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resumo 
 

 

A Biomode está a desenvolver um kit de diagnóstico baseado na tecnologia de 
hibridação fluorescente in situ (FISH) de ácido nucleico peptídico (PNA) (PNA-
FISH) para a deteção de Aspergillus fumigatus em amostras pulmonares. O 
fungo A. fumigatus é o principal agente patogénico responsável pela aspergilose 
pulmonar invasiva. Os indivíduos imunocomprometidos têm mais tendência para 
desenvolver esta patologia devido a uma diminuição da capacidade defensora 
do sistema imunológico. Atualmente, os métodos de diagnóstico que existem 
para a deteção de aspergilose pulmonar invasiva são: o exame micológico 
convencional (observação direta ao microscópio, observação histológica e 
cultura); exames de imagiologia; testes imunológicos para a deteção do 
galactomanano, do β(1,3)-glucano e de uma glicoproteína extracelular e testes 
moleculares baseados na reação em cadeia da polimerase (PCR). Neste 
estudo, um dos objetivos era otimizar o passo de enriquecimento em culturas 
puras e amostras pré-preparadas contaminadas artificialmente (sangue de 
cavalo desfibrinado e meio de expetoração artificial (ASM)). Outro objetivo era 
realizar testes que serão incluídos no ficheiro técnico do produto final, tal como, 
a reprodutibilidade e a repetibilidade. O objetivo final era realizar um teste de 
validação para avaliar o desempenho do método PNA-FISH em amostras reais. 
Inicialmente, a germinação do A. fumigatus foi avaliada em três caldos de meio 
de crescimento diferentes (peptona - extrato de levedura - glucose (PYG), caldo 
sabouraud dextrose (SDB) e caldo batata dextrose (PDB)) durante 3 h, 4 h, 6 h 
e 8 h. Os melhores resultados foram obtidos com o meio PDB, tendo sido este 
o meio selecionado para usar nos ensaios seguintes. Um bom sinal fluorescente 
foi conseguido a partir das 4 h no sangue de cavalo desfibrinado e a partir das 
8 h na ASM. Valores ótimos de reprodutibilidade e repetibilidade foram 
alcançados (100%). O método de PNA-FISH foi avaliado em amostras clínicas 
reais (expetoração, lavado broncoalveolar (BAL) e lavado brônquico (BL)) 
recolhidas a partir de pacientes do Centro Hospitalar do Médio Ave (CHMA). 
Vinte e quatro amostras foram submetidas ao método de PNA-FISH, usando 8 
h de germinação, e estes resultados foram comparados com os resultados do 
método de cultura. Todas as amostras testadas foram negativas para o A. 
fumigatus usando o PNA-FISH. No entanto, três amostras foram positivas para 
o A. fumigatus usando o método de cultura. A menor concentração de A. 
fumigatus que proporcionou um resultado positivo de PNA-FISH foi 1×104 
conídios/mL para a expetoração e 1×103 conídios/mL para as amostras BAL e 
BL. Um ensaio preliminar foi feito para avaliar o desempenho do PNA-FISH em 
nove amostras inoculadas com as concentrações mínimas pré-determinadas, 
durante 8 h de germinação. Às 8 h, os resultados não foram bons e o tempo de 
enriquecimento foi prolongado para 12 h e 24 h. Os melhores resultados foram 
obtidos às 24 h. No final, no teste de validação cego obteve-se uma 
especificidade relativa de 100% e uma sensibilidade relativa de 50%, 75% e 77% 
para tempos de enriquecimento de 8 h, 12 h e 24 h, respetivamente. Os 
resultados obtidos neste estudo mostraram que o método de PNA-FISH pode 
ser uma boa alternativa para detectar o A. fumigatus.  
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Biomode is developing a diagnostic kit based on fluorescence in situ hybridization 
(FISH) of peptide nucleic acid (PNA) (PNA-FISH) technology for the detection of 
Aspergillus fumigatus in pulmonary samples. The fungus A. fumigatus is the main 
pathogen agent responsible for invasive pulmonary aspergillosis. 
Immunocompromised patients are more likely to develop this pathology due to a 
decrease in the immune system’s defender capacity. Currently, the diagnostic 
methods that exist for the detection of invasive pulmonary aspergillosis are: 
conventional mycological examination (direct observation under the microscope, 
histopathologic observation and culture); imagiological examinations; immunological 
tests for the detection of galactomannan, β(1,3)-glucan and an extracellular 
glycoprotein and molecular tests based on polymerase chain reaction (PCR). In this 
study, one of the aims was to optimise the enrichment step in pure cultures and 
artificially contaminated pre-prepared samples (defibrinated horse blood and 
artificial sputum medium (ASM)). Another aim was to perform tests to be included in 
the final product technical file, such as, reproducibility and repeatability. The final 
aim was to perform a validation test to evaluate the PNA-FISH method performance 
in real samples.  
Initially, the A. fumigatus germination was evaluated in three different liquid growth 
media (peptone - yeast extract - glucose (PYG), sabouraud dextrose broth (SDB) 
and potato dextrose broth (PDB)) for 3 h, 4 h, 6 h and 8 h. The best results were 
obtained with PDB medium and this medium was the selected for use in the 
subsequent assays. A good fluorescent signal was achieved from 4 h in defibrinated 
horse blood and from 8 h in ASM. Reproducibility and repeatability optimal values 
was achieved (100%). The PNA-FISH method performance was evaluated in real 
clinical samples (sputum, bronchoalveolar lavage (BAL) and bronchial lavage (BL)) 
collected from patients from Centro Hospitalar do Médio Ave (CHMA). Twenty-four 
samples were submitted to PNA-FISH method, using 8 h of germination, and these 
results were compared with the culture method results. All the samples tested were 
negative for A. fumigatus using the PNA-FISH. However, three samples were 
positive for A. fumigatus using the culture method. The lowest A. fumigatus 
concentration delivering a positive PNA-FISH result was 1×104 conidia/mL for 
sputum and 1×103 conidia/mL for BAL and BL samples. A preliminary assay was 
done to evaluate the PNA-FISH performance in nine samples inoculated with the 
pre-determined minimum concentrations, for 8 h of germination. At 8 h, the results 
were not good and the enrichment time was extended to 12 h and 24 h. The best 
results were obtained at 24 h. In the final, in the blind validation test was obtained a 
relative specificity of 100% and a relative sensitivity of 50%, 75% and 77% for 
enrichment times of 8 h, 12 h and 24 h, respectively. The results obtained in this 
study showed that PNA-FISH method may be a good alternative to detect the A. 
fumigatus.  
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visualization of the same microscopic field was made at the green channel as a negative 

control of probe FUM274. All images were obtained with a magnification of ×60. .......... 36 
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1.1. Biomode approach  

Biomode 2 S.A. (Biomode) was founded in December 2010 as a result of the research 

work developed at the University of Minho and the University of Porto [1]. Biomode is an 

innovative company in the biotechnology field that develops and commercializes rapid 

diagnostic kits based on fluorescence in situ hybridization (FISH) of peptide nucleic acid 

(PNA) (PNA-FISH) technology for the identification and detection of foodborne and clinical 

pathogens. The tests will respond to the need for more rapid, accurate and economic testing. 

Within the company, it can be said that the products undergo different development stages 

until be fully prepared to enter the market. The development chain can be divided into four 

main phases: i) In silico design of specific PNA probe using available databases and the 

evaluation of several theoretical parameters, such as, specificity and sensitivity; ii) 

Laboratory optimization of hybridization conditions (temperature and time); iii) Validation 

of the PNA-FISH method in real samples; iv) Regulatory liabilities such as quality 

certification or registration on regulatory authorities. For the particular case of clinical 

products, a registration of the product in the INFARMED, National Authority of Medicines 

and Health Products, I.P, in order to obtain CE marking, is required. This registration 

presupposes the elaboration of a technical file where all the information about the product 

must be included, namely R&D activities, validation studies, quality control and shelf life, 

etc. The product and its production must comply with the Portuguese directive nº189/2000, 

from August 12th (that derive from the European Directive 98/79/EC).  

Biomode aims to develop a kit for the detection of Aspergillus fumigatus in clinical 

samples, such as blood, serum, bronchoalveolar lavage (BAL), bronchial lavage (BL), 

sputum or biopsies [2]. The specific PNA probe to detect A. fumigatus (FUM274) that has 

already been designed, links to the 28S subunit of A. fumigatus rRNA, between 274 and 288 

positions. This probe is fluorescently labelled with Alexa Fluor 594 fluorochrome and has 

15 nucleotides. In previous studies from Biomode team (unpublished), the probe specificity 

and sensitivity, using several A. fumigatus strains and other closely species were evaluated 

(both with 100%) and the best temperature and time of hybridization was selected. These 

results showed that the selected probe was a good choice since it allows to discriminate A. 

fumigatus from others species. Due to the fact that the conidia have low rRNA content, an 

enrichment step is necessary before the PNA-FISH method performance [3 – 5]. Several 

tests were previously performed by Biomode team, to optimize this step. However, no 
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significant conclusions could be taken from the experiments. Thus, this work aims to 

continue the optimization of enrichment step, to perform the validation of the PNA-FISH 

method in real clinical samples and realize some tests, which will be included in the technical 

file.  

 

1.2. Aspergillus fumigatus  

The genus Aspergillus includes almost 200 species and has a great impact on public 

health [6 – 8]. Some species are used because of their rich enzymatic profile, in industrial 

food production and pharmaceuticals sectors [7]. For example, A. niger is used for the 

industrial production of citric acid, amylases and proteases; A. oryzae is used in food 

production (e.g. soy sauce). However, some species may be harmful to humans and other 

animals and even cause infections. A. flavus and A. parasiticus can contaminate several 

common crops with aflatoxin, a highly toxic carcinogen with immunosuppressive properties. 

Among the human pathogenic species of Aspergillus, A. fumigatus is the main causative 

agent of human infections, followed by A. flavus, A. terreus, A. niger and A. nidulans [7].  

A. fumigatus is ubiquitous, saprophytic and filamentous fungi that play a significant role 

in global carbon and nitrogen recycling [6, 7]. It is well adapt to a broad range of 

environmental conditions, however, their primary ecological niche is soil or decaying 

vegetation [6, 7, 9]. The A. fumigatus mycelium forms specialized structures, so-called 

conidiophores, which produce large numbers of small (2 to 3 µm) and hydrophobic conidia 

(asexual spores) that disperse easily through the air [6, 7]. The hyphae are 3 – 6 µm in 

diameter, splitting dichotomously at a 45 ° angle [9, 10].  

 

1.2.1. A. fumigatus life cycle and cell wall 

Conidia are metabolically inactive cells that can be stored for extended rough periods [6 

– 8]. The conidia germination (growing of A. fumigatus mycelium) can be divided in four 

main steps: breaking of the dormancy; isotropic swelling; establishment of cell polarity and 

formation of germ tubes to origin a new mycelium (Figure 1) [11, 12].  
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After an adequate environmental stimulation, the dormant state may be broken and the 

conidia can start growing isotropically for 3 h – 6 h [11, 13 – 15]. During isotropic swelling, 

there is water uptake for cellular hydration [11]. Before the first nuclear division, an axis of 

polarity is established in some conidia and germ tubes will emerge in this spot [13 – 15]. 

Polarity establishment is followed by a redirection of the cellular machinery needed to make 

a new plasma membrane and cell wall at the chosen site (known as polarity maintenance). 

These germ tubes extend to form hyphae by addition of new material exclusively at their 

tips.  

The cell wall is the main fungus defence against a hostile environment and it is a reservoir 

of nutrients and enzymes that are essential for fungal growth [14, 16]. The conidia wall is 

composed by two layers: the outer layer and the inner layer (Figure 2) [8, 12]. The outer 

layer is composed mainly by melanin and rodlet proteins [8, 12, 17]. The rodlet proteins, 

called hydrophobins, are small, moderately hydrophobic and characterized by the conserved 

spacing of eight cysteine residues. These proteins confer an hydrophobic character to the 

conidia allowing them to adhere to proteins and host cells, to protect from chemicals, 

enzymes and phagocytic cells and to disperse through the air [8, 17]. The inner layer is 

mostly composed by polysaccharides (about 90%), such as β(1,3/1,4)-glucans, α(1,3)-

glucans, chitins and galactomannans, and some proteins [8, 12, 18]. Sialic acids were also 

detected within conidia surface, which may play an important role in the adhesion of conidia 

to the extracellular matrix [18].  

Figure 1. The microscopic characteristics of A. fumigatus. C, conidiophore with conidia produced; CO, 

conidium; GT, germ tube; M, vegetative mycelium (adapted from [15]).   

CO 

GT 

M 

C 
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Several studies, supported by visual observations employing microscopy, have reported 

changes of cell surface structure during the germination of A. fumigatus conidia [12, 14, 17]. 

The conidia outer layer (melanin/rodlet proteins) is progressively lost and the cell surface 

turns to be hydrophilic due to exposure of amorphous carbohydrates and proteins on the 

surface [12, 17]. As growth continues, the hyphal tip becomes weaker and releases 

galactomannan (GM) [16]. 

 

1.2.2. A. fumigatus infectious life cycle  

The life cycle of A. fumigatus can be directly related with infection process within human 

body. Inhalation of Aspergillus conidia (200 conidia per day) is a common occurrence due 

to their ubiquitous presence in the environment [7]. Among the human pathogenic species 

of Aspergillus, A. fumigatus is the main causative agent of human infections depending on 

the immune status of the host [6, 7]. In immunocompromised patients, the respiratory system 

immune defences are compromised (e.g. mucociliary clearance, phagocytosis by alveolar 

macrophages and/or neutrophils) leading to fungal growth [6, 7, 18, 19]. The most 

devastating pulmonary infection developed is invasive pulmonary aspergillosis (IPA) [6, 7, 

20]. 

Figure 2. An electron microscopy section of the conidium wall of A. fumigatus. The translucent inner layer contains 

polysaccharides and proteins whereas the electron-dense outer layer contains the melanin and rodlet proteins 

(adapted from [8]). 
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The A. fumigatus infectious life cycle begins with the production of conidia that are 

easily dispersed into the air (Figure 3) [7, 18]. The primary route of infection is via the 

inhalation of these conidia and, due to their small size, they can travel deep into the 

respiratory system [6, 7]. In the pulmonary alveoli, the fungus finds a favourable humid 

environment within a highly specialized anatomical niche which favours cell adhesion [6, 

19]. In some susceptible individuals, there may be a decrease in the functional capacity of 

alveolar macrophages, which leads to a decrease in conidia and germ tubes cellular death [6, 

7]. The neutrophils are recruited to the infection site and they kill the hyphae. This triggers 

the creation of an inflammatory environment in lungs leading to lung tissue damage, 

originating IPA [7]. In more severe cases of IPA (e.g. neutrophils amount decrease), the 

hyphae can surpass host defences and they may invade the blood vessels endothelial cells 

leading to angioinvasion [7, 21]. A. fumigatus can overcome the epithelial or endothelial 

barriers due the robust cell wall architecture and the enormous driving force originated by 

the growth of polarized hyphae [6]. A. fumigatus can invade other organs through blood 

vessels resulting in a hematogenously disseminated disease.  

A. fumigatus has a set of characteristics that contribute to its pathogenicity [7]. The size 

of the conidia is about 2 - 3 μm, presenting an ideal size to infiltrate in the alveoli. A. 

fumigatus is a thermotolerant organism, growing well at temperature ranging from 37 °C to 

42 °C. However, this fungus also has the capacity to grow at temperatures above 55 °C [6, 

Figure 3. A. fumigatus infectious life cycle (adapted from [7, 21]). 
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7, 18]. It is speculated that growth at higher temperatures can induce the stress response 

genes expression conferring additional virulence benefits. In addition, there are other factors 

that are related with the virulence of A. fumigatus, namely: composition and maintenance of 

the cell wall; resistance to immune response; production of toxins such as Ergot alkaloids, 

gliotoxin and restrictocin; uptake of nutrients during invasive growth; signalling pathways 

(signal transduction pathways activated by G-proteins and Ras proteins, among others); 

regulation of metabolism and allergens (Asp f2 and Asp f7, among others) [18]. The 

signalling pathways transmit information about the environmental conditions encountered 

by A. fumigatus in the host, allowing it to adapt to these conditions. 

 

1.2.3. IPA: epidemiology and risk factors  

Pulmonary fungal infections are less common than pulmonary viral and bacterial 

infections [22, 23]. In the last decades, the incidence of some pulmonary fungal infections 

has increased, such as the incidence of IPA and candidemia due to an increase of 

immunocompromised patients (Figure 4) [22 – 24]. In addition, urban development and 

climate change are also risk factors that increase the prevalence of the fungal infections in 

certain areas and are putting more people at risk of being infected with fungi [22, 23]. Despite 

of the low occurrence, fungal infections present high rates of morbidity and mortality, mainly 

Figure 4. Incidence of invasive fungal infections (IFIs) in France between 2001 and 2010. The incidence 

increases (p<0,001) in the case of candidemia, invasive aspergillosis and mucormycosis. However, it 

decreases in case of cryptococcosis and Pneumpsystis pneumonia (adapted from [24]). 
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due to late diagnosis and inadequate treatment. Thus, the development and implementation 

of faster, more accurate and economical detection methods are of extreme importance [23]. 

Worldwide, it is estimated that there are 200.000 annual IPA cases [25]. The mortality 

rate due to this pathology ranges from 35% to 80% [25, 26]. Approximately 50% of IPA 

cases affect patients with haematological malignancies and patients who received a 

hematopoietic stem cell transplant [25, 26]. The IPA has also been associated with people 

who received a solid organ transplant [6, 25 – 27]. Other risk factors for the IPA included 

prolonged severe neutropenia (> 10 days, < 500 cells/mm3), prolonged therapy (> 3 weeks) 

with high doses of corticosteroids, advanced acquired immunodeficiency syndrome, chronic 

granulomatous disease, problems in mucus removal from the cilia after a pneumonia (viral 

or bacterial) and graft-versus-host disease. 

Patients with IPA usually present fever, cough and dyspnea, however, these clinical 

manifestations are not specific to this pathology [26, 28, 29]. In addition, patients with IPA 

can present weight loss, malaise, sweats, pleuritic pain and haemoptysis [29]. In patients 

with IPA who have neutropenia, the symptoms are subtler due to their inability to develop 

an adequate inflammatory response [26]. In this patient population, a fever may be absent 

and other symptoms such as haemoptysis and pleuritic pain may be more prominent due to 

angioinvasion [26, 28]. In patients with disseminated IPA, the central nervous system may 

be affected [28].  

 

1.3. Diagnostic methodologies of IPA 

The diagnosis of infections by Aspergillus species typically is based in the clinical signs, 

symptoms (underlying disease and other host factors) and results given by different 

diagnostic methodologies [30]. The European Organization for Research and Treatment of 

Cancer / Invasive Fungal Infections Cooperative Group (EORTC) and the National Institute 

of Allergy and Infectious Diseases Mycoses Study Group (MSG) created standard 

definitions for the diagnosis of invasive fungal infection (IFI) [27, 30, 31]. According to the 

EORTC / MSG guidelines there are three levels of probability of IFI, namely proven IFI, 

probable IFI and possible IFI. Thus, the proven diagnosis of IFI is related with the 

observation of characteristic hyphae of Aspergillus spp. in the histological or direct 

microscopic examination of a sample. Also there is evidence of damaged tissue and the 



Chapter 1: Introduction 
 

10 

 

culture is positive for Aspergillus spp. In addition, there must be a clinically and/or 

radiologically abnormal site consistent with an infection. The probable diagnosis of IFI is 

defined by the association of host risk factors and the clinical and mycological information. 

Regarding mycological analysis, one of the following conditions must be verified: 

identification of Aspergillus spp. in direct microscopic examination, positive culture for 

Aspergillus spp. or positive galactomannan (GM) test. Moreover, in the probable diagnosis 

of IFI, the clinical symptoms must be consistent with the infection. The possible diagnosis 

of IFI is based only in the clinical symptoms and risk factors of the patient and there is no 

mycological support. IPA biomarkers, such as GM and β(1,3)-glucan (BG), are in part 

included in the microbiological diagnostic criteria. However, the EORTC/MSG definitions 

still depend mainly of the conventional laboratory methods (histology and culture method) 

[30]. Molecular techniques have not yet been included in the EORTC / MSG definitions due 

to the lack of protocols standardization, despite the clinical evidence of using these 

techniques in the diagnosis of IPA [30, 31]. 

The properties of a diagnostic test are usually designated using sensitivity, specificity, 

positive predictive value (PPV) and negative predictive value (NPV) [32 – 34]. The 

sensitivity indicates how often a diagnostic test detects a certain condition when it exists 

[34]. On the other hand, specificity indicates how often a diagnostic test is negative in the 

absence of a certain condition. Regarding the predictive values, PPV corresponds to the 

proportion of patients with positive test who are correctly diagnosed [33, 34]. NPV is the 

proportion of patients with negative test who are correctly diagnosed.  

Bellow it is intended to describe in more detail the different diagnostic methods available 

for IFI diagnosis. 

 

1.3.1. Conventional mycological exam  

Conventional mycological exam is based on the direct microscopic examination of 

fungal elements of Aspergillus spp., the histological detection of these fungi in pulmonary 

biopsies and the isolation of A. fumigatus from clinical samples using the culture method 

[27, 30, 31]. The morphological characteristics suggestive of Aspergillus spp. are the 

presence of hyaline and septate hyphae with dichotomous branches at angles of 45 º and with 

uniform width (3 - 6 µm) [9, 10, 26, 35 – 38]. Samples can be analysed with or without the 
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addition of potassium hydroxide, which helps visualize the hyphae [35]. In addition, 

haematoxylin and eosin, Grocott-Gomori methenamine silver, periodic acid-Schiff or white 

calcofluor can be used as stains to visualize the samples [10, 30, 35]. In the culture method, 

for the isolation of Aspergillus spp. can be used standard solid and liquid microbiological 

media or media specific for fungi [35]. Identification of the isolate can often be inferred 

based on colony morphology and colour. A. fumigatus forms colonies with a cotton texture 

and blue-green or grey-green colour [35, 36, 39]. However, for the definitive identification 

is necessary a detailed observation of the morphology of conidia and ontogenesis [35]. 

Generally, the samples are plated and incubated for 3 - 7 days, until colonies are formed [37, 

40].  

In a study by Reichenberger et al. (1999), 23 BAL samples from patients with 

histologically proven IPA were analysed by direct microscopic examination [41]. Of these 

samples only 26% were positive for Aspergillus spp.. The antifungal treatment given to the 

patients influences the number of positive samples in the direct microscopic examination. 

Samples that were positive corresponded to samples collected from patients who received a 

lower dose of amphotericin before the samples were collected. However, treatment with 

amphotericin does not interfere so much with the direct microscopic examination as with the 

culture method, since hyphae may still be present in the cytological samples after infection. 

In this study, it was obtained a sensitivity of 43% for the diagnosis of proven IPA, using the 

culture method and direct microscopic examination together. In another study by Muñoz et 

al. (2003), the samples were stained with white calcofluor [36]. This staining showed 

sensitivity between 67 and 69% and a PPV between 89 and 100% for the diagnosis of IPA. 

In a study by Saghrouni et al. (2011), all the samples of sputum from patients with IPA, 

which were analysed directly under the microscope, had a negative result for Aspergillus 

spp. [42]. Of 14 BAL samples from patients with IPA, which were analysed under the 

microscope, only 2 were positive for Aspergillus spp. In the direct microscopic examination 

was not possible to distinguish the species of Aspergillus [36, 37].  

Regarding the histological observation of biopsies, there are limitations at the sensitivity 

level related with the histochemical staining [43]. In a study by Hayden et al. (2003), due to 

the identical morphological appearance of Aspergillus spp. with the organisms Fusarium 

and Pseudallescheria boydii, it was not possible to distinguish these three microorganisms 

through their morphology [43]. Thus, these fungi are often identified as Aspergillus spp.. 
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This inability to distinguish Aspergillus spp. of other organisms influences the specificity of 

the method of histological detection of Aspergillus spp. . In a study by Nosari et al. (2003), 

the histological diagnosis of aspergillosis was made when the biopsy samples showed septate 

hyphae with dichotomous branches typical of Aspergillus spp. [38].  

Using culture method, species of Aspergillus spp. can be isolated from several types of 

pulmonary samples [36, 41, 44, 45]. The PPV of A. fumigatus isolation from a respiratory 

sample ranges from 50 to 100% [36]. If A. fumigatus is isolated from BAL, it is observed a 

PPV for IPA between 88 and 100%. If the sample used is a sputum, the isolation of A. 

fumigatus has a PPV of 50 - 67%. According to a study by Horvath et al. (1996), the PPV 

of the culture method of Aspergillus also varies according to the risk group [44]. The PPV 

samples from the lower respiratory system was 82% in the group of patients who received a 

bone marrow transplant, 72% in the group of patients with haematological malignancies, 

63% in the group of patients who underwent corticosteroid therapy and 56% in the group of 

patients undergoing transplantation of a solid organ. In a study by Saghrouni (2011), it was 

concluded that the specificity for the Aspergillus spp. isolation in BAL depends on the 

underlying diseases of patients with IPA [42]. In this study, the culture method allowed the 

isolation of Aspergillus spp. in 47% of the sputum collected from patients with IPA. In the 

study by Reichenberger et al. (1999), of the 23 samples of patients with IPA that were tested, 

only four samples (17%) were positive for Aspergillus spp. in culture method [41]. In another 

study by Horvath et al. (1996) in which BL and BAL samples were analysed, the culture 

method was positive in 77% of patients with definite or probable IPA [44]. However, 

cultures of these samples were positive in 73% of the patients without fungal infections. 

Other studies show that the samples culture method obtained from the respiratory system for 

the identification of Aspergillus has a low sensitivity, for example, a sensitivity of 56% [41, 

44, 45].  

Identification of the genus Aspergillus on the direct microscopic examination and on the 

histological observation of biopsies is subjective and challenging, due to the difficulty in 

distinguish the morphology of the different fungi species. The correct identification of the 

colonies by the culture method is also dependent on the knowledge and experience of the 

person who is analysing. Depending of the physiological state of the microorganism, its 

growth may be conditioned, which sometimes hinders its detection through the culture 

media. 
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1.3.2. Imaging  

In the absence of a reliable microbiological identification, the diagnosis of IPA is often 

dependent of imaging evidence found in patients with higher risk of developing this 

pathology [30]. Thus, imaging plays a crucial role in the diagnosis and monitoring of 

immunocompromised patients suspected of having IPA. There are different imaging 

techniques used for this purpose, namely, chest radiography (CR), computed tomography 

(CT) and high resolution CT of the thorax. Imaging exams do not allow to identify the type 

of fungus responsible for the infection [38]. In imaging, specific terms are used to define the 

various imaging findings that can appear in the imaging exams [46].   

In the literature, several studies have evaluated the imaging findings obtained on chest 

CT in patients with IPA and who had different immunosuppression types [42, 47 – 51]. In 

general, the imaging findings that were observed in these patients were opacities, 

consolidations, halo sign, nodules and masses. In the study by Park et al. (2010), three 

patients were misdiagnosed because they had not imaging findings characteristic of IPA 

[47]. In a study by Milito et al. (2010), an association was found between patients who 

received stem cell transplantation and tree-in-bud opacities [48]. However, the presence of 

tree-in-bud opacities is not specific for fungal infection because these opacities can be found 

in Mycobacterium infection and non-infectious conditions. Immunocompromised patients 

with IPA presented halo signs [42, 47 – 51]. Nevertheless, the halo signal is not exclusive of 

the IPA because it may be caused by other infectious microorganisms, such as Pseudomonas 

aeruginosa and species of Zygomycetes [50]. However, IPA is the most common cause of 

halo signal in a population at high risk for fungal infection. Chest CT is simple, fast and non-

invasive and it is the first option examination if IPA is suspected [42, 49].  

In the study performed by Saghrouni et al. (2011), it were also evaluated the images 

obtained by CR in patients with haematological malignancies who had been diagnosed with 

IPA [42]. Nodules, opacities, nodular infiltrates and decreased pulmonary transparency were 

observed. CR does not contribute to the IPA diagnosis at an early stage. In the first two 

weeks, the images obtained by this technique may be normal or may be non-specific images. 

The imaging suggestive of IPA appear only during the third week. CR has poor sensitivity 

and to surpass this problem it was tested the effect of bone suppression imaging software on 

the detection of this pathology in neutropenic patients [42, 52]. This software uses advanced 

image processing techniques to construct an image of the thorax with suppression of skeletal 
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structures. With this study, it was concluded that bone suppression imaging software 

significantly improves the detection of opacities, due to fungal infections, in CR. This 

improvement was especially impressive for very subtle injuries, which would otherwise not 

be recorded. Thus, with the use of the bone suppression imaging software there was an 

increase in the sensitivity of the CR of 17% for the detection of IPA. 

There are imaging evidences that are characteristic of the IPA and therefore it can be 

inferred that the patient has this pathology. As one of the main microorganisms responsible 

for this pathology is A. fumigatus, it can be assumed that the patient is infected by this fungus. 

 

1.3.3. Immunological tests  

Some immunological tests are based in the detection of certain constituents of the fungal 

cell wall in clinical samples, namely GM, BG and an extracellular glycoprotein [16, 27, 30, 

35, 53]. The Platelia® Aspergillus sandwich enzyme immunoassay (EIA) (Biorad, Marnesla-

Coquette, France) is used for the detection of GM [16, 27, 30]. For the detection of BG there 

are four commercially available kits [16, 30, 35]. These kits consist in the Fungitell assay 

(Associates of Cape Cod, Inc., East Falmouth, MA, EUA), Fungitec-G test MK (Seikagaku 

Corporation, Tokyo, Japan), β-Glucan test Wako (Wako Pure Chemical Industries, Ltd., 

Osaka, Japan) and β-Glucan test Maruha (Maruha Nichiro Corporation, Tokyo, Japan). The 

kits used for the detection of GM and BG require the use of a microplate reader to obtain the 

results [16, 27]. Recently, it was developed a lateral flow device (LFD) for the detection of 

an extracellular glycoprotein secreted during the growth of Aspergillus spp., designated 

Aspergillus LFD (OLM Diagnostics, Bath Lane, Newcastle upon Tyne, United Kingdom) 

[16, 30, 53].  

In several studies in the literature, it has been found that the Platelia® Aspergillus EIA is 

positive in samples containing different species of Aspergillus, for example, A. fumigatus, 

A. niger, A. nidulans, A. terreus and A. flavus [45, 54, 55]. However, there are studies that 

have verified a cross-reactivity of this method of detection with other fungi genera, leading 

to false-positive results [45, 56 – 62]. These studies reported false-positive results in the 

presence of Fusarium spp., Penicillium spp., Trichosporon spp., Histoplasma capsulatum, 

Candida parapsilosis, Blastomyces dermatitidis, Nigrospora oryzae, Paecilomyces lilacinu 

and Trichothecium roseum. In studies carried out by Mori et al. (2010) e Asano-Mori et al. 
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(2008) was identified other possible cause for the occurrence of false-positive results, 

namely, GM contamination from diet [63, 64]. If the intestinal mucosal barrier is damaged, 

it occurs the passage of the GM from the food into the bloodstream. In both studies, the false-

positive results due to this contamination were seen in patients who had intestinal graft-

versus-host disease. In addition, other studies showed that treatment with amoxicillin and 

ampicillin may also lead to false-positive results in Platelia® Aspergillus EIA [60, 61]. 

Amoxicillin and ampicillin are semi-synthetic penicillins produced from of the genus 

Penicillium. The cell wall of Penicillium spp. contains a GM type almost equal to GM of the 

genus Aspergillus. Probably, the GM of the cell wall of Penicillium spp. remains during the 

production of antibiotic, leading to a cross-reaction with the GM detection method. In the 

various studies analysed, there was an oscillation in the values of sensitivity, specificity, 

PPV and NPV of the Platelia® Aspergillus EIA used in the analysis of serum and BAL 

samples [55, 59, 63 – 66]. Sensitivity values ranged from 19 to 100% and specificity values 

ranged from 70 to 100%. Regarding the PPV, there was an oscillation between 33 and 100% 

[59, 63, 64, 66]. Regarding the NPV, there was an oscillation between 49 and 99.3% [59, 

66].  

In scientific studies that used commercially available tests for the detection of BG, it was 

found that this molecule was detectable in samples containing Aspergillus spp. (e.g. A. 

fumigatus, A. niger, A. terreus and A. flavus), Candida spp., Fusarium spp. and Trichosporon 

spp. because it’s a component of the cell wall of a wide variety of fungi [67 – 71]. It was 

also shown that the intravenous administration of albumin and immunoglobulin or 

haemodialysis can raise BG levels in vivo in the absence of IFI [72 – 76]. Cellulose filters 

are used for the purification these blood components and in the haemidialysis and it is known 

that cellulose releases BG. In general, the results obtained showed that the sensitivity ranged 

from 28 to 100%, the specificity ranged from 53 to 100%, the PPV ranged from 43 to 100% 

and the NPV ranged from 85 to 100% for the diagnosis of IFI, using serum and BAL samples 

[68 – 72].  

Regarding studies that intended to evaluate the performance of the LFD test, it was 

demonstrated that this test is positive in serum and BAL samples infected with Aspergillus 

species (for example, A. fumigatus, A. niger, A. nidulans, A. flavus, A. terreus and A. 

restrictus), with a sensitivity between 68 and 100%, a specificity between 76 and 93%, a 

PPV between 35 and 71% and a NPV between 94 and 100% [77 – 79]. False-positive results 
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were obtained in this diagnostic method due to several factors. One of the reasons was due 

to the administration of antifungals in the same period in which the sample was collected 

[77, 78]. Another reason was cross-reactivity with some Penicillium species, Neosartorya 

fisheri, Lichtheimia corymbifera and with fungi antigens closely related with Paecilmomyces 

variotii [77 – 80]. The result of the LFD test is obtained in about 15 minutes [77 – 79]. In 

this test, the type of information obtained is qualitative, based on the intensity of the test line 

[77, 78]. The intensity of this line varies from a strong positive (+++) to a weak positive (+) 

or negative (-). The test is read at naked eye and therefore the interpretation of this test is 

subjective [77].  

Immunological methods are faster than culture methods. However, in the immunological 

tests the values of sensitivity, specificity, PPV and NPV are not consistent due to the false-

positive results obtained in these assays. The implementation of the Platelia® Aspergillus 

EIA and the BG detection tests in hospital laboratories is also hindered by the need to have 

specific equipment (microplate reader), which cannot be so common in hospital labs. 

 

1.3.4. Molecular methods based in the polymerase chain reaction (PCR) 

One of the molecular methods used in the diagnosis of IPA is the PCR [16, 30, 35]. This 

method is based in the amplification of nucleic acids to detect and identify the fungal species 

involved in IPA. Different PCR setups can be applied in the diagnosis of IPA. Currently, 

one of the most used setup is based in real-time PCR [30, 35]. This method can be applied 

in several clinical samples, namely, in the serum, plasma, blood, BAL, sputum, cerebrospinal 

fluid and biopsies [16, 30, 35]. There are several assays available and different studies have 

been shown their performance. 

Studies by Chong et al. (2015, 2016) were aimed to confirm the performance of 

AsperGenius® (PathoNostics, Maastricht, Netherlands) [81, 82]. AsperGenius® is a 

multiplex real-time PCR assay that detects specifically four Aspergillus species, namely A. 

fumigatus, A. terreus, A. flavus and A. niger by targeting the 28S rRNA multicopy gene, 

using four different fluorescently labelled probes. Moreover, this assay targets the single-

copy CYP51A gene of A. fumigatus and detects the TR34, L98H, Y121F and T289A 

mutations [81, 82]. These mutations allow differentiating wild-type from mutant A. 

fumigatus strains via melting curve analysis. With the AsperGenius® assay was obtained a 
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sensitivity of 84 and 89%, a specificity of 80 and 89%, a PPV of 73 and 76% and a NPV of 

87 and 96% [81, 82].  

Studies by Torelli et al. (2011) and Orsi et al. (2015) evaluated another commercially 

available real-time PCR assay, MycAssay™ Aspergillus (Trinity Biotech company, 

Kentford, UK) [59, 83]. In this assay, the 18S rRNA gene was amplified from 15 Aspergillus 

species, including A. fumigatus, A. flavus, A. terreus and A. niger. The MycAssayTM 

Aspergillus assay showed a sensitivity of 80 and 94.1%, a specificity of 97.1 and 98.5%, a 

PPV of 88.9% and a NPV of 94.3 and 99.3%.  

Other type of real-time PCR was also studied (pan-Aspergillus real-time PCR assay) in 

another study by Zhao et al. (2016) [84]. This assay was used for the detection of Aspergillus 

spp. by targeting 28S rRNA with molecular beacons (MB) to detect in real time the amplified 

single-stranded RNA [84 – 86]. In the group of patients with IPA, 90,5% of the results were 

positive [84]. Only 2.2% of the control samples were positive in this assay.  

All the assays described above showed cross-reactivity with Penicillium spp. [59, 81, 

84]. This happens because there is a close phylogenetic relationship between Penicillium 

spp. and Aspergillus spp. [59]. In a study by Bölük et al. (2016) it was used the Way2 Gene 

Fungi real-time PCR assay (Genmar, Izmir, Turkey) to detect the presence of Aspergillus 

DNA, obtaining a sensitivity and specificity of 90% and 73.3%, respectively [55].  

Even though these assays present satisfactory specificity, sensitivity, PPV and NPV 

values, due to this diversity of assays there is a lack of standardization of protocols hindering 

the implementation of this technique in the hospital routine [83]. Moreover, several 

parameters can influence the PCR performance. The primers, the PCR format, the type and 

amount of the sample to be analysed and the method of DNA extraction are some examples 

[55, 59]. For instance, during the sample processing there is the risk of cross-contamination 

and the risk of the sample has PCR inhibitory substances [55, 59]. In an attempt to find a 

solution to this problem it have been developed PCR-based diagnostic assays that have an 

internal amplification control, which is the case of MycAssay™ Aspergillus [59, 83]. The 

internal amplification control is used to detect possible PCR inhibitors present in the sample, 

allowing to exclude the inhibition as one of the possible causes of false-negatives results [59, 

83]. In one of the studies that used MycAssayTM Aspergillus, the internal amplification 

control allowed to detect the inhibition in 8.2% of the samples. Real-time PCR based assays 
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have several advantages, such as, high sensitivity, faster time-to-result and species level 

identification [83].  

PCR-based molecular methods are faster than the traditionally used culture methods. In 

the case of AsperGenius® assay, the strategy is to use a multiplex, using different primers to 

detect different Aspergillus species in a single reaction. In this type of assay, if the sample 

is infected with more than one Aspergillus species, it is possible to identify the various 

species. Hybridization of the primers with the target sequence occurs at a certain optimal 

temperature. However, sometimes, it is difficult to obtain a set of distinct primers that work 

robustly at the same temperature. This factor may influence the specificity and sensitivity of 

the assay for the detection of different Aspergillus species simultaneously.  

 

1.4.      Molecular methods based in the in situ hybridization (ISH) 

Conventional ISH is based in the binding of DNA or RNA molecules (probes) to a 

specific target sequence within a cell [87]. The most common target in the ISH is the rRNA 

because this molecule is found in all living organisms, it is relatively stable and very 

abundant in cells [88, 89]. In addition, the rRNA has variable and highly conserved sequence 

domains.  

To identify potentially useful oligonucleotides to use as probes, available online 

databases are used, such as GenBank, EMBL, European ribosomal RNA database, 

Ribosomal Database Project II (RDP II), among others [90, 91]. A selection of the best 

sequences is made comparing sequences of the microorganisms of interest with the ones 

from related species. The possible regions of interest are selected by sequences alignment 

using online softwares, as, for example, Clustal Omega program and BLAST. The 

potentially useful oligonucleotide sequence is also tested in order to perceive the theoretical 

specificity and sensitivity [87, 90, 91]. Specificity is designed as (nMi/TnMi) × 100, where 

nMi is the number of non-microorganism of interest that did not react with the probe and 

TnMi is the total number of non-microorganism of interest examined [87, 90]. Sensitivity is 

designed as (Mi/TMi) × 100, where Mi is the number of microorganism of interest detected 

by the probe and TMi is the total number of microorganism of interest examined. To 

conclude that the probe is adequate, several parameters must be also achieved such as GC 

content, Melting temperature (Tm), Gibbs free energy and lack of self-complementarity. All 

these parameters will be important to predict the probe-target affinity. Affinity can be 



Chapter 1: Introduction 
 

19 

 

explained by the capacity of the probe to bind to its targeted under a given set of 

hybridization conditions, defined as the overall Gibbs free energy change (ΔG˚ overall) of the 

probe binding to its target site.  

Different detection methods can be used to identify if ISH occurred successfully [87]. 

Nucleic acid probes can be labelled using radioactive isotopes (e.g. 32P, 35S, 125I, 3H) [92]. 

Today, radiolabelled probes are less popular because of safety considerations, cost and 

radioactive waste products disposal. Probes can also be labelled using nonradioactive labels, 

as, for example, biotin, digoxigenin or fluorescence chemicals (fluorochromes), a technique 

known as FISH [92 – 94]. Cyanine (e.g. Cy3 and Cy5), fluorescein molecules, Alexa Fluors, 

tetramethylrhodamine, Texas red and nanosized crystal particles named quantum dots [87 – 

89] are some examples of fluorochromes that can be used in FISH procedures. 

FISH has become an indispensable tool for rapid and direct single-cell identification of 

microorganisms and their versatility is testified by the wide spectrum of applications 

currently found in the literature [87, 95, 96]. This molecular technique is used in the 

microorganism detection in environmental and medical samples, identification of specific 

chromosome abnormalities and of novel biomarkers for cancer progression, determination 

of genes presence and expression, among other.  

The FISH method can be divided into four main steps (Figure 5): i) the fixation and 

permeabilization of the sample; ii) hybridization with the fluorescent probe; iii) washing 

step; iv) detection of the target sequence by epifluorescence microscopy or flow cytometry 

[5, 87 – 89]. In the first step, the sample is fixed and permeabilized to preserve the integrity 

and shape of all cells, prevent cell loss through lysis, to protect the RNA from degradation 

by endogenous RNAses and facilitate probe penetration within cells [5, 96]. With optimized 

fixation conditions, it will allow a good penetration of the probe, a good preservation of the 

target RNA and the integrity of the sample and morphological details are maintained. The 

fixation step involves the application of chemical fixatives [87]. The most common fixatives 

are divided into two classes: cross-linking reagents (e.g. aldehydes) and precipitants (e.g. 

methanol and ethanol) [88, 96]. During the hybridization step, several factors, such as 

temperature, pH, ionic strength and formamide concentrations, must be well defined [87, 

96]. This is necessary to ensure that the probe reaches and efficiently bound with the target 

sequence. Hybridization is performed at a few degrees lower than the probe Tm (40 – 60 ºC 

range), using a buffer containing a relatively high salt concentration [88]. Washing is carried 
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out in similar temperature ranges, often with the addition of higher concentrations of 

detergents (e.g. SDS, Triton or Tween). The washing step allows to remove from the sample 

all poorly bound or unbound probes [87 – 89]. After washing, cells may be analysed by 

fluorescence microscopy or flow cytometry [5, 88, 89]. Microscopy is a rapid and simple 

visualization method, however results are usually qualitative and an untrained eye can lead 

to incorrect reporting of data [88]. Flow cytometry provides automated quantitative data on 

the fluorescence of individual cell populations, but it does not give any information about 

morphology or spatial distribution of microorganisms [5, 96].  

The ISH procedure, and more specifically FISH, has several advantages in relation to the 

other pre-established methods, giving it a growing interest by scientific community 

regarding its use for microbiological diagnosis in clinical area. The ISH / FISH protocols are 

relatively easy to perform and the analysis of the results is quite simple. No pre-treatment of 

the sample is required because the analysis is done directly on the intact sample. With this 

method, it is not necessary to extract the DNA from the sample, which represents an 

advantage relatively to PCR, which extraction step may turn the genetic material more 

susceptible to nucleases. The FISH technique allows identifying Aspergillus species faster 

than the conventional culture method. In addition, this technique allows determining the 

Figure 5. Main steps of the FISH method (adapted from [5]).  
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viability of the species, since the rRNA is quite sensitive, being easily destroyed in case of 

cell death.  

 

1.4.1. ISH in the Aspergillus species detection  

In the literature, there are several studies that have attempted to develop ISH techniques 

to detect Aspergillus species or to specifically detect A. fumigatus [43, 97 – 100]. In some 

scientific studies, probes have been synthesized to specifically detect the alkaline proteinase 

(ALP) gene of A. fumigatus [97, 98, 100]. In one of the studies conducted by Hanazawa et 

al. (2000), the probe had 568 bp, designated alp-568, and was labelled with digoxigenin 

[100]. This probe reacted positively with A. fumigatus, A. flavus and A. niger. Cross-

reactivity with A. flavus was stronger than with A. niger. These reactions occurred because 

the ALP gene of A. fumigatus is homologous to the ALP gene of A. flavus and A. niger. 

Thus, alp-568 probe appeared to have a sufficient specificity to distinguish A. fumigatus and 

A. flavus from other Aspergillus species or from other genera of fungi. The ALP gene is a 

single copy gene located on a chromosome. Therefore, it is necessary to label the probe with 

high amounts of digoxigenin to be able to detect a signal, if a positive reaction occurs. In 

another study by Myoken et al. (2008), the probe tested had 584 bp, named 584-bp ALP, 

and was also labelled with digoxigenin [98]. The results obtained in this study for ISH 

showed that the 584-bp ALP probe did not detect A. fumigatus in samples infected by this 

fungus. However, this probe detected another Aspergillus species, namely A. flavus and A. 

terreus. With the 584-bp ALP probe, negative results were obtained in samples that were 

infected with other genera of fungi. This information confirmed that the 584-bp ALP probe 

is specific for the Aspergillus genus. In another study performed by Shinozaki et al. (2009), 

the probe used was double-stranded DNA and the target was also the ALP gene of A. 

fumigatus [97]. In this case, the probe had a length of 583 bp and was labelled with a 

fluorochrome. The probe reacted strongly with A. fumigatus and weakly with A. niger and 

A. terreus. In a study by Montone (1994), it was drawn a probe whose target was the 5S 

subunit of the rRNA of the Aspergillus genus and the probe was labelled with biotin [99]. 

The ISH technique was positive in samples that had A. fumigatus, A. flavus and A. niger. In 

another study conducted by Hayden et al. (2003), two DNA probes were drawn and targeted 

the 5S subunit of the rRNA of the Aspergillus genus [43]. In this case, the probes were 
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labelled with digoxigenin. In this study, the sensitivity, specificity, PPV and NPV were 

100%. The main problem observed in this study was the low fluorescence intensity present 

in some samples. 

Concerning the attempt to develop methods based in the ISH technique to detect A. 

fumigatus or Aspergillus genus, it is verified that most do not use fluorescence probes as 

detection method. Although there have been some attempts to specifically detect A. 

fumigatus, such an objective is not being achieved efficiently. This is probably due to the 

genetic sequences that are not the most suitable distinguishing A. fumigatus from another 

species of Aspergillus. This might be related to the fact that when the probes were originally 

designed, the number of available Aspergillus spp. genetic sequences in the databases was 

lower [87]. However, these databases are being constantly updated, allowing the 

improvement of subsequent probes design.  

 

1.4.2. PNA-FISH 

Traditionally FISH technique uses DNA oligonucleotide probes [87]. However, the use 

of DNA probes may hinder the robustness of the method, as it can present low specificity 

due at lack of ability to discriminate sequences with single-base mismatches. Even more, the 

reason why so many DNA probes failed to provide bright signals has been recently related 

to low affinity between the probe and targeted (low thermal stability). Cell membranes are 

not always permeable to DNA probes, being necessary pre-treatment with lysozyme or other 

proteolytic enzymes, particularly for Gram-positive bacteria. Furthermore, rRNA 

accessibility due to ribosomal secondary structure might imply increased hybridization times 

of up to 96 hours. Another obstacle to the implementation of DNA-FISH method is the 

degradation of the DNA probe by proteases or endonucleases of living cells. To surpass these 

problems, synthetic nucleic acid mimics (NAM) molecules have been recently developed 

for the cell detection in environmental and clinical samples [87, 89, 101]. One of NAM most 

commonly used in detecting microorganisms is the peptide nucleic acid (PNA) (Figure 6).  

In the PNA, the negatively charged sugar-phosphate backbone of DNA is replaced by a 

neutral polyamide backbone composed of N-(2-aminoethyl) glycine units [87, 88, 101, 102]. 

Purines and pyrimidines are attached to the polyamide backbone by methylene carbonyl 

linkages [102]. The PNA chemical configuration allows the bases to be practically 
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positioned in the same place and at the same distance as they occur in natural DNA [87, 

102]. Thus, PNA can hybridize with complementary DNA or RNA sequences following the 

Watson-Crick base pairing rules in an antiparallel geometry [87, 88, 101]. Since the PNA 

molecule is neutral, there is no electrostatic repulsion between PNA and the negatively 

charged sugar-phosphate backbone of the target molecule, allowing a stronger bound to the 

target sequence [87 – 89, 102]. This leads to an improving of the thermal stability of PNA / 

DNA duplexes compared to DNA / DNA duplexes and DNA / RNA duplexes. A difference 

of a single base (mismatch) in a PNA / DNA hybridization has a more destabilizing effect 

than in a DNA / DNA hybridization. The improvement of thermal stability implies that the 

Tm for the PNA / DNA duplexes is higher than for the DNA / DNA duplexes [87, 102] 

allowing to synthesize PNA probes shorter (approximately 15 bp) than most DNA probes 

(generally 20 – 24 bp) [87, 101, 102]. This has a great influence on the PNA-FISH specificity 

[87, 102]. In addition, positive ions are not required to neutralize the repulsion that prevents 

the binding between two negatively charged nucleic acids. Thus, hybridization can be 

performed efficiently under low salt conditions [87, 101, 102]. This promotes the 

destabilization of rRNA secondary structures [87, 101]. Consequently, the probe can reach 

more easily the less accessible target sequences, which would be more difficult using the 

conventional FISH technique. Like other synthetic molecules, PNA is resistant to nucleases 

and proteases [87, 101, 102]. In addition, diffusion through the cell membrane is easier 

because of its hydrophobic character as compared to DNA [87]. PNA is stable over a wide 

range of temperatures and pH, unlike DNA that undergoes depuration under acidic 

conditions [102]. Finally, the PNA solubility in water is low as compared to the DNA 

solubility.  

Figure 6. Chemical structures of DNA and PNA (adapted from [87]).  
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PNA-FISH has been applied for detection of several pathogenic microorganisms but in 

the particular case of A. fumigatus detection no data have been reported in the literature. As 

the PNA-FISH technique is very promising, Biomode is developing a new product based in 

this method for identifying A. fumigatus in clinical samples.  

 

1.5. Objectives of this master thesis 

The enrichment step is essential before of the achievement of PNA-FISH method. Thus, 

in this study, one of the aims was to optimise the enrichment step in pure cultures and 

artificially contaminated pre-prepared samples namely, defibrinated horse blood and 

artificial sputum medium (ASM). In pure cultures, the A. fumigatus growth was evaluated 

in three different liquid growth media, namely, peptone – yeast extract – glucose (PYG), 

sabouraud dextrose broth (SDB) and potato dextrose broth (PDB), and it was select the best 

liquid growth medium. The enrichment time was then optimized in artificially contaminated 

pre-prepared samples. Another aim of this study was to perform tests to be included in the 

final product technical file, such as, reproducibility and repeatability. The number of real 

clinical samples that was possible to obtain have conditioned this part of the work. The final 

aim was to evaluate the method performance in real samples (validation test). However, due 

to discrepancies on the results, some previous optimizations had to be performed before the 

validation test.  
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1. Introduction  

A. fumigatus produces small hydrophobic conidia which can be stored for extend periods 

[6 – 8]. After an adequate environmental stimulation, the conidia dormancy is broken and 

they grow isotropically for 3 - 6 h, following the germ tubes and hyphae formation [11, 13, 

14].  

Microbial cultures should present a chemical (nutritional conditions, pH and 

temperature) and physical environment appropriate for proper multiplication and 

physiological state [103, 104]. Microorganisms need of a carbon source, nitrogen, oxygen, 

iron and other minerals, micronutrients and water for growth and multiplication [103 – 105]. 

The nutrient composition of the medium, the ionic salt concentration, temperature and pH 

influence the metabolic state of microorganisms and its growth in the culture, colony 

morphology and sporulation of the fungi [103, 105 – 107]. For example, A. carbonarius has 

minimum growth in the presence of glycerol and maximum growth in the presence of yeast 

extract [108]. The carbon and nitrogen sources can also influence to the production of 

secondary metabolites, as, for example, mycotoxins [106, 108]. In a study conducted by 

Melvin et al. (2013), inorganic nitrogen source may be the reason for the less aflatoxin 

(mycotoxin) production in some Aspergillus spp. [106]. In another study by Hashem et al. 

(2015), maximum production of another mycotoxin, ochratoxin, by A. carbonarius was 

reported when it was used yeast extract (organic nitrogen source) but lower production when 

it was used an ammonium nitrate source (inorganic nitrogen source) [108]. In this study, it 

was also verified that fructose was the best carbon source for extracellular ochratoxin 

production. Different organisms grow and multiply preferably at different temperatures 

[103]. At 37 ˚C and 42 ˚C, A. fumigatus shows a significantly higher percentage of 

germination (50 - 60%) when compared with A. flavus and A. niger (< 40%) [109].  

Blood cultures have evolved over the years from manual methods to automated culturing 

systems, such as, BACTEC systems, that measure the rate of production of microorganism 

specific metabolite in the culture bottle containing the patient blood supplemented with 

general nutrient broth [110, 111]. Then, if microorganism metabolic activity is detected, the 

positive blood culture sample is plated on a suitable selective medium for further analysis 

[110]. In the PNA-FISH method, it is also required an enrichment step for A. fumigatus 

detection in clinical samples. The A. fumigatus conidia are metabolically inactive and small 
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cells, containing low ribosome content and, therefore, they are not detectable through FISH 

[3, 4, 6 – 8, 11, 112]. Enrichment step on an adequate liquid culture medium greatly increase 

the ribosome number (with a natural range between 103 a 105 ribosomes/cell) produce 

brighter fluorescence signals, which help to distinguish fungi from background fluorescence 

[112].  

In this part of the study, it was aimed to evaluate the A. fumigatus germination in different 

media and to select the one where the best PNA-FISH results were obtained. Then with the 

medium selected, assays were performed using artificially contaminated pre-prepared 

samples (that can mimic real samples attributes) to evaluate the performance of PNA-FISH 

method on this kind of samples. Some assays to be included in the future technical file of 

the product, such as, reproducibility and repeatability tests were also performed in pure 

cultures of A. fumigatus, since it is not required to be performed in real samples. The results 

of these tests will be described in this chapter. 

 

2. Material and Methods  

2.1.  Fungal strain and growth conditions  

The strain used in this study was Aspergillus fumigatus MUM 07.05. This strain was 

obtained from Micoteca da Universidade do Minho (MUM). The strain was maintained in 

sabouraud dextrose agar (SDA) (Liofilchem, Italy) for approximately 5 - 6 days at room 

temperature. Conidia were harvested by flooding the agar surface with approximately 2 mL 

of sterilized saline solution containing NaCl 8.00 g.L-1, KCl 0.2 g.L-1, Na2HPO4.2H2O 1.44 

g.L-1 and KH2PO4 0.24 g.L-1 (all from Sigma-Aldrich, USA) (pH 7.4). Then, the biomass 

was suspended in the saline solution with a sterile loop and the final suspension was collected 

with a pipette tip to a sterile tube. With the aim of collecting nongerminated conidia, the 

heavier fragments were allowed to deposit in the bottom for 10 minutes and subsequently 

the supernatant was transferred to a new sterile tube. Then, conidial suspension was 

centrifuged twice to remove any agar residues from culture plates (10 minutes, 10.000g at 

25 ºC) and resuspended in saline solution.  
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2.2.  Hybridization conditions  

In this study, the PNA-FISH protocol was performed on glass slides as previously 

described [90, 113, 114]. Approximately, 20 μL of suspension were placed in 8 mm 5-well 

slides (Tekdon, USA) and allowed to dry in an incubator at approximately 60 ˚C for 5 min. 

For fixation and permeabilization of A. fumigatus, 30 μL of 4% paraformaldehyde (wt/vol) 

was dispensed in the wells with care to cover the entire surface, for 10 minutes. 

Subsequently, 30 μL of 50% ethanol (vol/vol) was dispensed in the wells, also for 10 

minutes. Approximately 20 μL of hybridization solution which contains 10% (wt/vol) 

dextran sulphate, 10 mM NaCl, 30% (v/v) formamide, 0.1% (wt/vol) sodium pyrophosphate, 

0.2% (wt/vol) polyvinylpyrrolidone, 0.2% (wt/vol) FICOLL, 5 mM disodium EDTA, 0.1% 

(vol/vol) Triton X-100, 50 mM Tris-HCl (all from Sigma) and 200 nM of the FUM274 probe 

(Panagene, South Korea) (pH 7,5) was then added to the wells. Slides were covered with 

coverslips (Normax, Portugal) and incubated for 1h at 55 ˚C. Later, the coverslips were 

carefully removed and the slides were placed in a prewarmed washing solution, which 

contained 5 mM Tris Base, 15 mM NaCl and 1% (vol/vol) Triton X-100 (all from Sigma) 

for 30 minutes at 55 ˚C. Finally, slides were allowed to dry in an incubator at approximately 

60 ˚C for 5 min. Hybridization conditions used in this study were previously optimized by 

the lab group. 

 

2.3.  A. fumigatus detection in different liquid growth media  

The performance of PNA-FISH method was evaluated in different liquid growth media. 

A concentration of 1x106 conidia/mL was resuspended in 5 mL of peptone - yeast extract - 

glucose (PYG) containing peptone 1 g.L-1 (Oxoid, UK), yeast extract 1 g.L-1 (Amresco, 

USA) and glucose 3 g.L-1 (Liofilchem, Italy) (pH 5), 5 mL of sabouraud dextrose broth 

(SDB) (Liofilchem) and 5 mL of potato dextrose broth (PDB) (Liofilchem). Then, the media 

were incubated at 37 ºC and 120 rpm. Annex I contains the composition of the different used 

media. About 15 - 20 glass spheres (Normax) were added at each conidia solution. At 

selected time points (3 h, 4 h, 6 h and 8 h), 1 mL of solution was centrifuged for 10 minutes 

and 10.000 g and the supernatant was replaced by saline solution. This step was repeated 

two times to remove growing medium residues. Hybridization was performed as previously 

described (Section 2.2.).  
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The culture method was performed as control. Thus, after the 1mL processing recovered 

from each culture, 100 µL of sample and 100 µL appropriately diluted sample (10-1 to 10-4) 

were deposited on the surface of media and then spread evenly over the surface using a sterile 

bent rod. The plaques were incubated at room temperature for 5 - 6 days before colonies are 

counted. 

 

2.4.  Detection of A. fumigatus in artificially contaminated pre-prepared samples  

Artificial samples were inoculated with 1x106 conidia/mL, namely 10 mL of defibrinated 

horse blood (Thermo Scientific, UK) and 1 mL of ASM composed by 5 g mucin from 

porcine stomach, 4 g DNA, 5.9 mg diethylenetriamine pentaacetic acid (DTPA), 5 g NaCl, 

5 g aminoacids, 2.2 g KCl, 5 mL egg yolk emulsion (all from Sigma) per one liter of distilled 

water (pH 7.0). In case of ASM, after inoculation, 0.1g of N-acetyl-L-cysteine (Merck, 

German) was added to 1mL of sample for 20 minutes. Then, 1 mL of PBS was added to 

samples and homogenized. The artificially contaminated samples and about 30 - 35 glass 

spheres (Normax) were added to 30 mL of the selected medium and incubated at 37 ˚C, 120 

rpm. At specific times (3 h, 4 h , 6 h and 8 h), a sample of 1 mL was recovered from each 

culture and was centrifuged for 10 minutes and 10.000 g. Then, the supernatant was replaced 

by distilled water aiming of better disrupting blood cells. This step was repeated two times 

to remove growing medium residues. Hybridization was performed as previously described 

(Section 2.2.).  

The culture method was performed as control. Thus, after the 1 mL processing recovered 

from each culture, 100 µL of sample and 100 µL appropriately diluted sample (10-1 to 10-4) 

were deposited on the surface of media and then spread evenly over the surface using a sterile 

bent rod. The plaques were incubated at room temperature for 5 - 6 days before colonies are 

counted. 

 

2.5.  Reproducibility  

Reproducibility refers to the closeness of agreement between results of successive 

measurements obtained under different conditions (time, operators and equipments).  

Thus, the assays were performed in three different days (one assay per day) by two 

different operators and using two different epifluorescence microscopes. A concentration of 



Chapter 2: Optimization of the pre-enrichment step to be used along the PNA-FISH 
method. Repeatability and reproducibility tests.  

31 

 

1x106 conidia/mL was resuspended in 5 mL of the selected medium. Then, the medium was 

incubated at 37 ºC and 120 rpm. Approximately 15 - 20 glass spheres (Normax) were added 

to the solution of conidia. At selected time point (6 h), 1 mL of solution was centrifuged for 

10 minutes and 10.000 g and the supernatant was replaced by saline solution. This step was 

repeated two times to remove growing medium residues. Hybridization was performed as 

previously described (Section 2.2.). The operators used different epifluorescence 

microscopes. The results obtained by each operator were compared for similarity. 

 

2.6.  Repeatability  

Repeatability is defined as the closeness of agreement between results of successive 

measurements obtained under identical conditions. 

Thus, three assays were performed on the same day by the same operator. To each assay, 

a concentration of 1x106 conidia/mL was added to 5 mL of the selected medium and the 

medium was incubated at 37 ºC and 120 rpm. Approximately, 15 - 20 glass spheres 

(Normax) were added at conidia solution. At selected time point (6 h), 1 mL of solution was 

centrifuged for 10 minutes and 10.000 g and the supernatant was replaced by saline solution. 

This step was repeated two times to remove growing medium residues. Then, 10 replicas of 

this solution were used and hybridized as previously described (Section 2.2.).  

   

2.7.  Microscopy visualization  

Cells were visualized using an epifluorescence microscope (Nikon Eclipse 80i, Japan) 

with one filter (TRITC) sensitive to the fluorochrome attached to the FUM274 probe 

(excitation, 530 to 550 nm; barrier, 570 nm; emission long-pass filter, 591 nm). Images were 

obtained using a camera Nikon DS-Fi1 and software NIS-Elements B.R. 3.2 (Izasa, Japan).  

In the assays of reproducibility, another epifluorescence microscope (Olympus BX51, 

Portugal SA, Portugal) with TRITC filter (excitation, 530 to 550 nm; barrier, 570 nm; 

emission long pass filter, 590 nm) was used. Images were obtained using a DP71 digital 

camera and software Olympus CellSens (Olympus, Portugal S.A., Portugal).  

Other filter present in the microscopes, unable to detect the FUM274 probe fluorescent 

signal was used as negative control.  
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3. Results  

3.1.  A. fumigatus detection in different liquid growth media 

With this study, it was intended to optimize the time required for A. fumigatus 

germination, to decrease the time needed in samples pre-treatment before hybridization with 

the PNA probe. In here, germination of A. fumigatus was evaluated in three different liquid 

growth media (PYG as a reference medium, SDB and PDB) and time points less than 12 h 

were tested (3 h, 4 h, 6 h and 8 h) for germination assessment (Figure 7).  

At 3 h, 4 h, 6 h and 8 h of germination the fluorescence signal started to be brighter over 

time. During the initial time point (3 h), for the three media tested, the hybridization signal 

was weak as the conidia started swelling. At 6h, the germination tubes formation started and 

this was the time from which it was observed a brighter signal, especially for PDB medium. 

At 8h, formation of germ tube and hyphae were visualized.  

Therefore, in the subsequent experiments, PDB was used as the growth medium for the 

enrichment step.  
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Figure 7. Epifluorescence microscope visualization of A. fumigatus MUM 07.05 germination along time, in 

three different liquid growth media, using the PNA-FISH method. (I-IV) signal obtained at 3 h, 4 h, 6 h and 8 

h of germination, respectively, in the peptone - yeast extract - glucose (PYG) growth medium; (V-VIII) signal 

obtained at 3 h, 4 h, 6 h and 8 h of germination, respectively, in sabouraud dextrose broth (SDB) growth 

medium; (IX-XII) signal obtained at 3 h, 4 h, 6 h and 8 h of germination, respectively, in potato dextrose broth 

(PDB) growth medium. In every stage of the germination process, the fluorescence spots were concentrated 

near the cell nucleus (arrows). For all images, a visualization of the same microscopic field was made at the 

green channel as a negative control of probe FUM274. All images were obtained with a magnification of ×60. 

I 20 µm 20 µm V IX 20 µm 

II 20 µm 20 µm VI X 20 µm 

III 20 µm 20 µm VII XI 20 µm 

IV 20 µm 20 µm VIII XII 20 µm 
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In the three liquid growth media tested, the A. fumigatus concentration remained constant 

over time (Figure 8). This concentration corresponds to the same concentration used initially 

to inoculate the media (1×106 cells/mL).  

 

0

2

4

6

8

0 1 2 3 4 5 6 7 8 9

C
el

ls
/m

L

Time (h)

PDB

0

2

4

6

8

0 1 2 3 4 5 6 7 8 9

C
el

ls
/m

L

Time (h)

PYG

0

2

4

6

8

0 1 2 3 4 5 6 7 8 9

C
el

ls
/m

L

Time (h)

SDB

A 

B 

C 

Figure 8. A. fumigatus cells concentration at 3 h, 4 h, 6 h and 8 h of germination in three different liquid growth 

media. A) Peptone - yeast extract - glucose (PYG) growth medium; B) Sabouraud dextrose broth (SDB) growth 

medium; C) Potato dextrose broth (PDB) growth medium. The standard deviation is shown in the figure. The 

concentration is presented as log10.  
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3.2.  Detection of A. fumigatus in artificially contaminated pre-prepared samples 

After choosing the best growth medium, PNA-FISH was applied for the detection of A. 

fumigatus in artificially contaminated pre-prepared samples, such as defibrinated horse 

blood and ASM (Table 1). With these experiments, it was intended to ascertain whether 

enrichment time required for a good fluorescence signal was changed in contaminated 

artificially pre-prepared samples. This optimization was performed on artificial samples due 

the limited number of clinical samples. 

When applied on defibrinated horse blood, the probe could detect A. fumigatus at all 

hours tested (3 h, 4 h, 6 h e 8 h). However, a good hybridization signal could only be observed 

from 4 h since the signal was weak at 3 h. When applied on ASM, the probe could detect A. 

fumigatus 6 h of germination. However, the fluorescent signal was weak.   

 

Table 1. PNA-FISH results for A. fumigatus detection in artificially contaminated pre-prepared samples 

(defibrinated horse blood and artificial sputum medium (ASM)) at 3 h, 4 h, 6 h and 8 h of germination.   

 *fluorescent signal weak 

  

In the culture method, the A. fumigatus was detected both defibrinated horse blood and 

ASM samples submitted at 3 h, 4 h, 6 h and 8 h of germination in the PDB.   

 

3.3.  Reproducibility and Repeatability  

As expected, a repeatability and reproducibility of 100% was achieved (Table 2, Figure 

9 and Table 3).  

 

 

 Artificially contaminated pre-prepared samples 

Hour Defibrinated horse blood ASM 

3 h +* - 

4 h + - 

6 h + +* 

8 h + + 
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Table 2. PNA-FISH results obtained in the reproducibility study.   

 

Figure 9. Epifluorescence microscope visualization of A.  fumigatus MUM 07.05 germination incubated for 6 

h in potato dextrose broth (PDB) medium, using the PNA-FISH method. I) Visualization by operator 1; II) 

Visualization by operator 2. For all images, a visualization of the same microscopic field was made at the green 

channel as a negative control of probe FUM274. All images were obtained with a magnification of ×60. 

 

 
Table 3. PNA-FISH results obtained in the repeatability study. 

Replica Assay 1 Assay 2 Assay 3 

1 + + + 

2 + + + 

3 + + + 

4 + + + 

5 + + + 

6 + + + 

7 + + + 

8 + + + 

9 + + + 

10 + + + 

  Days Operator 1 Operator 2 

1 + + 

2 + + 

3 + + 

Operator 1 Operator 2 

I 10 µm II 10 µm 
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4. Discussion  

Conidia are dormant and can be stored for long periods of time [11]. The dormancy may 

be broken when there is an adequate stimulus, such as air, water and nutrients (e.g. source 

of carbon) [11, 13]. In this case, the dormant conidia become biochemically active and start 

germination process. One can observe this phenomenon in the laboratory when inoculate A. 

fumigatus conidia into a specific culture medium [13, 115].  

In previous studies from Biomode team (unpublished), A. fumigatus germination was 

evaluated in pure cultures using PYG medium. In these studies, it was well understood that 

the probe has the best performance after germination of conidia and for this specific medium 

the time required was about 12 h. 

The medium composition may influence the fungi germination (e.g. germination speed) 

and, therefore, different liquid culture media were used to study this behaviour. The 

hybridization signal was detected for all media used, however, it was possible to observe 

that, when the PDB medium was used, at 6 h, the fluorescent signal seems to be more 

consistent (Figure 7 XI). All the three media, of course, contain a source of carbon and 

nitrogen that are necessary for this microorganism to grow [116]. It is known that for the A. 

fumigatus growth the most important nitrogen sources consist in yeast extract and peptone 

and it is for that reason that usually it is used PYG as it contains both components  (please 

see annex I) [117, 118]. Furthermore, the yeast extract also provides vitamins, aminoacids 

and carbon [119]. SDB also contains peptone as nitrogen source but not yeast extract [120]. 

The peptone is derived from animal tissue peptic digest and casein pancreatic digest. The 

animal tissue peptic digest also provides amino acids, vitamins and carbon [119]. PDB has 

potato extract which supplies quantities of nitrogen, mineral salts, growth factors, metal ions 

and other micronutrients [116, 121]. The micronutrients allow that enzymes to work 

effectively, increasing growth metabolites production [116]. The common source of carbon 

in these three media is glucose and pH ranges between 5 - 6. However, PDB medium 

contains another source of carbon namely starch derived from potato extract [116, 122]. 

Amylase is present in A. fumigatus, breaking starch into sugar [123]. Potato dextrose is one 

of the most frequently used culture media because for its simple composition and its capacity 

to support mycelial growth of a wide range of fungi [107, 116].  

Furthermore, cell wall composition and structure might also have affected hybridization 

performance because the FUM274 probe needs to diffuse through this barrier before 



Chapter 2: Optimization of the pre-enrichment step to be used along the PNA-FISH 
method. Repeatability and reproducibility tests.  

38 

 

reaching the cytoplasm. In resting conidia cell wall there is a layer composed of melanin and 

hydrophobic proteins, called hydrophobins, protecting the cells [12, 17]. During conidia 

germination, this outer layer is progressively lost and, consequently, structural 

polysaccharides (about 90%) and some proteins of the inner layer are exposed and conidium 

surface becomes hydrophilic [8, 12, 17, 18]. The surface is uniformly hydrophilic after 3 h 

germination, corresponding to the time that fluorescence signal begins to appear [17].  

As for other molecular methods, in PNA-FISH, an enrichment step is necessary to 

germinate the conidia increasing the chances for fungus detection. In particular case of PNA-

FISH for A. fumigatus detection, the conidia germination is important because as it 

progresses it increases the cellular rRNA content that is the probe target. As it was already 

stated elsewhere, the FUM 274 probe targets 28S rRNA of A. fumigatus [124]. The number 

of ribosomes inside the cell influences the hybridization signal because these structures as 

are present in large numbers within the cell can act as natural signal amplification. RNA 

profile of dormant conidia is considerably different when compared with other stages of 

fungi germination. Ribosomes are generally scarce in dormant conidia whereby they are 

insufficient to support hyphal growth [3, 4]. So, rRNA accumulation by A. fumigatus starts 

at about 3 h - 6 h after inoculation into liquid culture medium, which corresponded to the 

swelling phase (Figure 7 I - III, V - VII, IX - XI) [11]. This fact explains the weak fluorescent 

signal obtained at 3 h of germination in the three liquid culture media (Figure 7 I, V, IX). 

rRNA biogenesis still increases more after 6 h of germination, which correspond to germ 

tubes and hyphae formation (Figure 7 IV, VIII, XII) [3, 11]. In the culture method performed 

as control, it was observed that the A. fumigatus concentration was constant for 8 h of 

germination, in the three growth media (PYG, SDB, PDB) (Figure 8). These results 

corroborate the evidence that the fluorescent signal was brighter due increased of the rRNA 

content in each cell, instead of an increase of the cells concentration in the sample [90]. In 

the fact, only about three days after the initiation of the micellar growth, new conidia are 

produced [125]. To counteract weak fluorescence signals due to low ribosome contents in 

initial stage of A. fumigatus germination, the overall brightness can be enhanced by catalysed 

reporter deposition-FISH (CARD-FISH), multi-locus-FISH (ML-FISH) and recognition of 

individual genes (RING) by FISH [5, 112]. 

The growth of A. fumigatus is asynchronous and its physiological state is different 

between conidia [126]. Therefore, conidia have different rRNA content. This possibly 
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explains why in the same microscopic field there were cells that had a good and a weak 

fluorescent signal (Figure 7). Additionally, rRNA can exist on cytoplasm either as “free 

ribosomes” or incorporated in the rough endoplasmic reticulum, frequently placed near the 

nucleus [4]. This can explain spots of fluorescence concentrated near the cell nucleus in 

every stage of the germination process (see Figure 7 XII, as an example). In some cells, it 

was possible to observe more than one fluorescent spot (Figure 7), which might be explained 

by the fact that the cells are undergoing a mitotic/duplication cycle generating daughter cells 

and cells persist attached after septation [13, 127]. In fact, it has been noticed that subapical 

cells in hyphae may contain three to four equally spaced nuclei [127].  

The PNA-FISH method in artificially contaminated defibrinated horse blood and ASM 

was performed using four enrichment times previously tested (3 h, 4 h, 6 h and 8 h), 

pretending to verify if A. fumigatus growth was different in artificial samples. In pure 

cultures, the hybridization signal was more consistent at 6 h. However, as there was a 

hybridization signal at 3 h and 4 h in pure cultures, these times were also tested in artificial 

samples because the aim is always to try to reduce enrichment time. For ASM, the probe 

detects A. fumigatus later than on defibrinated horse blood (Table 1). A good fluorescent 

signal was achieved from 4 h in defibrinated blood horse and from 8 h in sputum. This time 

discrepancy can be due the fact that artificial sputum fails to promote growth as favourably 

as defibrinated horse blood. In study by Steven et al. (2016), ASM inhibited growth of A. 

fumigatus [128]. It was speculated that mucin is the principal inhibitor of fungi in ASM. In 

the culture method, the A. fumigatus was detected in the ASM samples submitted at 3 h and 

4 h of germination. This support the finding that the PNA-FISH was not positive at these 

times, although the fungus can be present, because there was not a sufficient increase in the 

rRNA content. Another explanation for discrepancy between the enrichment times on the 

two artificially samples is the difference of inoculum volumes that were used (1 mL for ASM 

and 10 mL for horse blood). In BACTEC system, BACTEC Plus Aerobic/F media are used 

to detection of A. fumigatus and these culture bottles are filled with 10 mL of blood human, 

the same amount of horse blood used in experiments [129, 130].  

The PNA-FISH method to detect A. fumigatus in pure cultures had excellent values as it 

could be proved by repeatability and reproducibility assays, both 100% correct. By the 

repeatability test, showing the degree of confidence in results obtained by this method and 

by the reproducibility test, showing that the PNA-FISH performance is not affected by 
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varying work conditions, such as, time, operators and equipments [131]. As observed before, 

it was well proved in this work the robustness of this method. So, it might be said that the 

PNA-FISH method can be a good alternative to detect A. fumigatus and might be worth to 

study its implementation in laboratories routine.  

 

5. Conclusion  

Althought the germination of A. fumigatus was practically similar in the three liquid 

culture media tested,  PDB medium was the culture medium selected to be used in the 

remaining studies because the better signal fluorescent was obtained with this medium. It 

was verified that is necessary one step of enrichment of at least 3 h to detect A. fumigatus in 

pure cultures concerning artificially contaminated defibrinated horse blood. However, in 

artificially contaminated ASM is necessary a longer period of enrichment (at least 6 h). The 

matrix where PNA-FISH method is tested can influence its performance. The repeatability 

and reproducibility was maximal (100%).   
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1. Introduction  

The legal in vitro diagnostic (IVD) medical device is: 1) a reagent, reagent product, 

calibrator, control material, kit, instrument, apparatus, equipment or system used alone or in 

combination, intended by the manufacturer to be used, in vitro, for the samples examination 

derived from the human body in order to obtain information on the physiological or 

pathological states and congenital anomalies, to determine the safety and compatibility with 

potential receptors or therapeutic measures monitoring; 2) a container specifically designed 

by the manufacturer to contain or preserve samples derived from the human body intended 

for in vitro diagnosis [132]. The INFARMED must ensure that IVD medical devices comply 

with the legal requirements, without compromising the patients’ health and safety, users and 

third parties, as laid down in European Directive 98/79/EC. According to this law, the kit for 

A. fumigatus detection in clinical samples developed by Biomode can be classified as an 

IVD medical device. The manufacturer must establish the technical file that allows the 

assessment of the product conformity with the requirements of the Portuguese directive 

nº189/2000, from August 12th (that derive from the European Directive 98/79/EC) [133, 

134]. The technical file must include a general description of the product, the documentation 

of the quality system, product design information, validation studies, among others [133]. It 

is the manufacturer’s responsibility to carry out the conformity assessment, set up the 

technical file, issue the EU declaration of conformity, and affix the CE marking into a 

product [134]. The CE marking is a prerequisite for medical devices to be placed on the 

market and be allowed to circulate freely, being a guarantee that the products conform to the 

essential requirements to which they are subjected.  

Previously, this A. fumigatus method was optimized in the laboratory, where the 

hybridization conditions and the enrichment step were well studied. However, as for all kinds 

of medical devices, the IVD medical devices must be previously validated in real samples to 

prove its performance and robustness and to do a proof-of-concept, validating its potential 

integration in clinical routine. Sometimes is difficult to obtain these samples, since it is 

dependent on the clinician’s goodwill and on the hospital / laboratories ethical committees.   

In this part of the work it was intended to perform a validation test of the PNA-FISH 

method using real clinical samples in a blind test. Thus, several hospitals and clinical 

laboratories were contacted to obtain clinical samples. Due the discrepancy of the first results 

it was necessary to perform some optimizations of PNA-FISH method in clinical samples, 
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such as enrichment time and minimum concentration before the final test. Some of these 

tests will be included in technical file to be written in the future.  

 

2. Material and Methods  

2.1.  Clinical samples obtaining  

Initially, to obtain clinical samples, an e-mail was sent to forty-nine hospitals and clinical 

laboratories. In this e-mail, the context and aims of the research were explained and a 

collaboration to obtain pulmonary clinical samples was requested. From the total emails, 

only twelve hospitals and clinical laboratories answered and from those, only one, Centro 

Hospitalar do Médio Ave, E.P.E (CHME), unit of Vila Nova de Famalicão (Vila Nova de 

Famalicão, Portugal), has responded positively. The study was subjected to the hospital 

ethical committee approval and was performed under collaboration with pulmonary (Dra. 

Diva Ferreira) and clinical pathology (Dr. Ezequiel Moreira) services. The Annex II contain 

the declaration referring to ethical aspects that were submitted to the ethical committee and 

the annex III contain the informed consent to be signed by the patients. From February until 

May 2017 several pulmonary samples, such as, sputum, bronchial lavage (BL) and 

bronchoalveolar lavage (BAL), were collected according to the standardized operating 

procedures of the hospital. 

 

2.2.  A. fumigatus detection by the reference method  

All the samples were cultured as a control. At Biomode, all clinical samples collected 

were submitted to mycological examination using the culture-based method. The samples 

were plated on SDA plates and they were incubated at 37 ºC for 7 days. Then, A. fumigatus 

was identified using standard macroscopic morphologic criteria, such as colour, size and 

texture of colony. In CHMA, under laboratory routine, the samples were plated on the same 

conditions and A. fumigatus colonies were identified considering the same standard 

macroscopic morphologic criteria. The hospital provided Biomode these results as a control. 

The CHMA did not provide information on the culture method results for A. fumigatus 

detection in sputum samples.  
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2.3.  Methods comparison assay 

Twenty-four clinical samples (BAL (n=8), BL (n=8) and sputum (n=8) were tested by 

PNA-FISH using previously optimized enrichment time (8 h) in artificially contaminated 

ASM (Section 3.2., Chapter 2). The PNA-FISH results were compared with the culture 

method results. In the particular case of sputum, 0.1 g of N-acetyl-L-cysteine (Merck) was 

added to 1 mL of sputum for 20 minutes (without shaking) and after 1mL of PBS was added 

to sample and homogenized in a vortex for 20 seconds, before starting the assay. 

Approximately, 1 mL BL or BAL sample or 2 mL of sputum (with PBS) and about 30 - 35 

glass spheres (Normax) per sample were added to 30 mL of PDB (Liofilchem). The samples 

were incubated at 37 ˚C and 120 rpm. One mL of each sample was then recovered from each 

culture and it was centrifuged twice (10 minutes, 10.000 g) and resuspended in distilled 

water. Then, the hybridization was performed as described in the Section 2.2., Chapter 2.  

 

2.4.  Optimization of PNA-FISH conditions in clinical samples  

In this assay, the PNA-FISH performance was tested in two different samples types 

(seven sputums and six BLs) that were for sure negative using the culture method. Two 

enrichment times (8 h and 12 h) were used. Therefore, serial dilutions of A. fumigatus conidia 

(106 to 102 conidia/mL) were inoculated on 1 mL of sputum or BL. In case of sputum, after 

inoculation, 0.1 g of N-acetyl-L-cysteine (Merck) was added to 1 mL of sample for 20 

minutes (without shaking) and after 1mL of PBS was added to sample and homogenized in 

a vortex for 20 seconds. The germination procedure was then performed as described in 

Section 2.3.. At each time point (8 h and 12 h), a sample of 1 mL was recovered from each 

culture and it was centrifuged twice (10 minutes, 10.000 g) and resuspended in distilled 

water to perform hybridization, as described in the Section 2.2., Chapter 2.  

At 8 h and 12 h 100 µL of each sample were used to assess cultivability by counts of 

colony-forming units (CFUs), either directly or after 1:10 dilutions in SDA plates. The plates 

were incubated at room temperature for 5 - 6 days before counting.  

In here, the minimum concentration was not accessed for BAL samples because the 

limited number of real samples and due to similarity between BL and BAL samples. Thus, 

it was assumed the same minimum concentration for both samples.  
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2.5.  Preliminary assay using PNA-FISH method  

Before proceeding to the validation test on real samples, a preliminary assay was done 

to evaluate the PNA-FISH performance in the previously optimized conditions (Section 

3.2.). For that reason, nine clinical samples (sputum (n=3), BL (n=3) and BAL (n=3)), 

negative by culture, were artificially inoculated, using an enrichment time of 8 h. Sputum 

was inoculated with 1×104 conidia/mL and BL and BAL were inoculated with 1×103 

conidia/mL. In case of sputum, after inoculation, 0.1 g of N-acetyl-L-cysteine (Merck) was 

added to 1 mL of sample for 20 minutes (without shaking) and after 1mL of PBS was added 

to sample and homogenized in a vortex for 20 seconds. The germination procedure was then 

performed as described in Section 2.3.. At 8 h, a sample of 1 mL was recovered from each 

culture and was centrifuged twice (10 minutes, 10.000 g) and resuspended in distilled water. 

After, the hybridization was performed as described in the Section 2.2., Chapter 2. 

Simultaneously, the culture method was performed as control as described in Section 2.4. 

At 8 h, PNA-FISH results were unsatisfactory and, therefore, the enrichment time was 

increased to 12 h and 24 h. 

 

2.6.  Blind study: validation of PNA-FISH in clinical samples  

Twenty-four clinical samples (sputum (n=10), BL (n=6) and BAL (n=8)) were tested 

blindly by PNA-FISH method to assess diagnostic performance in the detection of A. 

fumigatus. Of these 24 samples, 13 samples (1 mL) were inoculated blindly with the minimal 

concentration achieved in Section 3.2. (1×104 conidia/mL sputum and 1×103 conidia/mL BL 

and BAL). In case of sputum, 0.1 g of N-acetyl-L-cysteine (Merck) was added to 1 mL of 

sample for 20 minutes (without shaking) and after 1mL of PBS was added to sample and 

homogenized in a vortex for 20 seconds. Then, the germination procedure was performed as 

described in Section 2.3.. At specific times (8 h, 12h  and 24 h) a sample of 1 mL was 

recovered from each culture and it was centrifuged twice (10 minutes, 10.000 g) and 

resuspended in distilled water. After, the hybridization was performed as described in the 

Section 2.2., Chapter 2.  

The inocula (1×104 conidia/mL and 1×103 conidia/mL) were controlled by culture 

method as described in Section 2.4.. 
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2.7.  Microscopy visualization 

For microscopy description please see Section 2.7. of Chapter 2.  

 

2.8.  Statistical analysis 

Statistical validity parameters, such as, specificity and sensitivity and respective 95% 

confidence intervals (CIs) were determined using the VassarStats: Website for Statistical 

Computation (http://vassarstats.net) [135].  

 

3. Results  

3.1.  Methods comparison assay  

The PNA-FISH method performance was evaluated in real samples, using previously 

optimized enrichment time (Section 3.2., Chapter 2).   

In Biomode, of the sixty samples collected, only two samples (a BL and a sputum) were 

positive for A. fumigatus in the culture method (Table 4). The BL sample (sample number 

16), which presented at positive result in Biomode, was negative to A. fumigatus detection 

in CHMA. The CHMA did not provide information on the culture method results for A. 

fumigatus detection in sputum samples. Another BL sample (sample number 10), which 

presented a negative result in Biomode, was positive to A. fumigatus detection in the culture 

method in CHMA.   
Table 4. Results of PNA-FISH method applied to clinical samples (bronchoalveolar lavage (BAL), bronchial 

lavage (BL) and sputum) with enrichment in potato dextrose broth (PDB) for 8 h and of culture method 

performed in the Biomode 2, S.A. and Centro Hospitalar do Médio Ave (CHMA). The samples marked in bold 

correspond to the samples whose culture results were positive. 

Sample Sample type 
Culture method results PNA-FISH 

Biomode CHMA 8 h 

1 BAL - - - 

2 BAL - - - 

3 BAL - - - 

4 BAL - - - 
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5 BAL - - - 

6 BAL - - - 

7 BAL - - - 

8 BAL - - - 

9 BL - - - 

10 BL - + - 

11 BL - - - 

12 BL - - - 

13 BL - - - 

14 BL - - - 

15 BL - - - 

16 BL* + - - 
17 Sputum - ------ - 

18 Sputum - ------ - 

19 Sputum - ------ - 

20 Sputum - ------ - 

21 Sputum + ------ - 
22 Sputum - ------ - 

23 Sputum - ------ - 

24 Sputum - ------ - 

 

Twenty-four samples were submitted to PNA-FISH method and their results were 

compared with culture method results (Table 4). All the samples tested using PNA-FISH 

were negative (Table 4). The sample number 16, which presented a positive culture, was 

submitted to PNA-FISH for 12 h and 24 h, however A. fumigatus was not detected. The other 

two positive samples (sample number 10 and 21) were not submitted to PNA-FISH at 12 h 

and 24 h because all the volume was previously used when this method was performed with 

8 h of enrichment time. 

 



Chapter 3: PNA-FISH method optimization and validation in clinical samples. 

49 

 

3.2.  Optimization of PNA-FISH conditions in clinical samples  

Due to the fact that the results were negative for PNA-FISH in the previous section, 

several hypotheses were pointed out. False-negative results may have occurred because the 

enrichment time (8 h) was not sufficient to increase the rRNA content of A. fumigatus at 

levels detected by the PNA-FISH method or A. fumigatus concentration present in the 

sample may not be the adequate to occur detection by PNA-FISH. Therefore, the PNA-FISH 

method was applied in sputum and BL samples inoculated with different concentrations of 

A. fumigatus conidia (1×106 - 1×102 conidia/mL), for 8 h and 12 h. The PNA-FISH results 

are present in Table 5. 

 

Table 5. Results of A. fumigatus detection in clinical samples (sputum and bronchial lavage (BL)) inoculated 

with concentrations ranging between 1×102 and 1×106 conidia/mL for different enrichment times (8 h and 12 

h). 

 

The lowest A. fumigatus concentration delivering a positive PNA-FISH result was 1×104 

conidia/mL at 8 h for the sputum and 1×103 conidia/mL at 8 h for the BL. As before 

mentioned, the same concentration was considered for BAL and BL (1×103 conidia/mL).  

 

3.3.  Preliminary assay using PNA-FISH method  

Before proceeding to the final validation test on real samples, a preliminary assay was 

done to evaluate the PNA-FISH performance in the previously optimized conditions (Section 

3.2.). For this assay, 9 samples (3 sputums, 3 BLs and 3 BALs) were inoculated using the 

minimal concentration previously accessed (1x104 conidia/mL for sputum and 1x103 

conidia/mL for BL and BAL), for 8 h. At 8 h, PNA-FISH results were unsatisfactory because 

only 2 of the nine inoculated samples were positive for A. fumigatus (Table 6). Therefore, 

Concentration 

(conidia/mL) 

Sputum  BL 

8 h 12 h 8 h 12 h 

1×106 + + + + 

1×105 + + + + 

1×104 + + + + 

1×103 - - + + 

1×102 - - - - 
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the enrichment time was extended to 12 h and 24 h. The number of positive results increased 

with enrichment time (Table 6), with the best results were obtained at 24 h of incubation.  

 

Table 6. PNA-FISH results regarding A. fumigatus detection in nine artificially contaminated clinical samples 

(1×104 conidia/mL sputum; 1×103 conidia/mL bronchial lavage (BL) and bronchoalveolar lavage (BAL)), with 

enrichment in potato dextrose broth (PDB) for 8 h, 12 h and 24 h. 

Sample 
PNA-FISH 

8 h 12 h 24 h 

Sputum    

1 - + + 

2 - - + 
3 - + + 

BL    

1 - + + 
2 - + + 
3 + + + 

BAL    

1 - - + 
2 - - + 
3 + + + 

 

At 8 h, A. fumigatus was only detected in a BL sample and in a BAL sample. Even though 

conidia swelling and germ tubes were observed, it was only possible to see few fungal 

structures per sample at the microscope. At 12 h, three samples (one sputum and 2 BALs) 

gave negative results. However, at 24 h, was possible to observe fluorescent signal in all 

samples. In samples with 12 h and 24 h of enrichment, was easier to detect A. fumigatus 

since the fungus hyphae structures are more mature and, consequently, easier to observe in 

the microscopic field.  

In the culture method performed as control, A. fumigatus were detected in all samples, at 

8 h, 12 h and 24 h. 
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3.4.  Blind study: Validation of PNA-FISH in clinical samples  

Due to the low number of positive samples (for culture and PNA-FISH) it was performed 

a blind test with the remaining samples (24 samples) using the conditions (time and inoculum 

concentration) previously optimized. From these 24 samples, 13 samples were contaminated 

with the minimal concentration achieved in Section 3.2. (1×103 conidia/mL BAL and BL; 

1×104 conidia/mL sputum). Even though, all times previously tested (8 h, 12 h and 24 h) 

were used here, to increase the chances of getting positive results.  

Of the thirteen contaminated samples, A. fumigatus was not only detected in sample 

number 22 (BL) (Table 7). At 24 h, the development of fungal aggregates in the liquid 

medium was observed, which had hinder the process of pipetting the required volumes. 

 

Table 7. Results of PNA-FISH method blindly applied to clinical samples using enrichment time of 8 h, 12 h 

and 24 h in potato dextrose broth (PDB). Thirteen clinical samples were inoculated artificially with the 

minimum concentration (1×104 conidia/mL sputum; 1×103 conidia/mL bronchial lavage (BL) and 

bronchoalveolar lavage (BAL)). The sample marked in bold correspond to the sample inoculated whose PNA-

FISH was negative for all enrichment times. 

Sample 
Sample 

type 
Inoculation 

PNA-FISH 

8 h 12  h 24 h 

1 BAL + ------ ------ + 

2 BAL + ------ ------ + 

3 Sputum + ------ ------ + 

4 BL - ------ ------ - 

5 BL + ------ ------ + 

6 Sputum - ------ ------ - 

7 Sputum + ------ ------ + 

8 BAL - ------ ------ - 

9 Sputum + + + - 

10 BAL + + + + 

11 Sputum + + + + 

12 BAL - - - - 

13 Sputum - - - - 

14 BL - - - - 
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15 BL + - + + 

16 BAL - - - - 

17 Sputum + + + + 

18 BL - - - - 

19 Sputum + - - + 

20 Sputum - - - - 

21 BAL + - + - 

22 BL + - - - 

23 BAL - - - - 

24 Sputum - - - - 

 

Relative sensitivity and specificity of PNA-FISH method were 50% (CI 95%, 17% – 

83%) and 100% (CI 95%, 60% - 100%) respectively, when used enrichment time of 8h. For 

enrichment time of 12h, relative sensitivity and specificity of PNA-FISH were 75% (CI 95%, 

36% - 96%) and 100% (CI 95%, 60% - 100%) respectively. For enrichment time of 24h, 

relative sensitivity and specificity of PNA-FISH were 77% (CI 95%, 46% - 94%) and 100% 

(CI 95%, 60% - 100%) respectively.  

 

4. Discussion 

All clinical samples collected from CHMA (60 samples) were submitted to the culture 

method for A. fumigatus detection and only three samples presented a positive result. This 

result was expected because it is well known the low prevalence of infection by A. fumigatus 

[25]. In previous studies from Biomode team (unpublished, 2013), clinical samples were 

collected from Hospital São João (Porto, Portugal) and only one sample presented a positive 

culture. Even though, since most patients presented suspicion of having fungal infection it 

was expected a bigger number of positive results. 

Initially, only twenty-four samples were also submitted to PNA-FISH method. As a 

measure of precaution and since is too difficult to obtain the clinical samples, it was assumed 

preferable to use part of the samples to test for PNA-FISH performance with the previously 

optimized conditions (Chapter 2). 

The culture method results obtained both in the Biomode and CHMA were not consistent 

for two BL samples, sample number 10 and 16 (Table 4). The sample number 10  was 
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positive for A. fumigatus in culture method performed in the CHMA, however, this sample 

presented a negative result in Biomode. The sample was for long periods stored in the cold 

(-20 ºC) at Biomode and so the fungus may have lost its viability when the sample was used. 

This sample also was negative for A. fumigatus using PNA-FISH method supporting the 

assumption of loss of viability of the fungus. The sample number 16 was negative for A. 

fumigatus in the culture method performed in the CHMA but this sample presented a positive 

result when culture was performed at Biomode. However, the fungus colony presented a 

strange behaviour since it appeared in the periphery of the petri dish, which makes it suspect 

of contamination. This sample was negative for A. fumigatus using PNA-FISH method with 

different enrichment times (8 h, 12 h and 24 h). As the PNA-FISH result is in accordance 

with the culture result of the hospital, it is assumed that a contamination occurred at the time 

of culture in the Biomode. Even though, since it was not possible to confirm it, the sample 

was classified as positive by culture. A sputum (sample number 21) was positive for A. 

fumigatus in the culture method performed in Biomode but a negative result was obtained 

with the PNA-FISH method. As previously mentioned, the CHMA did not provide 

information on the culture method results of the sputum samples. The discrepancy between 

the results of these two methods may be due to several factors: i) A. fumigatus concentration 

present in the sample may be less than the minimum concentration detected by PNA-FISH 

method (Detection Limit); ii) enrichment time was insufficient to increase the rRNA content 

of A. fumigatus at levels detected by the PNA-FISH; iii) contamination may have occurred 

at the time of the culture method [136]. The detection limit of FISH method is limited to 

about ≥ 103 cells/mL due to inherent limitations of microscopy [137]. To exclude the 

possibility of contamination, the culture method should have been performed again. 

However, all the volume of sputum sample was used in PNA-FISH method and, therefore, 

the culture method was not repeated. The other two positive samples in the culture (sample 

number 10 and 21)  were not submitted to PNA-FISH at 12 h and 24 h because all the volume 

was previously used when this method was performed with 8 h of enrichment time.  

With all the previous results in mind it is possible to assume that some problems related 

to the enrichment time and the A. fumigatus concentration may have occurred. Therefore, it 

was decided to optimize the PNA-FISH conditions to be used with real clinical samples since 

we cannot assume the optimal conditions used for the pre-prepared samples. Thus, serial 

concentrations (106 a 102 conidia/mL) were inoculated in sputums and BLs, for 8 h and 12 
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h (Section 3.2.). This assay was not performed for BAL samples due the limited number of 

samples and the similarity between BL and BAL samples. BAL and BL samples are 

collected from patients using the bronchoscopy technique, getting a cellular elements 

sampling at different levels of the bronchial tree [138 – 140]. Thus, it was considered the 

same minimum concentration for both BL and BAL samples. The lowest A. fumigatus 

concentration detected by PNA-FISH was 1×104 conidia/mL for sputum and 1×103 

conidia/mL for BL at 8 h enrichment. In the sputum samples, a higher concentration of fungi 

is required to obtain a positive result and this evidence may be due to some factors. The 

clinical samples are very complex in structure and they can have different cells, as for 

example, neutrophils, macrophages, red blood cells, and proteins, as for example, mucins 

and immunoglobulins, that can present auto fluorescence hindering fungal fluorescence 

detection [139, 141]. Generally, the sputum samples had more autofluorescence than BAL 

and BL samples. Furthermore, the sputum is more viscous than BAL and BL samples and, 

therefore, it is more difficult to pippette the sample.  

Before the final test, a preliminary assay with nine clinical samples was performed to 

evaluate the PNA-FISH performance in the optimized conditions before. Thus, the clinical 

samples were inoculated with the minimum concentration determined previously and they 

were let to germinate during 8 h. However, A. fumigatus was only detected in two samples 

(Table 6). At this time point, A. fumigatus in the microscopic field was harder to detect 

because the fungal structures are still simple and small (conidia swelling and tube germ) and 

the clinical samples present auto fluorescence. For that reason, the samples were led to 

germinate for longer times. At 12 h and 24 h, was easier to detect A. fumigatus in the 

microscopic field because the fungal structures are more mature and bigger (hyphae). 

Nevertheless, at 12 h enrichment, A. fumigatus was not detected in three contaminated 

samples using PNA-FISH. With longer enrichment time (24 h), all contaminated samples 

were positive for A. fumigatus using the PNA-FISH method. In this assay, the culture method 

was performed as control and positive result for A. fumigatus were achieved in all samples, 

at 8 h, 12 h and 24 h. The culture method results corroborate the evidence that the fungus 

germination phase influences the PNA-FISH method performance. The results obtained in 

this assay were not expected because the A. fumigatus should have been detected in all 

samples from 8 h according to the results obtained in the conditions optimization of the 

PNA-FISH method. This may have occurred due to the difficulty in visualizing fungal 
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structures under the microscope at 8 h and to samples background. The amount of 

autofluorescent compounds varies from sample to sample, influencing the result of the PNA-

FISH.  

To validate the PNA-FISH method previously optimized as a good diagnostic method in 

the detection of A. fumigatus, a final assay was blindly performed, in sputum, BAL and BL 

samples. Due to the very limited number of positive cases for A. fumigatus, to perform this 

test, some samples were contaminated. Only one sample contaminated (sample number 22) 

was negative in the PNA-FISH for the three enrichment times used (8 h, 12 h and 24 h) 

(Table 7). This sample may have been collected from a patient previously treated with an 

antifungal, explaining the negative result in the PNA-FISH [41, 136]. With the results 

obtained (Table 7), it was possible to determinate the relative specificity and sensitivity of 

PNA-FISH method. In this assay, the relative specificity remained constant over the tested 

enrichment times. The relative sensitivity of 50%, 75% and 77% was obtained, respectively, 

for 8 h, 12 h and 24 h incubation. The relative sensitivity of PNA-FISH increased 

considerably using enrichment of 12 h relatively to enrichment of 8 h. At 12 h, the fungal 

structures are more mature and bigger (hyphae) than fungal structures at 8 h (conidia 

swelling and tube germ). Under the microscope, it is easier to visualize hyphae than conidia 

swelling and tube germ. From previously obtained results, it was expected to get a sensitivity 

of 100% at 24 h (results of the Section 3.3). However, only a sensitivity of 77% was obtained. 

At 24 h, hyphae form clusters like “fungal balls” after their full germination and, 

consequently, it becomes more difficult to pipette and detect the A. fumigatus. This fungal 

agglomeration can be due to the cell wall modifications. During germination, the α(1,3)- 

glucans become exposed at the cell surface of swollen conidia [12]. Chains of α(1,3)- glucans 

interacted between themselves and are responsible for the aggregation of swollen conidia. It 

is due the physical properties of these insoluble glucans. Some previous studies were 

performed by Biomode team, to overcome this problem (e.g. sonication, glass beeds) but 

until the present it was not possible to achieve a satisfactory solution.   

The PNA-FISH method is a rapid method for direct identification of A. fumigatus in 

pulmonary samples compared to the culture method. The PNA-FISH method takes about 1 

h 30 m and the necessary enrichment step can take between 8 h and 24 h. In the culture 

method, for definitive identification of A. fumigatus it takes about 7 days. An early diagnostic 

lead to more effective treatments, avoiding, inappropriate and inaccurate antimicrobial 
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therapy that can lead to adverse patient outcomes and to development of antimicrobial 

resistance.  

 

5. Conclusion  
 

Before performing the PNA-FISH method for A. fumigatus detection, an enrichment step 

is required to increase rRNA content to levels detectable by PNA-FISH. In this study was 

observed that several factors can influence the enrichment time necessary to detect the 

fungus, not having reached yet a conclusive time. In the validation test, the PNA-FISH 

method proved to be capable to detect A. fumigatus, in diverse artificially contaminated 

clinical samples, at 8 h, 12 h and 24 h in PDB medium, with a minimum concentration of 

1×104 cells/mL for sputum and 1×103 cells/mL for BL and BAL samples. The best sensitivity 

values of PNA-FISH method were at 12 h and 24 h, but at 24 h hyphae form clusters like 

“fungal balls”, which become more difficult to manipulate and to detect the A. fumigatus. 

Even though, it seems that at 24 h can achieve the best results for the detection of this fungus 

in clinical samples with PNA-FISH. However, the PNA-FISH method here described does 

not fully satisfy clinical outcomes and future optimizations must be performed before 

considering the use of this method in clinical practice.  
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1.1.  Conclusions  

In this study, a new molecular diagnostic method is proposed using a specific PNA probe 

for A. fumigatus direct visualization by FISH method. The FUM274 proved to be capable to 

detect this specific fungus, in diverse type of artificially contaminated pulmonary samples.  

Although more assays will be required to evaluate the PNA-FISH performance, the results 

obtained have shown that PNA-FISH method held the great promise to be the substitute for 

the unspecific and fastidious traditional methods currently used for A. fumigatus diagnosis.  

Relative to the culture-based method, the results can be obtained about 5 days earlier, 

improving patient treatment and clinical guidelines.  

 

1.2.  Future work 

Some factors can interfere with the PNA-FISH performance, such as, the auto 

fluorescence present in the sample and the formation of “fungal balls” at 24 h. Thus, in the 

future, some assays would be needed to try to overcome these problems. The auto 

fluorescence can be decreased through the sample exposure to CuSO4 in ammonium acetate 

buffer, sudan black B in 70% ethanol, NaBH4, pontamine sky blue or photobleaching with 

UV light [142]. The reduction of fungal structure agglomeration can be achieved by 

increasing speed of orbital shaking, changing the initial pH value of medium and adding 

additives, such as, Tween 80, carboxymethylcellulose and carboxypolymethylene [12, 143 

– 147]. With these optimizations, it could be possible to achieve better sensitivity values for 

the PNA-FISH method performed.  
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Annex I – Media composition  

 

Table 8. Liquid growth media composition.  

Name Components (g/L) pH 

Peptone - yeast extract -  glucose 

(PYG) 

Peptone 1 

Yeast extract 1 

Glucose 3 

5 

Sabouraud dextrose broth (SDB) 

Peptic digest of animal tissue 5 

Pancreatic digest of casein 5 

Dextrose 20 

5.6 ± 0.2 at 

25˚C 

Potato dextrose broth (PDB) Potatoes, infusion from 200 

Glucose 20 

5.1 ± 0.2 at 

25˚C 
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Annex II - Declaration referring to ethical aspects submitted to the ethics committee of 

Hospital São João. 

 

                                                                    À Comissão de Ética 
       Centro Hospitalar do Médio Ave 
Braga, 24 de outubro de 2016 
Assunto: Parecer para o fornecimento de amostras pulmonares para a realização de um estudo científico 

‘Validação de um produto da Biomode 2, S.A. baseado na tecnologia de PNA-FISH para a deteção de 

microrganismos na área clínica’. 
 

 Exmos. Srs. 

 

Vimos por este meio expor a VExas. o âmbito e propósito do presente pedido, requerendo o Vosso 

parecer no que se refere à conduta ética.  

A Biomode 2, S.A. é uma empresa que visa o desenvolvimento e comercialização de métodos de 

diagnóstico rápidos baseados no PNA‐FISH para a deteção de microrganismos em amostras clínicas e 
alimentares. 

No âmbito de uma colaboração com o Departamento de Química da Universidade de Aveiro, a 

Biomode 2, S.A. acolheu uma estudante de mestrado em Bioquímica, ramo de especialização em métodos 

biomoleculares para a realização da sua tese, que se prenderá com o estudo da determinação da validade 

diagnostica de uma sonda de ácidos péptido-nucleicos (PNA) na identificação de indivíduos com infeção por 

Aspergillus fumigatus.  

 Atualmente, a empresa já desenvolveu uma sonda de PNA específica para a deteção de A. fumigatus 
(Probe4Fumigatus). Após a otimização inicial das condições de funcionamento do método, é agora importante 

a verificação da sua aplicabilidade em amostras reais de meio hospitalar. Para tal será necessário um número 

significativo de amostras clínicas (como, por exemplo, lavados broncopulmonares, expetoração, soro ou 

outras) que serão usadas na avaliação do melhor meio de inoculação das amostras reais e para os testes de 

validação final do produto. Desta forma, foi contactado o Centro Hospitalar do Médio Ave – CHMA (Dra. 

Diva Ferreira e Dr. Ezequiel Moreira), para averiguar a possibilidade de fornecimento deste tipo de amostras. 

 A realização do estudo será feita nas instalações laboratoriais da empresa, sitas na Avenida Mestre 

José Veiga, s/n, INL- Instituto Ibérico Internacional de Nanotecnologia, 4715-330 Braga. 

 Face ao acima exposto, vimos pedir a VExas. parecer para a colaboração do laboratório de Patologia 

Clínica do CHMA no fornecimento de amostras pulmonares à empresa Biomode 2, S.A. 

 

 Ao dispor para qualquer esclarecimento, apresentando os melhores cumprimentos 

 

 

__________________________ 

Laura Isabel Macieira Cerqueira 

                         COO, Biomode 2, S.A.
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Annex III - Informed consent  

 Estudo Científico: “Aplicação do método baseado em PNA-FISH para a identificação específica de Aspergillus fumigatus e  a ost as lí i as”  Termo de Aceitação   Eu, _______________________________________, portador do processo clínico do Centro Hospitalar do Médio Ave, nº ____________ :  
• Fui i fo ado das azões do estudo e das dúvidas ue este p ojeto p ete de es la e e .  
• Fui i fo ado dos p o edi e tos lí i os e la o ato iais e essá ios.  
• Se a eita  pa ti ipa  este estudo: 

 ser-me-ão recolhidos lavados broncopulmonares, expetoração ou soro; 
• Fui i fo ado dos is os desses p o edi e tos. 
• Fui i fo ado ue os dados deste estudo se ão utilizados pa a u  estudo pa a dete i a  a validade de um método para diagnóstico da infeção pelo A. fumigatus; 
• Fui i fo ado ue os dados deste estudo são o fide iais e pode  se  eti ados da ase de dados caso seja essa a minha decisão. 
• Só auto izo ue os dados de o e tes do estudo seja  os des i i ados; out os estudos ape as serão realizados sob minha expressa autorização.  Famalicão, ___ de ______________de _________  


