectron. 19 (2004) 953.
[120] F.R.R. Teles, L.P. Fonseca, Talanta 77 (2008) 606.


	Laboratorial diagnosis of paracoccidioidomycosis and new insights for the future of fungal diagnosis
	1 Introduction
	2 The importance of specific laboratorial diagnosis
	3 Conventional diagnosis of PCM
	3.1 Direct examination and culture
	3.2 Immunodiagnosis

	4 Molecular diagnosis
	4.1 PCR
	4.2 Primers and probes for molecular diagnosis of P. brasiliensis
	4.3 Commercial diagnostic kits
	4.4 Microarrays

	5 Biosensors for fungi
	5.1 Mass-sensitive and electrochemical biosensing for fungi
	5.2 Optical biosensing for P. brasiliensis

	6 The future of fungal diagnosis: final remarks
	Acknowledgements
	References


