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Preface

Filamentous fungi of the genus Aspergillus reside in soil as the main reservoir and
are responsible for life-threatening nosocomial infections with undefined conse-
quences all over the world. There are increasing numbers of such infections due to a
rise in immunocompromised patients. At present, around 20 species are known to
be involved in the etiology of Aspergillus-related diseases under the common name
“aspergillosis.” Inhalation of airborne conidia is the most important route of infec-
tion initiation, and the development of drug resistance against current therapeutic
antifungals, especially azoles, is considered the main challenge for clinicians. This
book highlights recent advances in Aspergillus and aspergillosis from molecular
taxonomy and distribution to fungal-host interactions, pathogenesis, immunology,
drug development against pathogenic species from bench to clinic, vaccines, novel
diagnostic methods, treatment strategies and omics (genomics, proteomics, metab-
olomics, etc.) approaches to overcome virulence and pathogenicity of etiologic
Aspergillus species.

The book is divided into five sections comprising 10 chapters. Chapter 1 discusses
allergic bronchopulmonary aspergillosis, with emphasis on its clinical outcomes
and pathogenesis. Chapter 2 discusses post-viral aspergillosis (PVA) as a clinical
form of Aspergillus infection after influenza, COVID-19, and the cytomegalovirus
infection. Chapter 3 examines the impact of Aspergillus infections in patients with
selected chronic infections and the treatment of these infections. Chapter 4 shows
that A. fumigatus requires different strategies by various attributes to infect and
cause disease in different hosts and suppress resistance responses by the host. These
attributes are influenced by environmental conditions including nutrient composi-
tion and response to host defenses. Chapter 5 details the recent progress of nano-
materials-based biosensors to diagnose aspergillosis. Chapter 6 demonstrates that
metagenomic next-generation sequencing (mNGS) has the potential to be adopted
as the gold standard for the diagnosis of pulmonary aspergillosis, which is a critical
step in initiating prompt treatment and improving patients’ prognosis. Chapter 7
highlights the importance of antifungal drug resistance against aspergillosis, with
a special focus on its outcome in the treatment of clinical cases of the disease.
Chapter 8 presents an immune-based nanosensor as a biosensor-Internet of Things
(IoT) system as a potential way to achieve real-time detection of aspergillosis. The
portable reader serves as an excellent point-of-care tool for routine monitoring

of harmful mycotoxins, such as aflatoxins and ochratoxins. Chapter 9 presents an
updated review of aflatoxin contamination and its impact and management strate-
gies, providing valuable information for researchers, policymakers, and food safety
professionals. Chapter 10 examines the industrial aspect of the genus Aspergillus,
for example, fermentation of whey protein by A. niger, and the importance of
released materials.
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Chapter 1

Allergic Bronchopulmonary
Aspergillosis/Mycosis:
An Underdiagnosed Disease

Solange Oliveira Rodrigues Valle, Augusto Sarquis Serpa
and Farvadiba Sarquis Serpa

Abstract

Allergic bronchopulmonary aspergillosis (ABPA) is an immune-allergic disease of
the lung due to a hypersensitivity reaction to antigens of Aspergillus fumigatus after
colonization into the airways. Predominantly, it affects patients with bronchial asthma
and those having cystic fibrosis (CF). Despite being recognized as a distinct entity
nearly 70 years ago, this disease remains underdiagnosed. This may be due to the
diagnostic methods employed, lack of standardized tests, and diagnostic criteria. The
mainstay treatment for ABPA is systemic steroid. Azole antifungal agents represent an
alternative for the treatment of exacerbations and are preferential strategy for corti-
costeroids sparing. Biologic drugs are expected to play an important role in the treat-
ment of ABPA based on their mechanism in inhibition of type 2 inflammation,
regulation of eosinophils and IgE levels, and modulation of inflammatory cytokines.
Therefore, other studies are necessary for a better understanding of this disease so that
an early detection can be done as well as a correct management.

Keywords: allergic bronchopulmonary aspergillosis, Aspergillus fumigatus, asthma,
cystic fibrosis, diagnostic criteria, bronchiectasis, eosinophilia

1. Introduction

Allergic bronchopulmonary aspergillosis (ABPA) was first identified in 1952 by Dr. K.
F.W. Hinson who described eight cases with typical clinical characteristics, including
bronchitis/asthma, eosinophilia, bronchiectasis and/or mucus plugs, and isolation of
Aspergillus fumigatus in lung tissue [1]. In 1968, ABPA was first reported in the United
States [2] and 6 years later, in Brazil by our department at Federal University of Rio de
Janeiro but remains underdiagnosed to this day, both in Brazil and worldwide [3].

ABPA is a complex pulmonary disorder characterized by an exaggerated hypersensi-
tivity reaction to Aspergillus generally fumigatus specie, resulting in airway inflammation,
mucus plugging, and bronchiectasis [4]. People most at risk of developing ABPA are
patients with asthma or cystic fibrosis (CF). Given the propensity of the disease to cause
irreversible complications, it is essential to formulate screening protocols for ABPA in
these patients. Early detection of the disease is crucial for a better prognosis.
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2. Epidemiology

The prevalence of ABPA remains uncertain and is likely to differ across
geographical locations. ABPA affects 2.5-15% of patients with asthma and 7-9% of
patients with CF, subject to variations within the studied population [5, 6]. In a
recent systematic literature review, the pooled prevalence of ABPA in adults
with asthma was 11.3%, and in adults, asthmatics sensitized to A. fumigatus (Af) was
37% [7]. For children, the pooled prevalence of ABPA in subjects with asthma was
9.9% [8]. Studies conducted in our center demonstrated 19% of ABPA prevalence
among asthmatics sensitized to Af [9] and 12,5% of ABPA prevalence in children
diagnosed with CF [10]. Worldwide, more than 4 million people are affected by
ABPA [6, 11].

Additionally, genetic predisposition, such as specific HLA-DR alleles, may con-
tribute to the development of ABPA in susceptible individuals [12]. There is no
particular age or gender predilection for the occurrence of ABPA, although ABPA is
uncommon in patients without asthma or CF [13].

The real prevalence of ABPA is difficult to determine due to the diagnostic
methods employed, lack of standardized tests, diagnostic criteria, and the populations
studied.

3. Pathogenesis

The pathogenesis of ABPA is complex, involving genetic factors, host-pathogen
interactions, hypersensitivity reactions, eosinophilic inflammation, and cytokine
dysregulation.

Genetic factors may contribute to the susceptibility to ABPA. Human leukocyte
antigen (HLA) genotyping studies have identified specific HLA-DR alleles, such as
HLA-DR2 and HLA-DRS, to be associated with an increased risk of developing ABPA
in asthmatic and CF patients, respectively [12]. On the other hand, HLA-DQ2 con-
tributes to resistance [14].

Aspergillus is an airborne ubiquitous saprophytic fungus that is found in soil and
grows on decaying vegetation [15]. Spores are small (2-3 mm), facilitating their
deposition throughout the airways. Inhalation of Aspergillus spores can lead to
colonization and germination in the airways of susceptible individuals, such as
those with asthma or CF [16]. Aspergillus spores persist in lower airways and
develop the ability to germinate into mycelial filaments. This results in the secretion
of metabolites that drive the activation of mucosal innate immune response and
exposition of Aspergillus to the immune system. The impaired mucociliary
clearance and local immune response in these individuals facilitate the
persistence of Aspergillus hyphae in the airways, triggering an exaggerated immune
response [17].

ABPA is characterized by a combination of type I (immediate) and type III
(immune complex-mediated) hypersensitivity reactions [16]. In type I hypersensitiv-
ity, Aspergillus antigens bind to immunoglobulin E (IgE) on the surface of mast cells
and basophils, leading to the release of inflammatory mediators such as histamine,
leukotrienes, and prostaglandins, causing bronchoconstriction, increased vascular
permeability, and mucus production [18]. In type III hypersensitivity, immune com-
plexes composed of Aspergillus antigens and immunoglobulins (IgG) deposit in the
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lung tissue, activating complement and attracting inflammatory cells, leading to tissue
damage and eosinophilic inflammation [19].

Eosinophils play a central role in the pathogenesis of ABPA, contributing to airway
inflammation, mucus production, and bronchial hyperresponsiveness [16].

There is a strong type-2 (T2) inflammation in ABPA combining a massive infiltra-
tion of airways by eosinophils and a high level of polyclonal IgE. Cytokines, such as
interleukin IL-4, IL-5, and IL-13, produced by Th2 cells, stimulate eosinophil recruit-
ment, activation, and survival [20]. Additionally, IL-4 and IL-13 promote the produc-
tion of IgE by B cells and induce goblet cell hyperplasia, increasing mucus secretion.
Airway inflammation leads to production of dense eosinophil mucus containing
Charcot-Leyden crystals that obstructs airways. Mutation in CF transmembrane con-
ductance regulator (CFTR) may play a role in ABPA even in the absence of CF,
although this is still not clear [21].

4., Clinical manifestation

The clinical presentation of ABPA is heterogeneous, ranging from mild to severe
respiratory symptoms. The primary clinical manifestations of ABPA are respiratory
symptoms, which are often similar to those of asthma or CF, making the differentiation
between these conditions difficult [22]. Common respiratory symptoms of ABPA include
paroxysmal episodes of coughing, wheezing, dyspnea, and chest tightness [23]. Patients
with ABPA may also experience recurrent episodes of pulmonary exacerbations, charac-
terized by worsening respiratory symptoms and increased sputum production [4].

A characteristic feature of ABPA is the expectoration of brownish-black mucus
plugs, which contain fungal hyphae and eosinophilic material [23]. These mucus plugs
can lead to airway obstruction and impaired mucociliary clearance, contributing to the
development of bronchiectasis and recurrent infections [22].

Systemic symptoms, such as fever, malaise and weight loss, may occur in ABPA,
particularly during exacerbations [23]. These symptoms are thought to be related to the
release of inflammatory mediators and the immune response to Aspergillus antigens [4].

Evolution is marked by the occurrence of ABPA exacerbations characterized by the
onset, or an increase in, the clinical manifestations of ABPA often associated with
radiological abnormalities and elevation of eosinophils and total IgE.

5. Diagnostic criteria

ABPA occurs mainly in patients diagnosed with asthma or CF. The diagnosis is
based on a combination of clinical manifestations, radiological, and immunological
features [24]. A thorough examination of the existing literature highlights the impor-
tance of early recognition and appropriate management of ABPA to prevent disease
progression and associated complications. Over the years, the diagnostic criteria and
approaches for ABPA have evolved significantly (Table 1).

The first diagnostic criteria described for ABPA were primarily based on clinical
features, blood eosinophilia, and radiological findings [1]. In the 1970s, after the
description of the IgE antibody isotype, serology came to occupy a central role in
diagnosing ABPA. Rosenberg and Patterson proposed two groups of criteria to
improve diagnostics. These criteria (seven primary, three secondary) have since been
the most used in the diagnosis of ABPA [25].
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ABPA Criteria

Rosenberg-Patterson (1977) Primary criteria
[25] 1. Asthma
2. Peripheral blood eosinophilia
3.Immediate skin reactivity to Aspergillus antigen
4. Precipitating antibodies to Aspergillus antigen
5.5 5. Elevated serum IgE concentration
6. History of pulmonary infiltrates (transient or fixed)
7.Central bronchiectasis
Secondary criteria
o Aspergillus fumigatus in sputum
* History of expectoration of brown plugs
* Late skin reactivity to Aspergillus antigen (Arthus reaction)
ABPA “likely”: primary criteria 1 to 6 are present.
ABPA “certain”: all primary criteria are present.

Modified ISHAM criteria Predisposing condition
(2013) [26] * Asthma or cystic fibrosis
Obrigatory criteria
* Total IgE level > 500 kIU/1
* Serum IgE against Aspergillus fumigatus > 0,35 kUA/I or positive skin
test
Other criteria
* Blood eosinophilia >500 cels/pL *
* Precipitins or increased IgG antibody to Aspergillus
* CT scan showing bronchiectasis
¢ Mucus impactation on CT scan
Obrigatory criteria: both must be presented
Other criteria: at least two must be presented, *without systemic corticosteroid

Modified ISHAM criteria Predisposing condition
(2021) [27] ¢ Asthma
Obrigatory criteria
* Total IgE level > 500 kIU/1
* Serum IgE level against Aspergillus fumigatus > 0,35 KUA/I or positive
skin test
Other criteria
* Blood eosinophilia >500 cels/pL
* Precipitins or increased IgG antibody to Aspergillus > 27 mg,/1
¢ CT scan showing bronchiectasis
¢ Mucus impactation on CT scan
Obrigatory criteria: both must be present
Other criteria: at least 2 must be present

Asano Criteria (2021) [28] For Allergic Bronchopulmonary Mycosis

1. Asthma

2.Blood eosinophilia >500/uL

3.Total IgE level > 417 kIU/1

4. Positive immediate skin test or specific IgE >0,35 kUA/I for filamentous
fungi

5. Growth of filamentous fungi in culture of sputum or bronchial lavage
fluid

6. Presence of fungal hyphae in mucus plugs

7. Central bronchiectasis on CT scan

8. Presence of plugs on CT scan/bronchoscopy, or history of mucus plug
expectoration

9. High attenuation mucus on CT scan

Diagnosis ABPM: At least six criteria must be present

Table 1.
Diagnostic criteria for ABPA.
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However, these criteria lacked sensitivity and specificity, leading to
underdiagnosis or misdiagnosis. In 2013, the ABPA Working Group of the
International Society for Human and Animal Mycology (ABPA-ISHAM)
proposed new diagnostic criteria to provide standardized guidelines for ABPA
diagnosis [26]. New evidence then came to light about the “sensibility and
specificity” of the ISHAM criteria. This evidence emerged through a study that
used a latent class analysis to explore the performance of various existing and novel
diagnostic criteria [27]. It has been demonstrated that IgE-specific tests are more
responsive than skin tests to identify sensitization to Aspergillus and that the
sensitivity and specificity of these criteria increased using a threshold for total IgE at
500 kIU/1 [27]. In addition, a cut-off for specific IgG to Aspergillus was proposed.

This evidence led the ISHAM to modify the diagnostic criteria. These modifications
offered improved diagnostic performance and were published in 2021 [27]. The
criteria proposed by ISHAM were validated but revealed that the sensitivity was
poor for cases with non-Aspergillus Allergic Bronchopulmonary Mycosis (ABPM).
Asano et al. proposed and validated new diagnostic criteria that showed improved
sensitivity and specificity compared to Rosenberg-Paterson and ISHAM’s

previous criteria, even in atypical cases without asthma or non-Aspergillus ABPM
(Table 1) [27].

The diagnostic of ABPA often follows an algorithm that integrates multiple pieces
of clinical, immunological, and radiological information. The starting point is a clinical
assessment, looking for key symptoms and risk factors, especially asthma or CF and
then elevated specific IgE to Af. Total serum IgE levels are also evaluated, which
typically exceed 500 IU/mL, while peripheral eosinophils >500 cels/pL and specific
IgG-Af > 27 mga/l provide further evidence of a patient’s immunological response to
the fungus [27]. Chest high-resolution computed tomography (HRCT) is another
essential component of the algorithm because it provides a classification of ABPA
based on the features observed (Figure 1).

While recent updates to diagnostic criteria have led to some advances, ABPA
remains a challenging condition to diagnose in clinical practice. It is important to note
that the diagnostic algorithm may vary slightly based on specific guidelines and
updates in diagnostic technology, for example, the determination of specific IgE levels
indicative of ABPA is subject to debate. Patterson et al. in 1983 had already described
that the levels of specific IgE and IgG for Af were twice as high in patients with ABPA
as compared to patients with Af-sensitive asthma [29]. Employing a cutoff of 0.35
kUA/L for Af-IgE could potentially result in overdiagnosis of ABPA [30]. Further-
more, the cutoff to IgG-Af proposed in ISHMA criteria was determined in Asian
population using the ImmunoCAP® method and is much lower than values reported
by other European studies in ABPA patients [31].

Recently, the application of molecular allergology has been proposed. These tests
evaluate IgE-directed against alergens components of Af (rAsp) to improve diagnosis
taking into account that Af-specific IgE cannot distinguish sensitization from allergy
to Af [32]. It is well established that specific proteins of Af could play a significant role
in ABPA, and these can be detected through this approach. The presence of either
rAsp f1 or rAsp £3 demonstrated high sensitivity and rAsp f4 or rAsp £f6 showed high
specificity in diagnosing ABPA in patients with asthma and CF [33]. Based on the
proposal of a diagnostic algorithm that includes rAsp to improve the accuracy of
diagnosis [32], the EAACI ABPA Task Force proposed changes to the algorithm and
reinforced the need to adequate recommendations for countries with limited
resources (Figure 2)[30].
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Adaptado de Agarwal etal. Expert Review of Respiratory Medicine. 2016,10(12), 1317-34

High-attenuation
mucus

Bronchiectasis ‘ {

Figure 1.

Algorithm to diagnosis and radiographic classification of ABPA. Af: Aspergillus fumigatus; HCTR:
Highresolution computed tomography; ABPA-S: Serologic ABPA; ABPA-B: ABPA with bronchiectasis; ABPA-
HAM: ABPA with high-attenuation mucus; ABPA-CPF: ABPA with chronic pleuropulmonary fibrosis.

Asma, Cystic fibrosis, other less common predisposing conditions*

¥
Laboratory investigation IgE responses }
¥

[ ABPA/ABPM unlikcly J4a no 4m ( Total IgE ;foo IU/mL ]
yes

(ABPAunlikely |4m no 4@ [ sIgElevel 5035 KUA/L |
¥ yes

no 4u J: Af sIgE > reported cut-offs ** ]
¥ e

o 48 4spf1 andlor Asp f2 sIgE =0.35 KUA/L***  J— = — — = — -

yes

[ Asp 3, Asp f 4, Asp 6 sIgE profile r]
¥ ¥

Asp f3 +- Aspf3-
Aspfda+ Aspf4-
Aspf6+ Aspf6-

Aspf3+
Aspfa-
Aspf6-

¥ ¥
i ABPA ABPA
Consider ABPM } highly likely ] currently unlikely
¥ ¥

Consider follow-up of A4f and!
molecular sIgE in the event of
later development of ABPA

Lo o o o o

Minor criteria check-list:
- Af1gG
- Eosinophil count

- Sputam eosinophilia, fungal
hyphae
- Staging: radiological eriteria

Adaptado de Canminati M. et al Allergy. 2022:77:3476-3477,

Figure 2.

Laboratorial investigation of recombinant Aspergillus antigen-based algorithm for diagnosing ABPA. *chronic
obstructive pulmonary disease, altered bronchopulmonary structure; **consider the establishment of locally
validated cut-offs; ™ consider the ratio of sIgE to molecular allevgens vs. Af sIgE.
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Chest radiographic imaging plays a vital role in the diagnosis and management of
ABPA and may exhibit features, ranging from normal to manifestations of pulmonary
fibrosis (Table 2) [34]. This spectrum of presentations reflects the potential progres-
sion of the disease and the variability of the individual’s response to Aspergillus.
Several studies have investigated these radiographic features [34-36]. HRCT was
demonstrated to be the gold standard for detecting bronchiectasis distribution and in
identifying subtle radiographic changes, such as tree-in-bud opacities, which may
indicate small airway involvement in ABPA [36, 37].

In the acute stage of ABPA, transient pulmonary infiltrates may be observed,
typically manifesting as patchy opacities or consolidation [26, 34-36]. These infiltrates
may resolve spontaneously or with treatment.

As ABPA progresses, more prominent, persistent changes can be detected in
HRCT. These include central bronchiectasis, predominantly in the upper lobes [35].
High-attenuation mucus (HAM) within bronchi, often associated with bronchial dila-
tions resembling a “finger-in-glove” sign, is another critical feature [26]. HAM is said
to be present when the density of mucus is visibly greater than that of the paraspinal
muscle, and that it may be related to the presence of calcium salts and metal ions
(manganese or iron) [38] or desiccated mucus [39]. Chronic stage indicators also
encompass bronchial wall thickening and parenchymal scarring, reflective of long-
standing inflammation and damage [34-36]. Centrilobular nodules with a “tree-in-
bud” pattern, indicative of small airway inflammation, often associated with chronic
inflammation, are commonly identified in ABPA [37]. The end stage of the disease is
fibrotic and can be identified by the presence of fibrosis and architectural distortion,
predominantly involving upper lobes. Pulmonary fibrosis can manifest as traction
bronchiectasis, honeycombing, and volume loss on HRCT [34, 37].

Chest radiography findings

Transitory * Peripheral infiltrate
¢ Air-fluid levels
¢ Consolidations
¢ Toothpaste image
¢ Train line image
¢ Lobe or segmental collapse

Permanent ¢ Bronchiectasis
¢ Parallel line image
¢ Ring shadow
 Pulmonary fibrosis

High-resolution chest tomography findings

Bronchi ¢ Bronchiectasis
¢ Mucus plug with high attenuation
¢ Dilated bronchi
¢ Occluded bronchi
 Bronchial thickening

Parenchyma * Cavitation
¢ Bullous emphysema
¢ Pleural involvement
¢ Pneumothorax
¢ Pleural fibrosis

Table 2.
Radiographics features described in ABPA.
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Figure 3.

(a) A 64-year-old female. Radiograph with consolidation in the right lower lobe (black arrow), in addition to
some bilateral bronchiectasis with parietal thickening (white arrows). (b) Chest CT of the same patient
demonstrates multiple central bronchiectasis in the left lower lobe with thickening and interspersed hyperdense
content, a finding highly specific for ABPA (allergic bronchopulmonary aspergillosis). (c) a 16-year-old female.
Radiograph shows consolidations in the peripheral region of the left lung (ved arrow) and in the right lower lobe
(blue arrow), in addition to bronchiectasis with thickened walls, the tram-track sign (white arrows).

The nuanced insights that HRCT offers into the extent and characteristics of ABPA
make it a key tool in the image-based classification of this disease [26, 35].

Using HRCT, ABPA can be classified into four types or phenotypes. Patients
showing no abnormalities on chest scan are classified as having serologic ABPA
(ABPA-S) [26, 40]. In contrast, those with evidence of central bronchiectasis are
labeled as having ABPA Central Bronchiectasis (ABPA-CB) [26, 40]. The presence of
HAM leads to the categorization of the disease as ABPA-High Attenuation Mucus
(ABPA-HAM) [36, 40]. Lastly, if at least two radiological features suggestive of
fibrosis (fibrocavitary lesions, pulmonary fibrosis, and pleural thickening) are
observed in the absence of mucoid impaction (or HAM), the disease is classified as
ABPA-Chronic Pleuropulmonary Fibrosis (ABPA-CPF) (Figures 1, 3, and 4) [36, 40].

Timely recognition and appropriate monitoring of radiographic changes are essen-
tial for optimizing patient care and outcomes in ABPA.

6. Staging of ABPA

Staging of ABPA is an important aspect of its diagnosis, management, and under-
standing of the disease’s progression. These stages were initially proposed by

Figure 4.

CT imaging of patients diagnosed with ABPA: (a) multiple bilateral bronchiectasis with parietal thickening and
mucoid impactation; (b) mucoid impactation in mediastinal window of the same patient (white arrow); (c)
central bronchiectasis in a corticosteroid-dependent patient who has experienced multiple exacerbations.
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Stage Clinical, radiographic, and laboratorial features

0 - Asymptomatic * No previous diagnosis of ABPA
¢ Controlled asthma
* Fulfilling the diagnostic criteria of ABPA

1- Acute * No previous diagnosis of ABPA
* Uncontrolled asthma/symptoms consistent with ABPA
* Satisfying the diagnostic criteria of ABPA

1a - With mucoid * Mucoid impaction observed on thoracic imaging
impaction

1b - Without mucoid ~ « Absence of mucoid impaction on thoracic imaging

impaction
2 - Remission ¢ Clinical and/or radiological improvement and
* Decline in serum total IgE by >25% of baseline at 8 weeks
3 - Exacerbation ¢ Clinical and/or radiological worsening and
* Increase in serum total IgE by at least 50% from the new baseline established
during response/remission
4 - Remission * Sustained clinical and radiological improvement and
* Serum total IgE levels persisting at or below baseline (or increase by <50%) for
>6 months off treatment
5a - Treatment- * Two or more exacerbations within 6 months of stopping therapy OR
dependent ABPA * Clinical and/or radiological worsening, along with increase in serum total IgE

levels, on tapering oral steroids/azoles

5b — Steroid dependent « Systemic corticosteroids required for control of asthma while the ABPA activity
asthma is controlled (as indicated by serum total IgE and thoracic imaging)

6 - Advanced ABPA * Extensive bronchiectasis due to ABPA on chest imaging AND
* Complications (cor pulmonale and/or chronic Type II respiratory failure

Adapted from Agarwal et al. [24]. Ref. [40].

Table 3.
Staging of ABPA.

Rosenberg et al. and have been widely used [25]. The staging has been revisited and
revised by Agarwal et al., who proposed a more detailed, six-stage system, which also
subdivides some stages based on radiological findings (Table 3) [26, 40].

7. Differential diagnosis

The differential diagnosis of ABPA includes several pulmonary disorders that share
clinical and radiological features with ABPA, such as asthma with Af sensitization,
idiopathic chronic eosinophilic pneumonia, tuberculosis, nontuberculous mycobacte-
rial infections, eosinophilic granulomatosis with polyangiitis (GEPA) [4].
Distinguishing ABPA from these conditions requires a thorough clinical assessment,
including the identification of predisposing factors, and appropriate tests to confirm
or exclude these conditions.

8. Treatment

ABPA is recognized as a treatable trait in patients with bronchiectasis and the
expected benefits of treatment are the prevention of lung damage, improved outcome
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and quality of life [41]. To achieve these goals, the management of ABPA varies
depending on the stage of the disease and involves a combination use of systemic
corticosteroid, antifungal therapy, immunobiological agents, and airway clearance
techniques tailored to individual patient needs (Table 4).

Drugs Indication
Oral * Prednisolone (or equivalent), 0.5 mg/kg overa  * Acute stage
corticosteroids” period of 14 days, followed by 0.5 mg/kg/day on ¢ Exacerbation stage

alternate days for 8 weeks, then reduce 5 mg
every 2 week. Total duration of 3-5 months

OR

* Prednisolone (or equivalent), 0.75 mg/kg/day for
6 weeks, then reduce 5 mg every 6 weeks. Total
duration: 6-12 months

Intravenous ¢ Methylprednisolone, 15 mg/day (note exceeding * To minimize the side effects
corticosteroid 1 g) intravenous for 3 consecutive days of daily corticosteroid therapy
* Refractory ABPA exacerbations

Antifungal Oral antifungal therapy:f * Acute stage
* Itraconazol 200 mg twice a day for 16 weeks * Exacerbation stage
OR
* Voriconazole 200 mg twice a day, for at least
24 weeks

Nebulized antifungal therapy:
+ Amphotericin BS

Immunobiological” ¢ Omalizumab 150 mg: approved for ages * Refractory ABPA
>6 years, SC injection. Dose and frequency * Uncontrolled asthma
depend on the patient’s weight and the serum IgE * Adverse effects or
level at the start of treatment. Highest permitted ¢ Contraindications to
serum total IgE is 1500 IU/mL corticosteroids and azoles

OR

¢ Mepolizumab 40 mg or 100 mg; approved for
ages >6 years. For children 6-11 years, 40 mg SC
injection every 4 weeks. For >12 years, 100 mg
SC injection every 4 weeks

OR

* Benralizumab 30 mg: approved for ages
>12 years, SC injection every 4 weeks for three
doses then every 8 weeks

OR

* Dupilumab 200 mg or 300 mg: approved for ages
>6 years, SC injections every 2 weeks. For
children 6-11 years, dose and frequency depend
on weight. For ages >12 years 300 mg for asthma
corticosteroid-dependent severe asthma or
concomitant moderate/severe atopic dermatitis

OR

¢ Tezepelumab 210 mg: approved for ages
>12 years, SC injection every 4 weeks

*First-line treatment. For treating the first exacerbation, corticosteroids could be used alone and combined with azoles for subsequent
exacerbation.

TItraconazol could be used alone in those with contraindications to corticosteroids. The associated use with prednisolone may reduce the
chance of exacerbations.

#Randomized Clinical Trials evaluating i biologicals ave necessary to clarify the role of these agents in treatment of ABPA.
SNebulized amphotericin B may be considered when prolonged use of systemic corticosteroids and/or azoles are necessary.

Table 4.
Drugs used in the management of ABPA.
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8.1 Corticosteroids

Oral corticosteroids are the first-line treatment for ABPA [42]. However, the ideal
dosage and duration of treatment remain undefined, and there are several treatment
regimens, each featuring varying dosages and durations of use [40]. The most com-
mon regimen begins with a daily administration of 0.5 mg/kg of prednisolone over a
period of 14 days, followed by 0.5 mg/kg/day on alternate days for 8 weeks, then taper
by 5 mg every 2 weeks to complete a total steroid duration of 3-5 months [23].

Although disease remission can be achieved in most cases treated with medium- to
high-dose systemic corticosteroids, relapse occurs in a substantial proportion of
patients (13.5-45%) and can become corticosteroid-dependent [42, 43].

Intravenous pulse dose of corticosteroids can be used as a substitute for oral
administration. Methylprednisolone, 15 mg/day (note exceeding 1 g), has been used in
children to minimize the side effects of daily corticosteroid therapy [44] and in cases
of refractory ABPA exacerbations [45].

8.2 Antifungal therapy

Antifungal agents decrease the fungal burden in the airways, antigenic stimulus,
inflammatory response, and can contribute to reducing exposure to systemic cortico-
steroids. The use of azole agents alone or in combination with corticosteroid is an
option in the treatment of ABPA [46]. Azoles, such as itraconazole, is generally
prescribed at a dose of 200 mg twice daily for 16 weeks [40]. The combined use of
itraconazole and prednisolone resulted in a greater reduction in the one-year exacer-
bation rate when compared to the use of these drugs individually [46].

However, drug interactions, hepatotoxicity, and variable bioavailability may limit
the use [4]. Other azoles, such as voriconazole and posaconazole, have also been
effective in treating ABPA, especially in cases of itraconazole intolerance or
resistance [47].

The efficacy of nebulized amphotericin B in the management of ABPA exacerba-
tions seems to be limited. However, they may be considered when other alternative
options have been exhausted [24].

8.3 Immunobiological drugs

Posttreatment recurrences of ABPA are commonly seen, whether using oral corti-
costeroids, antifungal therapy or a combination of both, and prolonged treatment can
result in adverse effects. Therefore, the necessity for new, safe, and effective treat-
ment strategies is clear. Given the pathogenesis of ABPA, biologics designed to target
type 2 inflammation, initially developed for severe asthma management, are expected
to potentially serve as effective treatment alternatives for ABPA [48]. Although lim-
ited by the scarcity of randomized controlled trials, recent case reports and case series
have demonstrated the benefits of target type 2 inflammation in the treatment of
ABPA [48-51].

The anti-IgE monoclonal antibody, omalizumab, has shown potential in reducing
corticosteroid use, improving lung function, and preventing relapses [50].
Omalizumabe is administered subcutaneously every 2-4 weeks, with the dosage
determined based on the patient’s weight and baseline serum total IgE levels [50].
However, the doses used might be suboptimal due to the high levels of IgE observed
in ABPA.
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The two groups of biologics target IL-5/eosinophil pathway: monoclonal
antibodies that target IL-5, like mepolizumab and reslizumab, and those against
the IL-5 receptor-alpha chain (IL-5Ra), such as benralizumab, have demonstrated
efficacy in managing resistant eosinophilic pulmonary disorders, including ABPA.
These anti-IL-5/IL-5Ra mAbs have been successful in reducing exacerbation fre-
quency, dosage of oral corticosteroids, and enhancing pulmonary function in
patients with asthma-complicated ABPA, even those unresponsive to
omalizumab [48].

Dupilumab, anti-IL-4Ra monoclonal antibody, have been shown therapeutic
effects on the symptoms and pulmonary function [49, 52]. Some patients with ABPA
refractory to treatment with omalizumab or mepolizumab responded to dupilumab
treatment [49, 53].

Tezepelumab a human IgG2 monoclonal antibody that binds specifically to thymic
stromal lymphopoietin (TSLP) was demonstrated to improve the control of severe
asthma by normalizing broad inflammatory pathways [54]. A recently published case
report on a patient using mepolizumab, showed benefits in control of symptoms and
reduction of the mucus plugs and pulmonary opacities [51].

Airway clearance techniques, such as chest physiotherapy and positive expiratory
pressure devices, may be beneficial in patients with ABPA, particularly those with
coexisting CF [4]. These techniques can help remove mucus plugs, improve lung
function, and reduce the risk of recurrent infections.

The treatment of ABPA in CF is not very different from that of ABPA in asthma.
As patients with CF often have coexisting malabsorption, treatment is more complex
as oral medications, especially itraconazole capsules may be poorly absorbed [4].

8.4 Monitoring of treatment

The response to treatment should be monitored with clinical parameters, chest
radiograph, and measurements of the serum total IgE concentration every 8 weeks.
There should be a resolution of radiographic opacities and a 25% minimum reduction
in serum total IgE levels and it is necessary to establish the “new” baseline level [4].
Clinical and/or radiological worsening along with 50% increase in IgE levels suggests
an exacerbation [4].

9. Conclusion

ABPA is an immune-allergic disease of airways occurring in genetically
predisposed patients as asthma and CF. The exact prevalence is not yet well known,
and range is quite extensive as there is no single clinical, radiological, or serological
parameter to make the diagnosis, leading to the use of various diagnostic criteria. Due
to the absence of a consensus, ABPA may be easily underdiagnosed. Therapeutic
management is based on few controlled studies conducted in asthma and extrapolated
to ABPA. The first line of treatment of exacerbations remains on use of oral cortico-
steroids. Azole antifungal agents represent an alternative for the treatment of exacer-
bations and are preferential strategy for corticosteroids sparing. Asthma biologics may
be a potential pharmacological management in the future. Therefore, more studies are
needed regarding the diagnostic and therapeutic criteria for a better management of
these patients.
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Abstract

Post-viral aspergillosis (PVA) is a clinical form of Aspergillus infection that
occurs after some viral infections. Aspergillus is the most common respiratory fungal
co-pathogen in patients with viral infections. Most cases of PVA have been reported
as invasive pulmonary aspergillosis (IPA) after influenza, COVID-19, and the cyto-
megalovirus infection. PVA is more commonly reported in critically ill patients with
viral pneumonia. Suggested risk factors for PVA include cellular immune deficiency,
ARDS, pulmonary tracts and parenchyma damage, and corticosteroid therapy. New
pulmonary nodules such as dense, well-circumscribed lesions with or without a halo
sign, air crescent sign, or cavity, or wedge-shaped and segmental or lobar consolida-
tion on the chest CT scan can suggest PVA. As in the treatment of invasive aspergil-
losis in other settings, triazoles, such as voriconazole or isavuconazole, have been
suggested as the first-line treatment for PVA. It seems that the presence of PVA has
significantly decreased the survival rate in patients with viral infections.

Keywords: aspergillosis, influenza, COVID-19, cytomegalovirus, viral infection

1. Introduction

Invasive pulmonary aspergillosis (IPA) is the most severe clinical form of
Aspergillus infections and is typically seen in severely immunocompromised hosts,
particularly those with hematologic malignancies undergoing chemotherapy and
recipients of hematopoietic stem cell or solid organ transplantations [1, 2]. Due to
the growing use of immunosuppressive agents in the treatment of many diseases
and in advanced intensive care, the number of patients at risk of IPA is increasing
[3]. Aspergillus is the most common respiratory fungal co-pathogen in patients with
viral infections [4-6]. Although IPA after viral infections mainly occur in immu-
nocompromised hosts, it has also been reported in apparently immunocompetent
patients [3, 7, 8].

Viral types of pneumonia are serious health threats in the world and can occur on
a seasonal, sporadic, epidemic, or even pandemic scale [9]. During the past decade,
we have been faced with increasing reports of IPA in critically ill patients with viral
pneumonia [10]. Viruses, such as cytomegalovirus (CMV), severe acute respira-
tory syndrome (SARS) virus, influenza virus, respiratory syncytial virus (RSV),
parainfluenza 3 virus, and, more recently, severe respiratory syndrome coronavirus
2 (SARS-CoV-2), are among the most important causes of severe pneumonia that
can cause respiratory failure and send patients to the intensive care unit (ICU)

[7, 9, 11-14]. Although there are reports of the association of IPA with all severe viral
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pneumonia, IPA is more commonly reported in critically ill patients with influenza
and COVID-19 pneumonia [14].

2. Influenza-associated pulmonary aspergillosis (IAPA)

Influenza viruses have an RNA-based genome, which lacks proofreading mecha-
nisms, and therefore undergo constant mutations [15]. Despite medical development,
Influenza is still an important virus causing serious respiratory and epidemic infec-
tions in humans and animals [16]. Influenza infections place a significant strain on
health systems each year and are responsible for a large number of deaths worldwide
[17]. It seems that the transmission of the influenza virus through person-to-person
respiratory droplets is one of the important ways of spreading the virus and causing
the disease epidemic [18]. Secondary bacterial pulmonary infections are common
complications of influenza associated with a high mortality rate [19, 20]. Common
bacterial pathogens causing secondary pneumonia in patients with influenza
include Haemophilus influenzae, Streptococcus pyogenes, Staphylococcus aureus,
and Streptococcus pneumoniae [19]. Secondary bacterial infections have been well
described as complications of influenza. Pulmonary involvement with different
species of Aspergillus also seems to be a potential complication of influenza; however,
more studies are still needed to understand its different aspects [21].

The first case of IAPI was reported by JD Abbott et al. in 1952 [22]. The develop-
ment of invasive fungal infections after influenza was a rare influenza complication
before 2009, but the number of reported cases has been increasing since the 2009
H1N1/swine flu/influenza virus pandemic [7, 23, 24]. Almost all influenza patients
with aspergillosis have had pulmonary fungal infection, but cases of tracheobronchi-
tis and even cerebral involvement have also been reported [21].

The influenza virus infection has recently been considered as a risk factor for
the development of aspergillosis in various studies [4, 5, 8]. In various studies on
critically ill patients with influenza, the rate of the aspergillosis has been reported
from less than 2% to more than 20% [4, 25-28]. Interestingly, to date, most reported
cases of IAPA have been associated with the influenza A HIN1 subtype, but limited
cases of influenza B with aspergillosis have also been presented [5, 29, 30]. The
pathogenesis of IAPA is still not fully understood, but several risk factors have been
mentioned [10]. Understanding the pathogenesis of IAPA requires understanding
the pathogenesis of the influenza virus infection and aspergillosis and the condi-
tions of the human host [5]. The influenza virus has been reported to cause cellular
immune deficiency, alveolar epithelial damage, disruption of normal ciliary clear-
ance in the respiratory tract, and leukopenia [31, 32]. Only few patients with the
influenza infection have been reported to require hospitalization, and less than 30%
of hospitalized patients have developed progressive pneumonia, but these few cases
have been accompanied by a profound inflammatory response and the most severe
form of acute lung injury called acute respiratory distress syndrome (ARDS) [33].
Radiological findings of the lung usually include diffuse alveolar infiltration and
bilateral ground glass opacities [34]. Histopathological examination of lung paren-
chymal tissue in severe and fatal cases of influenza HIN1 has shown different degrees
of diffuse alveolar damage with hyaline membranes and necrotizing bronchiolitis
[35]. Patients with ARDS have shown the higher plasma levels of pro-inflammatory
markers, such as interleukin-6, interleukin-10, and interleukin-15. than patients with
the less severe disease [36]. Despite the controversial role of corticosteroids in the
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treatment of ARDS, it has been reported that a significant percentage of patients with
ARDS secondary to the influenza infection receive corticosteroids [37, 38]. In a report
of hospitalized patients with 2009 HIN1 influenza, not only patients with ARDS but
also most patients without this complication received corticosteroids [34]. Classic
risk factors for IPA in patients without influenza include cellular immune deficiency,
chronic obstructive pulmonary disease (COPD), ICU stay, and corticosteroid therapy
[39-41]. However, several reports show that critically ill patients often develop IPA
even in the absence of classic risk factors [41-43]. It seems that pulmonary tracts and
parenchyma damage, ARDS, immune system dysregulation, male sex, need for the
prolonged ICU stay, and broad-spectrum antibiotics, and corticosteroids therapy
are probably the most important risk factors for IAPA (Figure1) [4, 8, 18, 44]. In
areport, treatment with neuraminidase inhibitors, such as oseltamivir, was also
mentioned as a possible risk factor for IAPA [45].

The European Organization for Research and Treatment of Cancer/Mycoses
Study Group Education and Research Consortium (EORTC/MSGERC) has released
criteria for diagnosing invasive aspergillosis in critically ill patients. The criteria
include definitions for proven and probable cases although most reported patients
are compatible with the definition of probable cases [21-23, 46]. Suggested criteria to
define probable cases of IAPA in the ICU setting are (1) cytology, direct microscopy,
and/or culture showing the presence of Aspergillus species in a sample of the lower
respiratory tract; (2) galactomannan (GM) antigen >0.5 in plasma/serum and/or
galactomannan antigen >0.8 in the bronchoalveolar lavage (BAL) specimen [46].
The diagnostic approach in most studies focuses on the BAL culture and detection of
GM in serum and BAL (probable IPA) [8]. However, Aspergillus spp. isolated from
BAL examinations in ICU patients with influenza may be overlooked as a contamina-
tion despite their potential to cause an invasive disease [3]. Although most patients
under mechanical ventilation undergo bronchoscopy, the absence of a positive fungal
culture does not rule out the diagnosis of IPA [41]. Although the usual radiological
findings of IPA, including cavitary lesions, halo sign, or air crescent sign, have been
seen only in a small number of critically ill patients, performing chest CT scan may

__ History of immunosuppression AR

ik Tissue damages
Dexamethasone + Tocilizumab .

Immune system dysregulation
Mechanical ventilation

» | 1 Broad-spectrum antibictics
Old age

Corticosteraids therapy

Prolonged ICU stay

Allo-HSCT
leukopenia
Neutropenia

cMmv

Figure 1.
Post-Viral Aspergillosis Risk Factors.
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be helpful in diagnosis [21, 47]. (1-3)-p-d-glucan (BDG) is of limited value in the
diagnosis of IPA; however, the combination with GM or the polymerase chain reac-
tion (PCR) method may give this noninvasive test a more diagnostic role [48].

The mean time between the diagnosis of influenza and aspergillosis has been
reported to be 6 days (range 0-32) [21]. In patients with influenza, especially in
critical cases with clinical, mycological, or radiological suspicion of IPA, it is recom-
mended to start antifungal agents (voriconazole as the treatment of choice) as soon as
possible [21, 49]. In the absence of an appropriate response to treatment, therapeutic
drug monitoring (TDM), evaluating resistance to azoles, and then a tissue biopsy of
the suspicious lesions should be considered [50]. Complete mycological evaluations,
including identification of Aspergillus species, are mandatory because some species
are intrinsically azole resistant. Preferably, the antifungal susceptibility pattern
should be performed for Aspergillus isolates [48].

The overall mortality rate of patients with HIN1 has been reported to be less than
0.5% [18]. It seems that IPA in critically ill patients with influenza can be associated
with a poorer outcome [4]. Early reports considered the mortality rate of the IAPA
at nearly 100%, but the rate has been reported between 33 and 67% in later studies,
although this mortality may be higher in patients with a history of immunodeficiency
[5, 8, 21, 30, 47, 51, 52]. Mortality rate in critically ill patients without influenza in
ICU has been 80% and in patients with COPD has been about 95% [40, 41].

3. COVID-19 associated pulmonary aspergillosis (CAPA)

In December 2019, the first cases of pneumonia with an unknown origin were
reported from Wuhan, the capital city of China’s Hubei province [53]. The isolated
pathogen causing this infection was identified as a novel enveloped RNA betacoro-
navirus, currently named severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which is phylogenetically similar to SARS-CoV [54]. Since most of the first
reported patients had contact with a southern Chinese seafood market in Wuhan,
it is widely believed that COVID-19 originated from wild animals such as bats [55].
Finally, the World Health Organization (WHO) declared the 2019 coronavirus
disease (COVID-19) as a public health emergency of high international concern [56].
The common transmission routes for previous coronaviruses and influenza, that
is, respiratory droplets and direct contacts, are also the main ways for SARS-COV-2
transmission [57]. SARS-CoV-2 is contagious and transmissible during the incubation
period and can cause numerous clusters [58].

The COVID-19 pandemic caused by SARS-CoV-2 has affected the health and life
of all people in all continents and has caused a high rate of morbidity and mortality in
human societies [59]. This pandemic has continued for over 3 years and is still a global
threat [60]. The extensive and continuous evolution of SARS-CoV-2 has caused the
emergence and spread of several variants of concern (VOCs), such as alpha (B.1.1.7),
beta (B.1.351), gamma (P.1), delta (B.1.617.2), and omicron (B.1.1.529) around the
world [61].

The incubation period of this infection is between 1 day and 2 weeks [62]. This
viral disease usually begins with flu-like symptoms such as myalgia, fever, stuffy
nose, and cough [63]. From the beginning, it was evident that ARDS is the final
cause of death in many COVID-19 patients [62]. The common risk factors for the
progression of the disease toward ARDS are male gender, old age, pregnant women,
and the presence of underlying diseases, especially hypertension, diabetes mellitus,
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and cardiovascular diseases [64, 65]. The most common laboratory changes in
patients with COVID-19 are lymphocytopenia, increased C-reactive protein (CRP),
increased lactate dehydrogenase (LDH), and leukocytopenia [66, 67]. Several
antiviral drugs and anti-inflammatory agents were examined for the treatment

of COVID-19 patients, but they were unsuccessful [68-70]. At the beginning of
the pandemic, corticosteroids were prescribed by many clinical teams to treat
hospitalized COVID-19 patients, but after the publication of the successful results
of recovery trials, the administration of dexamethasone was introduced to most
therapeutic protocols to save hospitalized patients [71, 72]. Finally, in many critical
patients with COVID-19, the high doses of corticosteroids (pulse therapy) were
prescribed [73, 74].

Not much time had passed since the beginning of the pandemic when the possi-
bility of invasive fungal infections such as aspergillosis, candidiasis, mucormycosis,
and pneumocystosis in COVID-19 patients was raised [75]. In subsequent studies,
the risk of bacterial and fungal co-infections with COVID-19 was strongly consid-
ered [76, 77]. Not only the incidence of COVID-19 co-infections reported from dif-
ferent medical centers is varied but also the rate of bacterial secondary infections is
lower in COVID-19 patients than in patients with severe influenza [77]. The reason
for the difference in the reported incidence rate of CAPA is probably the diagnostic
challenges of CAPA in patients with severe COVID-19 [78]. In the absence of a
comprehensive definition for CAPA, classification criteria are modified and vary
widely between the studies and are often based on the mycological evidence, such
as direct microscopic examination and culture or even GM testing in serum or
tracheal aspirates [79, 80]. Considering the same criteria, a median prevalence of
more than 20% (1.5-38%) was reported for CAPA in critical patients with COVID-
19 who required invasive mechanical ventilation [80, 81]. The most common risk
factors for CAPA include the history of immunosuppressive agent use, especially
the combination of dexamethasone and tocilizumab, aggressive mechanical venti-
lation, and old age (Figure1) [82].

The pathogenesis of CAPA is complex and requires the understanding of the
biological and immunological processes caused by SARS-CoV-2 in the host. Similar
to previous coronaviruses, SARS-CoV-2 targets and destroys epithelial cells and
pneumocytes through viral protein binding to angiotensin-converting enzyme 2
(ACE2) receptors [83, 84]. Two possible mechanisms for the development of CAPA
in COVID-19 patients with ARDS have been described: The first mechanism involves
the release of danger-associated molecular patterns (DAMPs) by damaged cells,
which act as signals intensifying the immune and inflammatory response leading to
lung damage. DAMPs also develop advanced glycation end products, which integrate
with Toll-like receptors (TLRs) to generate and amplify the inflammatory response in
aspergillosis. Ultimately stimulation of inflammatory signals appears to increase the
risk of CAPA [84]. The second mechanism can be severe lymphocytopenia, which is
one of the known factors in the development of IPA in patients with hematological
malignancies; however, severe lymphopenia and lymphocyte dysfunction are usually
observed in patients with severe COVID-19 and probably contribute to the develop-
ment of CAPA [85, 86].

The clinical features and radiological findings of CAPA are very similar to
those of severe cases of COVID-19, especially cases with ARDS [78, 84]. CAPA is
diagnosed in an average of 8 days (range 0-31 days) after the transfer of critically
ill patients with COVID-19 to the ICU [82]. Although the radiological evidence of
severe COVID-19 can be similar to that of IPA, it is reccommended that a thorough
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work-up should be done with the observation of multiple new pulmonary nodules
or lung cavities to diagnose probable CAPA as these cases are less common with
COVID-19. Although some radiological features like the halo sign are typical for IPA,
it is not sufficient to diagnose CAPA without mycological evidence as the halo sign
is indicative of local infarction and is an intrinsic part of imaging observations of
severe COVID-19 [87].
Due to the clearance of GM from the systemic blood circulation by neutrophils
in non-neutropenic patients, the serum GM test might not have the necessary

CAPA Host factors Clinical features Laboratory evidence
definition
Possible Need to intensive New pulmonary infiltrate Presence of at least one of the
care; glucocorticoid or cavity lesion on the following: microscopic detection
therapy [equivalent to chest CT scan that has no of mold elements in NBL;
prednisone, 20 mg/day]; other causes positive NBL culture for mold;
dexamethasone plus single NBL galactomannan>4.5;
tocilizumab; history of NBL galactomannan >1.2 twice
hematological malignancy or more; NBL galactomannan
or All-HSCT or SOT or >1.2 plus another NBL mycology
GVHD test positive (PCR or LFA)
Probable Need to intensive New pulmonary infiltrate Presence of at least one of
care; glucocorticoid on the chest CT scan the following: microscopic
therapy [equivalent to that has no other causes detection of fungal elements
prednisone, 20 mg/day]; as follows: dense, well- in sputum, bronchoalveolar
dexamethasone plus circumscribed lesions lavage, bronchial brush, or
tocilizumab; history of with or without a halo aspirate indicating a mold;
hematological malignancy sign, air crescent sign, Aspergillus recovered by culture
or All-HSCT or SOT or cavity, or wedge-shaped of bronchoalveolar lavage or
GVHD and segmental or lobar bronchial brush; single serum
consolidation or plasma galactomannan >1.0,
bronchoalveolar lavage fluid
galactomannan >1.0, single
serum or plasma galactomannan
>0.7 and bronchoalveolar lavage
fluid galactomannan >0.8; or
two or more positive Aspergillus
PCR on plasma, serum, or whole
blood; or on bronchoalveolar
lavage fluid
proven Need to intensive New pulmonary infiltrate Presence of at least one of the

care; glucocorticoid
therapy [equivalent to
prednisone, 20 mg/day];
dexamethasone plus
tocilizumab; history of
hematological malignancy
or All-HSCT or SOT or
GVHD

on the chest CT scan
that has no other causes
as follows: dense, well-
circumscribed lesions
with or without a halo
sign, air crescent sign,
cavity, or wedge-shaped
and segmental or lobar
consolidation

following: histopathological
detection of fungal hyphae
showing invasive growth with
associated tissue damage;
Aspergillus recovered by culture
or microscopy; or histology

or PCR obtained by a sterile
aspiration or biopsy from a
pulmonary site

CAPA: COVID-19 associated pulmonary aspergillosis, NBL: non-bronchoscopic lavage, Allo-HSCT: allogeneic
hematopoietic stem cell transplant, SOT: solid ovgan transplant, GVHD: Graft-versus-host disease, LFA: lateral flow

assay.

Table 1.

Case definitions for patients with possible, probable, and proven CAPA.
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diagnostic sensitivity for CAPA [88, 89]. Early bronchoscopy and BAL in COVID-19
patients with suspected CAPA may lead to a faster diagnosis and better management;
however, bronchoscopy is rarely performed in these patients due to concerns about
SARS-COV2 transmission [90]. Finally, in 2020, the diagnostic criteria for CAPA
were released by the European Confederation of Medical Mycology/the International
Society for Human and Animal Mycology (ECMM/ISHAM), and the definitions were
described as possible, probable, and proven (Table 1) [87]. The implementation of
noninvasive diagnostic criteria with an emphasis on the GM test, culture, PCR, and
non-bronchoscopic lavage for diagnosing possible CAPA has significantly reduced the
diagnosed cases of CAPA and the prevalence of CAPA to about 10% among critically
ill patients with COVID-19 [82, 90, 91]. As in the treatment of invasive aspergillosis
in other settings, triazoles, such as voriconazole or avuconazole, have been suggested
as the first-line treatment for CAPA, and in suspected cases of resistance to azoles,
liposomal amphotericin B is the main alternative [87].

It seems that the presence of CAPA has significantly decreased the survival rate
in COVID-19 patients, in studies on patients with CAPA, the mortality rate has been
reported to be more than 40% [78]. In a large multicenter study from French ICUs con-
ducted on the COVID-19 patients under respiratory support with mechanical ventilation,
CAPA was an independent risk factor for death, with a hazard ratio of 1.45 compared
with those without the infection. In this study, the administration of triazoles, such as
voriconazole and other antifungal agents, did not change the patients’ outcomes [92].

4. Cytomegalovirus-associated aspergillosis (CAA)

Cytomegalovirus (CMV) is a member of the Herpesviridae family and, like the
other viruses of this family, develops a persistent state after the initial acute infection,
which serves as a reservoir for reactivation and subsequent infection, particularly in
immunocompromised hosts [93]. CMV is transmitted through salivary secretions,
sexual contact, placenta, breastfeeding, blood transfusion, and solid organ transplan-
tation (SOT) or hematopoietic stem cell transplantation (HSCT) [94]. CMV infects
many people in the world, and its primary infection is usually asymptomatic [95]. In
some immunocompetent hosts, CMV can lead to a mononucleosis-like syndrome with
pharyngitis, fever, myalgia, and lymphadenopathy [93]. The global prevalence of sero-
positive individuals for CMV has been reported to be over 80% in the general popula-
tion, with the highest seroprevalence observed in the Eastern Mediterranean region of
the World Health Organization (WHO) and the lowest in the European WHO region
[96]. The broad cellular tropism of CMV probably contributes to the development of a
diverse number of pathologies associated with the infection in different organs [97].

CMV is one of the most important pathogens that cause serious diseases in
immunocompromised hosts [98]. Before the treatment of HIV/AIDS patients with
antiretroviral therapy (ART), approximately 40% of people living with HIV devel-
oped diseases caused by CMV [99]. CMV is one of the most important opportunistic
viruses in solid organ transplantation (SOT), causing infections and diseases, which
can have adverse consequences for allograft and recipient survival, increase the
patient cost, and affect the quality of life [100]. Despite the progress made in the pre-
vention of CMYV, it remains one of the main causes of morbidity and mortality after
allogeneic hematopoietic stem cell transplantation (Allo-HSCT') [101]. The evidence
shows that critically ill patients are at risk of developing CMV viremia or infection,
with an average infection rate of 25% reported among these patients [102].
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CMV seems to have immunosuppressive effects, and its infection is an indepen-
dent risk factor for developing other systemic infections in SOT recipients [103-105].
Studies have shown that CMV infection aggravates the immunosuppression status
including leukopenia in transplant recipients and increases not only the risk of bacte-
rial infections but also the possibility of invasive fungal infections in these patients
[106, 107]. The CMV infection has been reported to be an important risk factor for
posttransplant Preumocystis jirovsi pneumonia (PJP) [108, 109]. Studies have shown
that neutropenia, Graft-versus-host disease (GVHD), corticosteroid therapy, lympho-
penia, and CMV infection are risk factors for posttransplant aspergillosis [110, 111].

The CMV infection and IPA have been found to be important infectious diseases in
transplant recipients [112]. The incidence of posttransplant IPA varies by transplant
type and reporting transplant centers [113, 114]. Early IPA occurs within the first
90 days after transplantation and is more related to the hemodialysis or critical condi-
tions of transplant recipients, while late IPA, after 90 days of transplantation, is more
related to conditions of immunosuppression and the allograft rejection [115, 116].
Interestingly, in a study on lung transplant recipients with CAA, a respiratory CMV
infection was seen, and the virus was previously detected in their BAL secretions [117].
CMV in transplant recipients can significantly increase the chance of CAA regardless
of the transplantation type, although this may not include asymptomatic CMV viremia
[112, 118]. The proposed risk factors for the development of CAA include intensified
immunosuppression, higher CMV viral load, graft rejection, host genetics (polymor-
phisms in the toll-like receptor-4), ganciclovir-induced neutropenia, and leukopenia
(Figure 1) [107, 119-122].

Two important points in preventing CAA in transplant patients are paying atten-
tion to the protocols for CMV prevention after transplantation and starting aspergil-
losis prophylaxis in the transplant recipients infected with CMV [112, 117, 123].

Timely diagnosis of CAA, treatment of both infections, attention to possible drug
interactions, and reducing as much as possible the level of the patient’s immunodefi-
ciency level may reduce the risk of death [112, 117].

5. Conclusions

Post-viral aspergillosis (PVA) is a clinical form of Aspergillus infection that hap-
pens after some viral infections. Aspergillus is the most common respiratory fungal
co-pathogen in patients with viral infections. Most cases of PVA have been reported as
invasive pulmonary aspergillosis after influenza, COVID-19, and cytomegalovirus.

Influenza-associated pulmonary aspergillosis (IAPA): The first case of IAPI was
reported in 1952. The development of an invasive fungal infections after influenza
was a rare influenza complication before 2009, but the number of reported cases
has been increasing since the 2009 H1N1 influenza pandemic. Almost all influenza
patients with aspergillosis have had pulmonary fungal infection. The rate of IAPI has
been reported from less than 2% to more than 20%. It seems that IPA in critically ill
patients with influenza can be associated with a poorer outcome.

COVID-19-associated pulmonary aspergillosis (CAPA): Not much time had passed
since the beginning of the pandemic when the possibility of invasive fungal infec-
tions such as aspergillosis in COVID-19 patients was raised. The clinical features and
radiological findings of CAPA are very similar to those of severe cases of COVID-19,
especially cases with ARDS. CAPA is diagnosed in an average of 8 days after the transfer
of critically ill patients with COVID-19 to the ICU. Although the radiological evidence of
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severe COVID-19 can be similar to CAPA, it is recommended that a thorough work-up
should be done with the observation of multiple new pulmonary nodules or lung cavities
to diagnose probable CAPA as these cases are less common with COVID-109. It seems that
the presence of CAPA has significantly decreased the survival rate in COVID-19 patients.

Cytomegalovirus-associated aspergillosis (CAA): CMV seems to have immunosup-
pressive effects, and its infection is an independent risk factor for developing other
systemic infections such as fungal infections. CMV in transplant recipients can sig-
nificantly increase the chance of CAA regardless of the transplantation type, although
this may not include asymptomatic CMV viremia. The proposed risk factors for the
development of CAA include intensified immunosuppression, higher CMV viral load,
graft rejection, host genetics (polymorphisms in the toll-like receptor-4), ganciclovir-
induced neutropenia, and leukopenia. Timely diagnosis of CAA, treatment of both
infections, attention to possible drug interactions, and reducing as much as possible
the level of the patient’s immunodeficiency level may reduce the risk of death.
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Abstract

Numerous human diseases are caused by Aspergillus species. Mold infections can
be more severe in people with weakened immune systems and chronic illnesses.
People with underlying chronic conditions are more likely to contract an Aspergillus
infection than immunocompromised patients, who are more likely to develop an
invasive infection with these opportunistic molds. These disorders include Aspergillus
bronchitis, allergic bronchopulmonary aspergillosis, diabetes, cystic fibrosis, severe
asthma with fungal sensitivity, and other inflammatory and allergic conditions. The
impact of Aspergillus infections in patients with selected chronic infections and the
treatment of these infections are discussed in this review along with the most recent
research on these topics.

Keywords: cystic fibrosis, chronic disease, immunocompromised, Aspergillus,
hypersensitive syndrome

1. Introduction

According to Merad et al. [1], Aspergillus is a form of fungi that is frequently found
in a variety of environmental niches, including soil, decaying plant matter, and indoor
air. Aspergillus recolonizes indoor areas with high humidity levels, such as air condi-
tioning units and wet carpets [2]. Even though the genus Aspergillus contains more
than 300 species, Aspergillus fumigatus, Aspergillus flavus, Aspergillus niger, and Asper-
gillus terreus have a disproportionate amount of pathogenicity. The most well-known
and often found pathogenic species is Aspergillus fumigatus, followed by A. flavus;
however, A. niger and A. terveus also exhibit virulence. As a saprophyte organism,
Aspergillus is capable of colonizing the mucus masses and residual cavities of individ-
uals with chronic obstructive pulmonary disease (COPD) [3].

Although Aspergillus infection often does not harm healthy people, people with
chronic conditions are more likely to contract the infection, which could have serious
negative effects on their health. Chronic conditions including asthma, chronic
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obstructive pulmonary disease (COPD), cystic fibrosis, and diabetes impair the
immune system and make a person more susceptible to infections. Aspergillus bron-
chitis, Aspergillus pneumonia, and allergic bronchopulmonary aspergillosis (ABPA)
are only a few of the respiratory conditions that can develop after inhaling Aspergillus
spores [4]. An important consequence of Aspergillus infection in people with chronic
medical problems is an increased incidence of morbidity and mortality. These people
with chronic illnesses who contract an Aspergillus infection are more likely to endure
worsened symptoms, extended hospital stays, and complications such as the poten-
tially fatal invasive aspergillosis. Additionally, Aspergillus infection may worsen
preexisting chronic disorders, creating new difficulties in treating them [5]. Aspergil-
lus colonization of the airways is linked to an increased incidence of disease exacerba-
tions and a reduction in lung function, making Aspergillus infection a serious hazard to
people with cystic fibrosis. Aspergillus infection can sporadically result in deadly
invasive pulmonary aspergillosis (IPA) in cystic fibrosis (CF) patients. Aspergillus
infections can harm a person’s health if they already have a chronic illness [6]. To
reduce their risk of infection, people with chronic illnesses must take certain pre-
cautions. These precautions include avoiding settings with a lot of mold and fungi,
practicing excellent hygiene, and seeking immediate medical attention if they feel
symptoms of an infection. The clinical progression of chronic disorders can be signif-
icantly influenced by Aspergillus and aspergillosis. People who already have respira-
tory conditions like asthma, COPD, or cystic fibrosis run the risk of having their
symptoms worsened by Aspergillus, which could result in progressive lung damage.
Long-term Aspergillus exposure, especially in susceptible people, may be a factor in
the emergence of chronic lung diseases. The therapy of Aspergillus infection is also
significantly complicated by the increased risk of severe forms of aspergillosis in
immunocompromised persons [7]. In this body of research, we will look at how
Aspergillus infections affect patients with chronic conditions as well as how to avoid
and treat them.

2. Clinical manifestations, diagnosis, and epidemiology of the spectrum of
Aspergillus diseases

Lung infections brought on by Ammophilus fumigatus are produced by airborne
conidia, which are present in both indoor and outdoor settings at concentrations
ranging between 1 and 100 conidia per m>, but which can reach up to 108 conidia per
m? in some circumstances [8]. Because of this, Aspergillus spp. are regularly found in
the respiratory tract cultures of asymptomatic patients who do not exhibit any symp-
toms of an invasive or allergic illness [9], and Aspergillus DNA has been found in 37%
of lung biopsy samples from healthy persons. Additionally, Aspergillus colonization in
up to 30% of people with chronic obstructive pulmonary disease (COPD) has been
confirmed by culture [10]. Inadequate expression of the transcriptional factor ZNF77
in bronchial epithelia leads to defective epithelial cell integrity and upregulation of
extracellular matrix (ECM) proteins that support conidial adhesion, which is the
genetic basis of Aspergillus colonization, according to recent research [8]. Although
Aspergillus colonization does not always result in infection, it increases the risk of
invasive infection in several immunocompromised individuals. However, because
invasive pulmonary aspergillosis arises from breathing Aspergillus conidia, environ-
mental exposures affect the epidemiology of the disease. There have been several
nosocomial clusters of invasive pulmonary aspergillosis (IPA) reported over the past
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Figure 1.
Syndromes related to aspergillosis patients with various immune statuses.

three decades, which are typically associated with issues with hospital architecture
and air-handling equipment [11].

Aspergillus species are responsible for a wide range of human ailments. Based on
the underlying immunological status of the host, Aspergillus illnesses can be roughly
categorized into three classes [8]. These three categories have various pathogenetic
routes, clinical manifestations, and overlapping traits. These three groups are depicted
in Figure 1 based on their respective clinical importance. The sections that follow will
discuss a few chronic illnesses and their connections to the Aspergillus species.

Among the syndromes related to aspergillosis patients with various immune
statuses are allergy-related bronchial pulmonary aspergillosis (ABPA), chronic
pulmonary aspergillosis (CPA), invasive pulmonary aspergillosis (IPA), and invasive
bronchial aspergillosis (IBA) as shown in Figure 1 [8].

3. Effect of Aspergillus infections on people with lung chronic disease
3.1 Asthma

The increased incidence and prevalence of asthma in the industrialized world have
generated significant concerns and coordinated research efforts. Numerous theories to
explain this significant change in public health have emerged as a result of the lack of
clarity surrounding the etiopathogenesis of asthma. One of the most well-liked theo-
ries, the hygiene hypothesis, makes use of the fascinating interaction between the
innate and acquired immune systems. According to this theory, the developed world’s
increased hygiene is a direct cause of the growth in asthma [12]. Even while this
advancement has all but eliminated many infectious diseases like cholera, the lack of
pathogen exposure in early children seems to cause allergies and asthma later in life.
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The hygiene hypothesis states that any bacterium that triggers a sizable type 1 cyto-
kine response may prevent the onset of asthma later in life even if no established list of
illnesses that are “protective” has been created [13]. The emergence of Thl-type
autoimmune illnesses and the anti-allergic benefits of robust Th2-cytokine-mediated
parasite infections cannot exclusively be attributed to insufficient environmental
pathogen exposure. The same cannot be stated for the growth of allergies and asthma.
Many studies are currently devoted to figuring out how genetics affects allergies and
asthma [14].

Inhalant allergens have a key role in triggering the airway inflammation seen in
patients with allergic asthma. It is becoming increasingly clear that fungi are impor-
tant inhalant allergens [13]. Numerous studies have linked asthma to the vast genus of
spore-forming fungus known as Aspergillus. The “aspergillum” brush used to dispense
holy water is referenced in the name of this fungus. All people inhale its spores,
although a healthy, normal person is rarely affected by them [15]. However, the
fungus spores get stuck in the thick, viscous secretions that are frequently present in
the airways of asthmatics. To maintain this state, which commonly develops in atopic
people and produces asthma, Aspergillus antigens are continuously breathed [3].

It is significant to mention that allergic broncho-pulmonary aspergillosis (ABPA)
and chronic pulmonary aspergillosis (CPA) can confuse asthmatic patients’symptoms
[16]. The primary cause of allergic bronchopulmonary aspergillosis, which is primar-
ily linked to Aspergillus fumigatus, is hypersensitivity illness. The threatening type of
aspergillosis is usually present in people with allergic bronchopulmonary aspergillosis
[8]. Asthma sufferers are prone to respiratory infections brought on by the common
mold genus Aspergillus. According to Seyedmousavi et al. [17], exposure to Aspergillus
can cause allergic reactions in people with asthma, resulting in airway inflammation
and constriction and making it harder to breathe.

The effects of Aspergillus infections on people with asthma can vary depending on
the infection’s intensity and the person’s general health. Aspergillus infections may
sporadically result in the development of allergic bronchopulmonary aspergillosis
(ABPA), a chronic respiratory illness marked by symptoms like coughing, wheezing,
and dyspnea, according to Chotirmall et al. [7]. When Aspergillus infections are severe,
they can result in invasive aspergillosis, a condition that can be fatal and seriously
harm the lungs. Kosmidis and Denning [18] claim that those with weakened immune
systems, such as those undergoing chemotherapy or organ transplantation, are more
likely to contract this condition.

Epithelial cells or alveolar macrophages cause inflammation as part of innate
immunity’s protective mechanisms. Toll-like receptors (TLRs), C-type lectin recep-
tors (CLRs), and nucleic-binding oligomerization domain (NOD)-like receptors
(NLRs) are examples of pattern recognition receptors that are used by innate immu-
nity to identify fungi. Aspergillus stimulates these receptors, which activates cytokines
and results in cellular and humoral immune responses. Aspergillus is protected and
eliminated by T-helper cell type 1, while T-helper cell type 2 reacts by preventing its
elimination. The severe inflammation seen in allergic bronchopulmonary aspergillosis,
which results in eosinophilia, increased mucus formation, and IgE antibody produc-
tion is caused by an excessive T-helper cell type 2 response. This inflammation leads to
airway hypersensitivity, which aggravates asthma by causing bronchial obstruction
[19, 20]. The clinical spectrum of Aspergillus-associated hypersensitivity respiratory
diseases includes Aspergillus-induced asthma, allergic bronchopulmonary aspergillosis
(ABPA), and allergy Aspergillus sinusitis (AAS). Hypersensitivity pneumonitis can
also be brought on by Aspergillus, albeit this is often only seen in non-atopic persons.
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Aspergillus-caused asthma has not yet received the attention it merits. Given the
association between the mold Aspergillus and asthma, it is imperative to understand
the frequency of Aspergillus sensitivity in asthmatic participants in each geographical
area [21].

3.2 Arthritis

Gamaletsou et al. [22] found that Aspergillus infection can elevate inflammatory
levels in the body, which can aggravate arthritic symptoms. Infections with Aspergillus
can affect the respiratory system and result in symptoms, including coughing,
wheezing, and shortness of breath. This may be particularly difficult for people with
arthritis who already experience breathing issues due to joint pain and stiffness [23].
Furthermore, those with impaired immune systems who have arthritis are more likely
to develop Aspergillus infections. For those who take immunosuppressive medicines to
address their arthritic symptoms, this may be very challenging. Furthermore, Asper-
gillus infections can increase pain, stiffness, and mobility issues in those who already
have arthritis by damaging their joints [22]. Due to the infection’s potential to hinder
the body’s capacity to absorb medication, Aspergillus infections can also undermine the
efficacy of arthritis treatments [24].

3.3 Cystic fibrosis

Cystic fibrosis (CF), the most common fatal genetically inherited disease that is
caused by a mutation in a gene that encodes the CFTR protein, affects one in every
2400 live births in Caucasian cultures [25]. Two thousand different CFTR variations
have so far been identified, with the most frequent being F508del, a single amino acid
loss that accounts for about 70% of disorders [26]. Infants born today are expected to
live into their fifth decade with CF, which has improved throughout a generation from
a condition that often killed infants in their early years to one with a median lifespan
of 28 years.

Ion fluxes and intracellular calcium homeostasis are compromised when the CFTR
protein is absent from the cell membrane, where it acts as an ATP-driven chloride
channel. Through a cycle of infection and exaggerated inflammation, thickened
mucus forms in the airway epithelial cells, impeding the mucociliary clearance of
inhaled pathogens and ultimately leading to respiratory failure [27, 28]. Continual
lung infections and airway inflammation are the primary causes of mortality and
morbidity in CF patients. To end this destructive cycle, the prevention and treatment
of airway infection have been the cornerstones of clinical management; yet, respira-
tory failure brought on by chronic or recurrent infection still accounts for over 90% of
fatalities [29]. The pathogenesis of respiratory decline has typically been studied
through the role of bacterial pathogens like Staphylococcus aureus, Pseudomonas
aeruginosa, Haemophilus influenzae, and the Burkholderia cepacia complex. The signif-
icance of Aspergillus species and other filamentous fungi in the pathogenesis of non-
ABPA (allergic bronchopulmonary aspergillosis) respiratory illness in CF has received
little attention, despite their frequent isolation in respiratory samples. However, it has
become clearer that Aspergillus fumigatus may also be crucial for the CF lung [30].
People with CF are susceptible to respiratory infections brought on by the fungus
Aspergillus [31].

Aspergillus infections can have a variety of impacts on CF patients, depending on
the infection’s severity and overall health. The following are a few of the implications
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of Aspergillus infections in people with CF: Aspergillus infections can cause a variety of
respiratory symptoms, including coughing, wheezing, shortness of breath, chest pain,
and fever. These symptoms can be extremely severe in CF patients because the
underlying illness of CF already damages a person’s lungs [18]. Again, Aspergillus
infections can damage the lungs and impede their ability to function, leading to
greater breathing issues and a worsening of CF symptoms. Lung damage caused by
Aspergillus infections can occasionally be permanent [32]. Furthermore, Aspergillus
infections can reduce the quality of life of CF patients by limiting their ability to
perform routine tasks, attend school or work, and participate in social activities [33].
Infections with Aspergillus can also weaken immunity, raising the possibility of further
respiratory infections in CF patients [34]. Additionally, treating Aspergillus infections
in CF patients can be difficult and typically requires lengthy courses of antifungal
medication. The infection may occasionally come back even after treatment [35].

3.4 Chronic obstructive pulmonary disease

People who have Aspergillus spp. growing in their airways and having chronic
obstructive pulmonary disease (COPD) are often regarded as contaminants. Although
it is unclear how common invasive pulmonary aspergillosis (IPA) is in this commu-
nity, accumulating evidence suggests that individuals with severe COPD have an
increased risk of contracting the condition [10]. According to certain estimates, COPD
is the underlying illness in 1% of individuals with IPA. Given that tissue samples are
infrequently taken before death in COPD patients, it may be difficult to make a
definitive diagnosis of IPA. To make a diagnosis, a combination of clinical traits,
radiographic findings—often from thoracic computed tomography scans—microbio-
logical results, and occasionally serological data is used [36].

Chronic obstructive pulmonary disease (COPD), a progressive lung disorder that
makes breathing challenging, can be brought on by several factors, including
extended exposure to irritants like cigarette smoke [37]. A reaction to Aspergillus
called allergic bronchopulmonary aspergillosis (ABPA) can occasionally strike
patients with COPD. Wheezing, coughing, and shortness of breath are some of the
symptoms of ABPA, which can worsen if left untreated [38].

4. Effects of Aspergillus infections on people living with other chronic
infections

4.1 Hepatitis B and C viruses

Co-infection with Aspergillus may increase the pathogenicity of the hepatitis B and
C viruses, leading to increased hepatocellular damage in those who are infected. There
has been a hepatitis outbreak in some parts of Western India, which is characterized
by jaundice, rapidly developing ascites, portal hypertension, and a high fatality rate.
The illness was associated with eating maize that had been heavily contaminated with
Aspergillus flavus. According to an analysis of contaminated samples, victims may have
consumed 2-6 mg of aflatoxin per day over a month. Massive cells and bile duct
development were found in a liver sample obtained during a necropsy. The sickness
appears to be brought on by toxicosis [39]. Infections with Aspergillus can worsen
preexisting liver damage and cause hepatic impairment, especially in those who also
have hepatitis B or C viruses [40]. The detoxification and elimination of xenobiotics,
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such as the mycotoxins Aspergillus generates, depends on the liver [41]. Fungal infec-
tions like aspergillosis might worsen the immunosuppressive effects of the hepatitis B
and C viruses. Aspergillus infection considerably raises the risk of severe or widespread
infection in people with hepatitis B or C viruses, thereby exacerbating the immune
impairment already present in these individuals. As a result, an Aspergillus co-
infection may result in more severe symptoms and a longer time to recover [42]. A
prominent therapeutic strategy for treating patients with hepatitis B and C viral
infections is the use of antiviral medications. Antifungal medications used to treat
Aspergillus infection may interact unfavorably or induce drug interactions in this case
with some antiviral medications [43]. Furthermore, those with hepatitis B or C virus
infections may have a higher chance of dying if they also have an Aspergillus infection.
Due to a complex interplay of impaired liver function, immunosuppression, potential
drug interactions, and increased disease severity, people who have concurrent hepa-
titis B or C virus and Aspergillus co-infection may have higher mortality rates than
those who only have one disease [8].

4.2 Cancers

Infections account for the majority of deaths in patients with acute leukemia and
lymphoma [44]. Host defenses have been breached [45]. The most prevalent condi-
tion in these patient populations is candidiasis, which is followed by Aspergillus spp.-
related fungal infections [46]. For patients using immunosuppressive medications for
illnesses including collagen vascular disorders, kidney transplants, and cardiac trans-
plants, Aspergillus infections, which are the primary factors in their mortality when
they exist, are extremely deadly [47].

Aspergillus infections in cancer patients can have a variety of effects depending on
the infection’s intensity and the patient’s overall health. One of the most common
types of Aspergillus infections in people with cancer is invasive aspergillosis, which
occurs when the fungus enters the bloodstream and spreads to other parts of the body
[48]. Other signs of this kind of virus include coughing, fever, chest pain, and short-
ness of breath. In extreme cases, invasive aspergillosis can result in organ failure and
death [5]. Infections with Aspergillus can also cause additional conditions in cancer
patients, including sinusitis, pneumonia, and skin infections. These infections can be
difficult to recognize and treat, especially in people with weakened immune systems
[49]. Chemotherapy or other cancer treatments raise the incidence of Aspergillus
infections in cancer patients. To prevent these disorders, healthcare providers may
advise antifungal medications or take other precautions, such as limiting mold expo-
sure and preserving good hygiene practices [48].

4.3 HIV/AIDS

A study of 35,252 HIV patients in a national database estimated the incidence of
invasive aspergillosis in AIDS to be 3.5 cases per 1000 person-years [50]. Aspergillosis
was discovered in 0.43% of HIV patients, according to the findings of another data-
base study of 38 million hospital diagnoses [50]. People with HIV/AIDS may be more
susceptible to infections, such as aspergillosis, as a result of their suppressed immune
systems [50]. Symptoms after exposure to Aspergillus might vary depending on how
serious the illness becomes. Patients with weakened immune systems, such as those
with HIV/AIDS, may experience more severe infection symptoms, including fever,
coughing, shortness of breath, chest discomfort, and other respiratory symptoms.
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According to Wang et al. [51], it may result in high mortality or serious lung injury.
Neutropenia, which can arise as a result of HIV treatment, is a recognized risk factor
for invasive aspergillosis [50]. Neutropenia or corticosteroid use is associated with
nearly half of aspergillosis infections in HIV patients [51]. Additional risk factors for
aspergillosis infection in HIV patients include concurrent Pneumocystis jirovecii
(PCP) infection and a CD4 count of less than 50-100 cells/mm? [52].

Skin infections and infections of other organs, notably the brain, can arise from
exposure to Aspergillus in addition to lung infections [51]. It wasn’t until 2017 that
researchers learned that HIV-positive patients might also get CPA and that their
infection patterns were similar to those of HIV-negative people. Usually, CPA makes
other respiratory conditions worse. Many people who have unexplained pulmonary
tuberculosis (PTB), sometimes referred to as a smear or GeneXpert negative TB,
actually have CPA instead of PTB [53], yet they are mistreated, and some of them will
die as a result. According to Adams et al. [54], there is a considerable clinical and
radiological overlap between CPA and subacute invasive aspergillosis.

Compared to other invasive fungal infections (IFIs), less is known, especially
about the incidence and prognosis of aspergillosis in patients with HIV/AIDS [50].
This is thought to be the result of the difficulty in making a clinical diagnosis, which
causes many aspergillosis patients to go untreated for the bulk of their lives. After
death, aspergillosis is usually discovered [55]. The overall impact of this fungus on
patients with HIV/AIDS is unknown as a result [50]. Patients with HIV/AIDS should
make an effort to lower their risk of acquiring Aspergillus and other fungus-related
illnesses. This requires practicing excellent cleanliness, avoiding areas with a lot of
molds, and seeking immediate medical attention if any signs of infection emerge [56].

4.4 Diabetes

Diabetes patients experience more severe illnesses, a higher risk of infection, and a
higher death rate when compared to the general population [57]. Aspergillus fumigatus
(A. fumigatus) is the most common opportunistic airborne fungal infection that results
in fatal invasive pulmonary aspergillosis (IPA) in immunocompromised individuals
[8]. According to research by Ghanaat and Tayek [58], non-immunocompromised
diabetic patients are more likely to acquire invasive aspergillosis. What makes dia-
betics more susceptible to an A. fumigatus infection is still a mystery, though.
According to a study, people with diabetes had a poorer prognosis for fungal pneu-
monia since diabetes is an independent risk factor for long-term hospitalization for
the condition [59]. Research on the effects of diabetes on pulmonary A. fumigatus
infection uses a streptozotocin-induced mice model of diabetes as an example. A study
revealed a more severe course of the pulmonary A. fumigatus infection in diabetic
mice as demonstrated by a considerably poorer survival rate and clearance of A.

fumigatus [60], in addition to the observed increased fungal burden 24 hours post-
pulmonary A. fumigatus infection. Both the inflammatory and immunological
responses are necessary for the host to be protected from pulmonary A. fumigatus
infection. A good inflammatory response is necessary for the fungal infection to be
eradicated. The overactive immune response that produces cytokines abruptly and in
enormous numbers is known as hypercytokinemia, commonly referred to as a cyto-
kine storm, and it can be even more destructive than the diseases that are invading the
body [61]. When diabetic mice were infected with A. fumigatus in the lungs, the
inflammatory response was hyperactive, as seen by notably extended and increased
lung leukocyte infiltration as well as noticeably greater plasma cytokine expression.
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The abnormal reaction was strongest in the early phases of infection. The inflamma-
tory and immune responses, including cytokine-cytokine receptor interaction, tumor
necrosis factor (TNF) signaling pathway, nucleotide-binding oligomerization domain-
like (NOD-like) receptor, and toll-like receptor (TLR) signaling pathways, were the
biological processes most enriched in diabetes. On the second day after infection, a
transcriptome analysis of the lung tissue indicated this. Together, these results show
that pulmonary A. fumigatus infection in diabetes results in a rapid, exaggerated
inflammatory response that raises mortality. For diabetics, aspergillosis can be very
problematic. Immunity can be weakened by diabetes, making it more challenging for
the body to fight infections. Some diabetes medications may potentially increase the
susceptibility of the immune system. Because of this, individuals with diabetes who
are exposed to Aspergillus may get aspergillosis more frequently and with a more
serious illness [60]. To lower their risk of aspergillosis and other fungal illnesses,
diabetics must take precautions. This may require controlling blood sugar levels,
keeping an impeccable standard of cleanliness, avoiding contact with mold and other
fungi, and seeking medical attention as soon as any signs of aspergillosis or other
illnesses appear. People with diabetes should work closely with their healthcare pro-
fessionals to manage their condition and watch out for any complications, such as
infections [62].

4.5 Obesity

Aspergillus infections are caused by a fungus of that name. These diseases can affect
several parts of the body, including the skin, sinuses, and lungs. There is not any
evidence yet that Aspergillus infections have a direct impact on weight. However,
several studies suggest that several environmental factors, such as exposure to toxins
and diseases, may have an impact on the development of obesity. For instance,
exposure to endocrine-disrupting chemicals (EDCs) and other pollutants has been
linked to increased adiposity in both human and animal models. Aspergillus infections
may indirectly cause obesity by impairing the immune system and increasing suscep-
tibility to other infections or variables in the environment that promote obesity [63].
It is critical to realize that obesity is a complex condition with a variety of underlying
causes, including genetics, lifestyle, and environmental factors. Although Aspergillus
infections may not directly contribute to obesity, they can nevertheless have major
health consequences and must be treated effectively to prevent issues.

4.6 Alzheimer’s disease

Alzheimer’s disease is a neurological ailment that typically affects the elderly and
gets worse with time. The hallmarks of this disease in the brain are amyloid plaques
and neurofibrillary tangles, which result in neuronal cell death, vascular dysfunction,
and inflammatory processes. In a study, researchers looked at whether people with
Alzheimer’s disease had fungal infections. Proteomic research provides substantial
evidence that brain samples from Alzheimer’s disease patients contain fungus-related
proteins. Additionally, PCR analysis of these samples revealed a variety of fungal
species, depending on the patient and the tissue investigated. Brain tissues included a
variety of fungi, according to DNA research. Together, these results show that the
brains of people with Alzheimer’s disease contain fungus macromolecules. To our
knowledge, these findings are the first evidence that fungi can be discovered in the
brain tissues of Alzheimer’s disease patients [64]. The specific impact of Aspergillus on
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people with Alzheimer’s disease is unknown, though. Alzheimer’s disease can make
people more vulnerable to infections due to a weakened immune system, although
there is no conclusive evidence linking it to an increased risk of Aspergillus infections
[7]. However, patients with Alzheimer’s disease may be more prone to developing
respiratory infections, including those caused by Aspergillus, due to their weakened
immune systems and difficulties swallowing, which can result in aspirating food or
liquids into the lungs. Respiratory infections, according to Tangaleela et al. [65], can
aggravate Alzheimer’s disease symptoms and lead to consequences like pneumonia.
Caretakers of individuals with Alzheimer’s disease must take steps to prevent respira-
tory infections, including ensuring a clean environment, watching out for infection
warning signs, and seeking medical attention as soon as symptoms develop. If an
Aspergillus infection is suspected, a healthcare practitioner can perform diagnostic
testing and recommend appropriate treatment options, such as antifungal
medication [66].

4.7 Depression

Although some evidence points to Aspergillus infections as a possible cause of
depression in some individuals, the relationship between the two conditions is convo-
luted and poorly understood. Continual Aspergillus infections have been linked to
depressive symptoms such as low mood, loss of interest in activities, and low energy,
according to research. The physical side effects of the infection, such as fatigue,
soreness, and breathing issues, are likely what are aggravating these emotions [8]. It is
likely that depressive disorders raise the risk of Aspergillus infections because they can
weaken the immune system and make patients more susceptible to infections [67].
This is so that stress and other factors associated with depression can have this
effect [67].

4.8 Stroke

Multiple organs could be affected by aspergillosis that has spread throughout the
body. According to Santa-Ramrez et al. [68], the most serious side effect is brain
infection, which occurs in 10-15% of patients and has a fatality rate of more than 90%
even while receiving guided antifungal medication. A CNS infection may be acquired
through hematogenous spread (typically from a pulmonary center), contiguous dis-
semination from a paranasal sinus infection, or direct iatrogenic injection during
cerebral invasive procedures [69]. Aspergillus spp. CNS infection has been linked to
numerous different clinical features. Up to 65% of these patients may have focal
deficits Nevertheless, just one case report and not any clinical series have been used to
describe the prevalence of clinical manifestations of acute stroke [69].

One of the infections that Aspergillus, a type of fungus, can cause is invasive
aspergillosis, a serious condition that can affect people with weakened immune sys-
tems. It is unknown how aspergillosis impacts stroke, despite research suggesting that
some illnesses, such as pneumonia and urinary tract infections, can increase the risk of
the condition. According to case reports and small studies, aspergillosis may cause
strokes, especially in people with compromised immune systems. The risk of stroke is
increased by invasive aspergillosis, which can cause brain blood vessel inflammation
and damage. Additionally, aspergillosis-related blood clots have been connected to a
higher risk of stroke [70]. More research is required to completely understand the
relationship between aspergillosis and stroke.
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4.9 Osteoporosis

A disorder called osteoporosis is characterized by a loss of bone mass and a higher
risk of fractures. There is little data on how Aspergillus infections affect osteoporosis,
but some studies have found a link between osteoporosis and persistent Aspergillus
lung infections. This is due to the possibility of persistent inflammation brought on by
Aspergillus infections, which can promote bone resorption and reduce bone growth
[71]. Additionally, corticosteroids and other antifungal drugs used to treat Aspergillus
infections can raise the risk of osteoporosis. By inhibiting bone production and
increasing bone resorption, corticosteroids are known to reduce bone density [72].
The link between Aspergillus infection and osteoporosis is complicated and can change
depending on the person and the severity of the infection, and it is crucial to
remember.

4.10 Chronic kidney disease

Aspergillus infections can be extremely difficult to cure and can have serious
negative effects on the health of patients with chronic kidney disease (CKD). Immu-
nosuppressive medications, which are frequently administered to decrease inflamma-
tion and lower the risk of rejection following kidney transplantation, are frequently
linked to Aspergillus infections in CKD patients. These drugs may lower immunologi-
cal function, increasing the risk of fungal infections in patients [73]. Patients with
CKD may experience severe effects from Aspergillus, especially if the infection is not
identified and treated right once. Invasive pulmonary aspergillosis (IPA), a potentially
fatal illness that can cause lung damage, sepsis, and death, is brought on by Aspergillus
[74]. In addition to the infection’s direct effects, Aspergillus might aggravate the
patient’s underlying CKD and further jeopardize their health. Mycotoxins, which the
fungus generates, can harm the kidneys and cause acute renal injury or worsen
underlying CKD [41]. As many antifungal drugs can be harmful to the kidneys,
treating Aspergillus infections in CKD patients can be difficult and necessitate close
monitoring of the patient’s renal function. To help the immune system more effec-
tively combat the infection, immunosuppressive medicines may also need to be
changed or stopped [75]. In conclusion, Aspergillus infections can have serious effects
on the health of CKD patients, including deteriorating renal function and potentially
fatal consequences. To lessen the effect of the infection on the patient’s health, early
identification and fast treatment are crucial [75].

4.11 Oral disease

A particular kind of fungus called Aspergillus can infect the human body, including
the oral cavity. Various effects on oral health may result from these infections. Oral
aspergillosis is one of the most prevalent Aspergillus infections of the oral cavity. This
can happen to persons who have compromised immune systems, such as those who
have cancer, HIV/AIDS, or other immune-compromising diseases. Additionally, it
might happen to patients who have undergone particular dental treatments, like tooth
extractions [76]. Several symptoms, such as discomfort, swelling, and redness in the
afflicted area, can be brought on by oral aspergillosis. Along with making it difficult to
speak or swallow, it can also lead to the emergence of sores or ulcers [77]. Aspergillus
infections can contribute to the development or aggravation of other oral disorders in
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addition to causing direct harm to the oral cavity. For instance, Aspergillus infections
can raise your risk of getting gum disease, periodontitis, and other oral infections [76].

4.12 Heart disease

Infections with Aspergillus primarily affect the respiratory system, but they can
also spread to other bodily organs, such as the heart. For people with heart problems,
Aspergillus infections can have severe negative effects. The fungus can inflame the
heart muscle, which can result in cardiac failure, arrhythmias, and pain in the chest.
Additionally, Aspergillus can infect the heart valves, which increases the risk of endo-
carditis and damages the heart valves [78]. Aspergillus infections are more likely to
occur in those with compromised immune systems, such as those with HIV/AIDS or
those receiving chemotherapy. But if they breathe in a lot of Aspergillus spores, even
those with strong immune systems can have Aspergillus infections [8]. Antifungal
medications are frequently used to treat Aspergillus infections in people with heart
disease because they can assist to destroy the fungus and reduce inflammation. To
correct heart valve damage brought on by the infection in some circumstances, sur-
gery may be required [79]. By avoiding places where the fungus is prone to grow, such
as damp or moldy locations, and by wearing protective masks when dealing with soil,
compost, or other organic materials, people with heart disease should take precautions
to prevent Aspergillus infections.

5. Conclusion

Aspergillus is a genus of fungi that can infect people with weakened immune
systems, especially those who already have ongoing diseases. People with persistent
infections may experience everything from minor symptoms to potentially fatal com-
plications as a result of Aspergillus infections. Invasive pulmonary aspergillosis (IPA),
which happens when the fungus penetrates the lungs and produces inflammation, is
one of the most prevalent kinds of Aspergillus infections. This may result in symptoms
including fever, coughing, pain in the chest, and shortness of breath. IPA can be
particularly harmful in patients with chronic infections, since their compromised
immune systems may not be able to successfully fight off the infection. Infections
with Aspergillus can also affect the skin, nails, and sinuses in addition to other regions
of the body. These infections may be more difficult to treat in patients with persistent
infections and may call for more drastic measures, such as surgery or antifungal drugs.
People with chronic infections may further endure psychological and emotional
repercussions in addition to the physical signs and symptoms of Aspergillus infections.
The ongoing risk of infection can be stressful and traumatic, and the necessity for
repeated medical treatments can interfere with normal life. People with persistent
infections may experience significant and wide-ranging impacts from Aspergillus
infections. People with chronic infections need to take precautions to reduce their
chance of contracting Aspergillus infections, such as maintaining excellent hygiene and
avoiding mold and other environmental triggers. Additionally, it is crucial for medical
professionals to keep an eye out for any indications of Aspergillus infections in this
population and to offer fast and effective treatment when necessary. In conclusion,
Aspergillus infections can affect patients with chronic illnesses in a variety of ways,
ranging from medical symptoms to psychological distress. Healthcare professionals
and patients alike should be aware of these hazards and take precautions to reduce
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them. Despite the difficulties presented by Aspergillus infections, persons with chronic
infections can lead healthy, fulfilling lives with the right treatment and management,
and also more research is need in the area of Aspergillus and aspergillosis in people
living with chronic diseases to establish more mechanisms and associations between
these fungi and other infections.
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Abstract

Aspergillus fumigatus is one of the most important opportunistic fungal pathogens.
It causes various types of infections in humans, from skin, lung, and allergic infections
to invasive infections. However, these stand out because their mortality rate can reach
up to 95%. A. fumigatus is a ubiquitous fungus and, therefore, humans are in constant
contact with it without major risk, except when there is a predisposing factor on the
host, that allows the fungus to penetrate and invade the tissues. It is fascinating how
this fungus manages to go from harmless to pathogenic as, in addition to the predispos-
ing factors of the human, multiple attributes of the fungus intervene that favor its
growth and survival in the host. Among these virulence attributes are thermotoler-
ance, the ability to evade the immune response, some components of the cell wall,
the production of secondary metabolites, compliance with nutritional requirements,
and the production of melanin, among others. Furthermore, some of these virulence
attributes are interrelated, making understanding the pathogenesis of aspergillosis
more complex. This chapter presents a review of some virulence attributes that are
known, to date, in A. fumigatus.

Keywords: A. fumigatus, virulence, pathogenesis, invasive aspergillosis, pathogenicity
attributes

1. Introduction

The genus Aspergillus groups more than 200 species of filamentous fungi, with
A. fumigatus being one of the most abundantly distributed species in the environment
[1]. Aspergillus taxonomy is very complex, there are more and more species recognized
as pathogenic for humans; however, A. fumigatus remains the most important species
(Appendix 1). Being a ubiquitous and saprophytic fungus, it can grow and reproduce
easily on decaying organic matter, soil, and dust in the air [2]. Until a few years ago,
asexual reproduction was the only one recognized in A. fumigatus; it is now known to
important species reproduce sexually also [3]. In the environment, this fungus repro-
duces mainly asexually, producing large numbers of small conidia (2-3 pm, the ideal
size to go deep into the pulmonary alveoli) in structures called conidiophores, which
disperse over great distances [2]. The conidia present in the air are constantly inhaled
by humans (up to 5000 conidia per day), which can easily overcome the mucociliary
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Figure 1.
Route of entry of A. fumigatus to the host.

clearance and reach the epithelial cells of the airways, where it begins to colonize and,
after approximately 24 h of hyphal growth, produce some secondary metabolites that
break the endothelial epithelium (Figure 1) [4, 5].
After damaging the epithelial layer of the alveoli, the fungus can enter the

endothelium of blood vessels [6]. The pathogenesis of the disease mediated by A.
fumigatus occurs in a multi-step manner and involves the morphological transition

of the inhaled fungal spore to a hyphae form. Epithelial damage can be considered

to occur in the early (conidia) or late (hyphae) phase of the fungal interaction with
epithelial cells [7]. In healthy immunocompetent individuals, the growth of hyphae
is impeded by immune mechanisms, whereas, in people with immune deterioration,
such as those who have leukemia or who have undergone bone marrow or solid organ
transplantation, mycelial development leads to severe disease, which can be life-
threatening (Figure 2) [8-11].

The respiratory tract is the main route of entry and site of infection of A. fumigatus;

however, in both immunocompetent and immunocompromised hosts, other sites

such as the skin, peritoneum, kidneys, bones, eyes, and gastrointestinal tract can

be infected [4]. Lung diseases caused by A. fumigatus are classified according to the
site affected within the respiratory tract and the degree of mycelial colonization or
invasion, both of which are influenced by the immune status of the host [4]. Thus,
repeated exposure to Aspergillus conidia or antigens without mycelial colonization

can lead to allergic diseases, such as asthma, allergic sinusitis, and alveolitis. Patients
usually show improvement when the environmental source of exposure is removed
[11]. On the other hand, when there is fungal colonization and mycelial growth in the
host, allergic bronchopulmonary aspergillosis (ABPA), aspergilloma, and invasive
aspergillosis (IA) can develop, and patients usually require therapeutic intervention to
achieve clinical improvement. Unfortunately, this is not always achieved, particularly
in cases of IA, where the mortality rate is high (80-90%) [10-12]. Therefore, the
pathogenicity of A. fumigatus depends not only on the host’s immune status but also on
the ability of the fungus to adapt to the host environment, that is, on the virulence of
the fungus strain [13]. Contrary to what happens in most primary pathogens, in which
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Figure 2.
A. fumigatus host interaction and pathogenesis.

virulence traits develop in association with the host [14], the virulence in A. fumigatus
is multifactorial and determined by a series of attributes that are under polygenetic
control [13, 15, 16]. The virulence attributes that contribute to the pathogenicity of A.
fumigatus are related to various processes such as thermotolerance, cell surface organi-
zation, adhesion molecules present on the conidial surface, production of secondary
metabolites, compliance with nutritional requirements, interactions with the host
immune system and stress response [16, 17]. Although some of these attributes do not
fit the classical definition of a virulence factor, they are essential in the pathogenesis
of aspergillosis. Thus, their knowledge may provide new opportunities for developing
antifungals [14]. Below are some of the main virulence attributes in A. fumigatus.

2. Thermotolerance

A. fumigatus is a thermotolerant fungus that can grow at high temperatures (55°C)
and even survive up to 75°C [18]. Thermotolerance is an essential characteristic of the
fungus. It allows it to carry out its primary functions, degrade organic matter, exceed
the thermal exclusion barrier of mammals, including humans, and cause infections
[19, 20]. Therefore, genes that regulate thermotolerance are considered virulence
attributes. Some genes (thtA, afpmtl, cgrA) associated with thermotolerance have
been described in A. fumigatus [21-23]. These genes have different functions; for
example, the afpmt1 and thtA genes contribute to fungal growth at 37 and 48°C,
respectively [21, 22]. It has been seen that the deletion of these genes does not modify
the virulence of the fungus. However, they indirectly influence pathogenicity, as they
provide the ability to grow and persist within the human host, overcoming the ther-
mal exclusion barrier. In the case of the ¢grA gene, which is involved in the biogenesis
of ribosomes at 37°C, it has been reported to have a direct influence on virulence
since the mutant isolates produced by the deletion of this gene have a phenotype of
low pathogenicity [23]. On the other hand, for A. fumigatus to survive human body
temperature and transition from conidia to hyphae, it must resist high-temperature
induced proteotoxic stress and flow in protein production demand [20]. Under these
conditions, the so-called heat shock proteins (HSPs) become relevant. These proteins
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are upregulated with increasing temperature and stress induction, function as chap-
erones to facilitate proper folding and modification of proteins, and are molecules
conserved between organisms. HSPs facilitate the acquisition of thermotolerance
and allow human fungal pathogens to grow at human body temperature and survive
after heat stroke at elevated temperatures. Several of these chaperones are necessary
for morphological changes. Hsp90 and Hsp70 in human fungal pathogens contribute
extensively to thermotolerance, morphological changes necessary for virulence,

and tolerance to antifungal drugs [20]. In A. fumigatus, Hsp90 is involved in hyphae
formation, so it has been suggested as a potential target of antifungal drugs [24].
Hsp70s are located on the cell surface of A. fumigatus, have high levels of expression at
elevated temperatures, and influence morphological transitions [20, 25].

3. Adherence

After inhalation of the airborne conidia, adherence of A. fumigatus to host epi-
thelial cells is essential for developing infection [16, 26]. After the conidia attach to
the epithelial cells and to the extracellular matrix exposed in the airways, these cells
recognize and internalize them. Some conidia manage to survive, avoiding the action
of immune cells [27]. Recognition is achieved through the expression of different
pattern recognition receptors (PRRs), including Toll-like receptors (TLRs), C-type
lectin (CLR), and nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs) that recognize fungal cell wall polysaccharides or fungal pathogen-associated
molecular patterns (PAMPs) [28]. Recognizing specific PAMPs promotes the activa-
tion of antimicrobial mechanisms that help eliminate fungi. The most critical PAMPs
of filamentous fungi are mannan, B-glucan, and chitin [28, 29]. During infection,
the p-1,3 glucans of the cell wall are relevant PAMPs recognized by dectin-1, a type C
lectin. Some studies have shown that hydrophobins hide these glucans in conidia but
are exposed when the conidia swell and begin to germinate [30, 31]. After germina-
tion, exposure to -1,3 glucan decreases due to hyphae-associated galactosamino-
galactan (GAG) production, impairing the recognition of hyphae by dectin-1 [32].
There is evidence that GAG plays a vital role in mediating the adherence of hyphae to
host epithelial cells. For example, GAG-deficient mutant isolates (Auge3 and AmedA)
reduce their adherence to lung epithelium cells of cell line A549 [27, 33]. On the other
hand, the adhesion of the hyphae of the mutant Auge3 improves notoriously when
the purified GAG adheres directly to the epithelial cells A549 [32]. Thus, nullified
GAG production in the mutant Auge3 is associated with increased exposure to $-1,3
glucan in hyphae [34, 35]. This results in increased recruitment of leukocytes during
lung infection and increased binding of dectin-1 to the surface of hyphae, leading
to increased production of inflammatory cytokines by dendritic cells i vitro [31].
Inflammation and ciliary damage result in decreased mucociliary elimination, which
in turn can favor adherence and germination of A. fumigatus conidia [26, 36].

4. Compliance with nutritionals requirements

4.1 Copper

Another virulence attribute recognized in A. fumigatus is copper [37]. The fungal
hyphae must acquire copper from the environment and maintain the intracellular
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concentration within the micromolar range. In general, copper is internalized through
high-affinity uptake systems, depending on the copper concentration in the extracel-
lular medium [38, 39]. One of the high-affinity uptake systems comprises the family
of copper transporter proteins (Ctr) associated with the membrane. They are small
proteins (18-30 kDa) with up to three transmembrane domains and have the Cu + ion
as a substrate [40—42]. Copper-binding motifs (Mets) located in the extracellular
N-terminal region or transmembrane domain are rich in methionine (MxxM, MxM, or
MxxxM) [43]. The MxxxM motif is essential in the transmembrane transport of Cu+
[40]. Ctr proteins are assembled to create a pore by which the transmembrane passage
of Cu + is driven. Entry is facilitated when the intracellular concentration of the metal
is low [44]. Copper in its Cu2+ oxidation state can also be internalized but must be
reduced first to Cu + by the action of reductases present in the plasma membrane [39].

On the other hand, copper uptake is a strictly controlled process. When the
intracellular level of Cu + exceeds the toxicity threshold, in addition to generating
reactive oxygen species (ROS), the mechanism of detoxification or ion sequestration
is activated to restore the balance of cellular copper. This mechanism is directed by the
transcription factor AceA [37, 45]. The DNA-binding domain, known as “Cu_FIST,”
and the numerous cysteine residues arranged in CxC-CxxC segments throughout
the protein sequence are the characteristic domains that identify this transcription
factor. Within the DNA-binding domain, two different motifs are involved in binding
stabilization. When there is an excess of copper, four Cu + atoms bind to the Cys-rich
domain, causing a conformational change that facilitates AceA-DNA bonding. This
binding allows transcription of the crpA coding gene for P-type ATPase. P-type-
ATPase CrpA is synthesized in the endoplasmic reticulum and migrates to the plasma
membrane, where CrpA pumps Cu + ions out of the cell to restore balance and reduce
copper toxicity. AceA also activates the sod1 and cat1/2 genes, which encode superox-
ide dismutase (Sod1) and catalase (Cat1/2). Sodl and Cat1/2 enzymes neutralize ROS
generated by Cu + toxicity and even those generated by the host’s defense mechanisms
(Figure 3) [37, 45]. Therefore, the mechanism of copper detoxification is a critical
factor in the viability of the pathogen during infection. In addition, both Sod1 and
Cat1/2 also play an essential role in fungal virulence. Interestingly, host organisms have
developed defense strategies against copper-dependent fungal pathogens. For exam-
ple, by removing all Cu + in the infection area, copper deprivation in the pathogen can
be induced, and its growth can be limited. Likewise, the copper mobilization mediated
by the host’s innate immune cells to the tissue invaded by the fungus is another defense
mechanism that seeks to cause fungal poisoning by excess copper [46].

On the other hand, copper also acts as a cofactor of the laccases AfAbr1 and
AfAbr2, which are involved in the melanin biosynthesis in A. fumigatus and,

Cut  Cut 7 Cu*
AceA—CrpA~
u’ CuZ Sod

Figure 3.
Copper homeostasis in A. fumigatus.
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therefore, in virulence [47]. Melanin confers a non-immunogenic state to the fungus.
Therefore, if the absorption of copper in the hyphae decreases, the laccase activity

is also reduced, generating melanin deficiency in the conidia, which makes them
immunoreactive [48, 49]. The latter highlights the importance of copper uptake for
pathogen viability within the host.

4.2 Iron

Iron is an essential nutrient for all living organisms, including A. fumigatus [50].
This fungus uses iron as a cofactor for fundamental biochemical activities, such as
oxygen transport, energy metabolism, and DNA synthesis [51]. Therefore, during
infection, iron competition is a crucial event that determines the outcome of the host-
pathogen relationship [52]. While the host’s innate immune system sequesters iron
to reduce its free concentration to low levels and limit availability for A. fumigatus,
the fungus uses different strategies to adapt to low environmental iron concentration
[53], and even iron overload, as it is vital to maintain homeostasis. Two transcription
factors maintain iron homeostasis: GATA factor SreA and factor bZIP HapX [51, 54].
When the fungus has enough iron for cellular activities, factor SreA represses iron
absorption mediated by iron-reducing assimilation and siderophores to avoid toxic
effects [55]. When iron is scarce, the factor HapX activates siderophore-mediated
iron acquisition and, at the same time, saves iron by preventing its consumption in
activities such as heme biosynthesis and respiration. Recent research has revealed
that siderophores represent essential virulence factors contributing to a host’s
microbiome-metabolome dialog [56, 57]. HapX deficiency, but not SreA, attenuates
the virulence of A. fumigatus in murine models of aspergillosis [55, 58], emphasizing
the crucial role of iron-limiting adaptation in pathogenicity. It has been reported that
immunocompromised patients with iron overload, after a transplant, have a high risk
of developing invasive aspergillosis. Therefore, it is proposed that the pharmacologi-
cal inhibition of the siderophores synthesis of A. fumigatus or chelating agents could
favor this type of patient [52].

4.3 Zinc

In the same way as iron, zinc is an essential cofactor for many crucial metabolic
processes, including the growth and virulence of A. fumigatus [59]. Therefore, the
fungus has also developed mechanisms to capture zinc through transporters (zrfC)
and maintains homeostasis through the action of a transcription factor (zafA). Thus,
mutant strains lacking genes encoding a zinc transporter (AzrfC) and a transcription
factor (AzafA) that regulates zinc absorption show a reduced virulence phenotype in
murine models of pulmonary aspergillosis [16, 60].

5. Secondary metabolites
5.1 Melanin

Melanin is one of the most important virulence determinants in A. fumigatus
[61, 62]. This fungus can synthesize two different types of melanin: DHN-melanin
attached to the cell wall of conidia and water-soluble extracellular pyomelanin [61].
The metabolic pathway of DHN-melanin production is activated during conidiation
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and may be involved in multiple mechanisms of adaptation and survival in harsh
environments. DHN-melanin protects against UV rays and desiccation and neu-
tralizes free radicals [63, 64]. In addition, it protects the fungus against the innate
immune response, mainly affecting the activity of macrophages, phagocytosis, and
acidification of phagosomes and phagolysosomes, which facilitates the colonization
and persistence of conidia during infection. It is thought that the production of pyo-
melanin is a mechanism that protects germinating hyphae when DHN-melanin has
disappeared. DHN-melanin is closely associated with the adhesion of molecules such
as hydrophobins that form a rod layer that provides conidial hydrophobicity, physical
resistance, and immune inertia to A. fumigatus against the host’s immune system [65].
DHN-melanin is also known to bind to antimicrobial peptides, reduce the efficacy

of antifungal drugs, and prevent intracellular destruction of conidia by reducing
luminal acidification and resisting phagolysosomal degradation [26].

DHN-melanin biosynthesis in A. fumigatus is a polyketide-based pigment syn-
thesis consisting of six genes: pksP/albl, aygl, arpl, arp2, abrl, and abr2, expressed
during conidiation [66]. A. fumigatus mutants lacking any of these genes related
to melanin biosynthesis have shown melanin-deficient phenotypes and decreased
virulence in Galleria mellonella [67]. Since melanin provides cell wall stability and
structural rigidity [5], it has been suggested that in mutant strains, the absence
of melanin causes a modification of the fungal cell wall, which in turn triggers an
increased immune response in the larvae.

5.2 Gliotoxin

Gliotoxin (GT) is a hydrophobic metabolite secreted by A. fumigatus, which
belongs to the class of epipolythiodioxopiperazine compounds characterized by a
quinoid fraction and a disulfide bridge across the piperazine ring, which is essential
for its toxicity [11, 68-70]. GT is a recognized virulence factor in this fungus. Its
functions are to inhibit the phagocytic activity of macrophages and the response to
oxidative stress, decrease the cytotoxic activity of T cells, and prevent the apoptosis
induction of host cells [64, 71]. The biological activity of GT is based on an internal
disulfide bridge that can bind and inactivate proteins through sulfur: thiol exchange
[4]. The transcription factor mtfA regulates GT biosynthesis through the gliZ and
gliP genes. Reeves et al. [72] showed in the G. mellonella model that there is a positive
correlation between GT production and the pathogenicity of A. fumigatus, i.e., isolates
with high GT production were lethal to the larva. There is also clinical evidence of
GT involvement as a virulence factor. For example, GT has been detected in the lung
and the serum of cancer patients suffering from invasive aspergillosis. It should be
noted that this finding was corroborated in a murine model. Other evidence is that
more than 90% of A. fumigatus strains isolated from cancer and invasive aspergillosis
patients produce GT, and GT has been seen to occur much faster at 37°C under high
oxygen levels, that is, under conditions similar to the host lung environment [11].

5.3 Galactosaminogalactan

Galactosaminogalactan (GAG) is a specific carbohydrate polymer consisting
of galactose bound to a-1,4, N-acetyl galactosamine (GalNAc), and galactosamine
(GalN), which is expressed and secreted by actively growing hyphae of A. fumigatus
[10]. After being secreted by hyphae, GAG binds to the surface of the hyphae them-
selves, generating a polysaccharide sheath that covers the growing fungus and forms
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an extracellular matrix between the hyphae [2]. Then, it can wrap cell wall polysac-
charides such as f-glucans from innate immune detection and repel cationic mol-
ecules such as antimicrobial peptides associated with neutrophil extracellular traps
[32, 73]. As a cationic exopolysaccharide located within the extracellular matrix, GAG
is an adhesin that mediates binding to anionic surfaces, such as human cells, macro-
molecules, and plastic and supports biofilm formation [32, 74]. Other vital functions
of hyphae-secreted GAG are mediating neutrophil apoptosis and resistance to neutro-
phil extracellular traps (NETs), modulating host immune responses through platelet
activation, inducing secretion of IL-1 receptor antagonists, and inflammasome acti-
vation [31, 73, 75]. Therefore, GAG is critical for host damage and fungal virulence, as
studies in mouse models of invasive pulmonary aspergillosis (IPA) have shown, where
GAG-deficient strains exhibit reduced adherence to lung epithelial cells, do not form
biofilms, and are less virulent [7, 32]. The multiple and important functions of GAG
in virulence have prompted the study of the mechanisms involved in its biosynthesis.
To date, it has been seen that GAG synthesis is initiated intracellularly with the inter-
conversion of UDP-N-acetylglucosamine to UDP-N-acetylgalactosamine and UDP-
glucose to UDP-galactose by the bifunctional UDP-glucose-4-epimerase (Uge3) [76].
The polymerization and extracellular export of the GAG macromolecule are mediated
by a transmembrane glycosyltransferase (Gtb3) [74]. The release of fully acetylated
GAG is mediated by a glycoside hydrolase (Sph3) anchored to the membrane that
retains endo-a-1,4-N-acetylgalactosaminidase activity [77]. Upon crossing the cell
wall, acetylated GAG is processed by a secreted carbohydrate esterase (Agd3), making
GAG cationic and biologically active [78, 79].

5.4 Fumagillin

Fumagillin (FM) is a mycotoxin produced by A. fumigatus during hyphae develop-
ment. FM is considered an important virulence factor that inhibits angiogenesis; that
is, it reduces the proliferation of endothelial cells for the formation of blood vessels,
preventing the infiltration of host immune cells to the infection site [80]. It has been
reported that this toxin is produced during the first 30-72 h of invasive aspergillosis,
which, together with gliotoxin (GT), helps the fungus evade the immune response
and favors the spread and invasion of hyphae, damaging the epithelial layer [11, 81].
Some studies in the G. mellonella model have reported that FM exhibits potent
neutrophil inhibitory activity, destabilizing the proper immune response to infec-
tions. Inhibition of hemocyte phagocytosis is also observed, allowing the fungus to
grow in the larva [64, 82]. In other studies, FM has been administered to larvae prior
to inoculation with A. fumigatus, finding that it increases susceptibility to infection
[83, 84]. Therefore, understanding the mechanism of action of FM may open paths to
finding new therapies for treating invasive aspergillosis [85].

5.5 Alkaloids

Ergot alkaloids are metabolites produced by A. fumigatus. The festuclavine and
fumigaclavine alkaloids A, B and C are present in or on the conidia of A. fumigatus
[86]. Fumigaclavine C inhibits the production of tumor necrosis factor a in human
macrophages and reduces the expression of several other inflammatory cytokines in
mice [87]. In addition, several in vivo studies in the G. mellonella model show that
this type of specialized alkaloid is involved in fungal pathogenicity [64]. The most
relevant evidence has been that the mutant strains of A. fumigatus, generated by the

68



Virulence Attributes in Aspergillus fumigatus
DOI: http://dx.doi.org/10.5772/intechopen.111778

alteration of the genes involved in the biosynthesis of fumigaclavine, both PesL and
pes1 and dmaW, showed a hypovirulent phenotype in G. mellonella due to a deficient
production of fumigaclavine C [64, 88, 89].

6. Fungal development

From the two A. fumigatus morphotypes, the hyphal morphotype predominates
during invasive pulmonary aspergillosis, while the conidial morphotype is rarely
observed [90]. It has been reported that during iz vitro growth, conidia production
is associated with a reduction in hyphae growth [91]. Therefore, the forced induc-
tion of conidiation during infection could decrease virulence by suppressing the
growth of hyphae and invasion. The regulation of conidiation is determined by the
transcription factor BrlA. This factor is sufficient to activate the conidiation pathway
in A. fumigatus, inhibit in vitro vegetative growth, and reduce the virulence of inva-
sive Aspergillus infection in vivo models. Likewise, it has been observed that AbrlA
mutants of A. fumigatus do not produce conidia but hyphae and exhibit greater viru-
lence. However, the effects of brlA overexpression in A. fumigatus are unknown [91].

On the other hand, there are studies in the G. mellonella model that have shown
some proteins (flbA, gprK, rgsA, raxl, rgsC, and rgsD) of the G-protein signaling
regulate, positively or negatively, the production of virulence factors in A. fumigatus,
such as GT and melanin [64]. In addition, it has been observed that fungal isolates
with mutant protein ArgsD increase conidiation, stress response, and the production
of GT and melanin and, therefore, virulence in the larva. However, with ArgsC and
AgprK mutants, the conidiation, growth, and tolerance to H,0, and GT production
are reduced, the cell wall is modified, and virulence is reduced [64, 88, 92]. In the
same way, it has been observed that other GTPase proteins (srgA A, srgA B, srgA C)
participate in the development and filamentation of fungi. For example, in mutant
AsrgA isolates, the growth rate, aberrant conidiation, and virulence are reduced [93].

A. fumigatus has five septins or proteins with GTPase function (aspA, aspB,
aspC, aspD, and aspE) involved in regulating critical cellular processes, such as
septation. It has been observed that in G. mellonella mutant isolates AaspA, AaspB,
and AaspC are hypervirulent, and the conidiation is reduced without alteration in
the growth rate, except in the case of mutants” AaspB in whom the growth rate is
reduced [94].

7. Calcineurin

Calcineurin is an essential virulence factor in A. fumigatus. Calcineurin is a specific
serine/threonine protein phosphatase that is a heterodimer consisting of a catalytic
subunit, CnA, and a regulatory subunit, CnB. It is activated in the presence of calcium
and calmodulin. Calcineurin signaling in A. fumigatus and other fungal pathogens is
highly conserved and leads to the activation of virulence genes and proteins essential
for organism growth at host body temperature, hyphae development, and survival
[95]. These essential functions in virulence make calcineurin a target for develop-
ing antifungals. For example, FK506 (tacrolimus) is a natural calcineurin inhibitor
produced by several Streptomyces species with potent antifungal activity [96]. FK506
acts on fungal cells by binding to FK506 binding protein 12 (FKBP12), forming a
complex that binds to calcineurin and inhibits it by sterically blocking substrate access
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Figure 4.
Mecanisms of virulence in A. fumigatus.

to the active site. FKBP12 belongs to the protein family called immunophilins that bind
to immunosuppressive molecules and mediate their activity [97, 98].

So, it is fascinating how this fungus manages to go from harmless to pathogenic
as, in addition to the predisposing factors of the human, multiple attributes of the
fungus intervene that favor its growth and survival in the host. Among these viru-
lence attributes are thermotolerance, the ability to evade the immune response, some
components of the cell wall, the production of secondary metabolites, compliance with
nutritional requirements, and the production of melanin, among others (Figure 4).
Furthermore, some of these virulence attributes are interrelated, making understand-

ing the pathogenesis of aspergillosis more complex.

8. Conclusions

A. fumigatus requires different strategies to infect and cause disease in different
hosts and suppress resistance responses by the host. In these strategies, it uses vari-
ous attributes whose expression is influenced by environmental conditions (nutrient
composition and response to host defenses). Some of these virulence attributes are
interrelated, which makes it more complex to understand the adaptation mechanisms
of both host and fungus to adapt and survive in a hostile environment and produce
an infection. However, it is essential to understand these mechanisms to help develop
new therapeutic strategies against aspergillosis.
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A. Appendix1

A1 Aspergillus taxonomy

Aspergillus taxonomy is a complex subject. In 1965, based on phenotypic character-
istics, Raper and Fennell [99] classified 150 Aspergillus species into 18 groups. In 1985,
Gams et al. [100] reclassified the groups into 18 sections as a formal taxonomic status.
Currently, the approximately 250 known species within the Aspergillus genus are
classified into at least 16 sections [101, 102]. This classification is based on a polyphasic
analysis that not only includes phenotypic but also molecular studies. The Sections of
the current classification are: Aenei, Aspergillus, Bispori, Candidi, Civcumdati, Clavati,
Cremei, Flavi, Flavipedes, Fumigati, Nidulantes, Nigri, Restricti, Tervei, Usti, Zonati. The
major species known to cause disease in humans are found in five Aspergillus sec-
tions: Fumigati, Flavi, Nigri, Terrei, and Nidulante; however, the A. section Fumigati
is the most frequent. The section Fumigati includes 12 species that are pathogenic
for humans, several of which have been found to be in the sexual state (Neosartorya)
(Table 1). The species in section Fumigati are morphologically indistinguishable from
each other, but may present different antifungal susceptibility profiles.

Due to taxonomic complexity, in this chapter we refer simply to A. fumigatus.

Species

Anamorph Teleomorph

A. fumigatus Neosartorya fumigata
Aspergillus udagawae Neosartorya udagawae

Aspergillus pseudofischeri

Neosartorya pseudofischeri

Aspergillus lentulus Unknown

Aspergillus felis Unknown

Aspergillus hivatsukae Neosartorya hiratsukae
Aspergillus fischeranus Neosartorya fischeri
Aspergillus vividinutans Unknown

Aspergillus fumisynnematus Unknown

Aspergillus fumigatiaffinis Unknown

Aspergillus novofumigatus Unknown

Aspergillus laciniosa

Neosartorya laciniosa

Table1.
Pathogenic species within the Fumigati section.
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Abstract

Aspergillosis is the name given to the spectrum of diseases caused by the genus
Aspergillus. Research on aspergillosis has shown a progressive expansion over the past
decades, largely due to the rise in the number of immunocompromised individuals
who are at risk for the infection. Nanotechnology provides innovative tools in the
medicine, diagnosis, and treatment. The unique properties of nanomaterials like small
size in the nanoscale have attracted researchers to explore their potential, especially
in medical diagnostics. Aptamers, considered as chemical antibody, are short, single-
stranded oligonucleotide molecules with high affinity and specificity to interact with
target molecules even superior to antibody. Accordingly, development of nanoma-
terials-based biosensors technology such as immunosensors and aptasensors against
Aspergillus and Aspergillosis is of great significance and urgency. In this book chapter,
we comprehensively introduce and analyze the recent progress of nanomaterials-based
biosensors against Aspergillus and Aspergillosis. In addition, we reveal the challenges
and provide our opinion in future opportunities for such sensing platform develop-
ment. Ultimately, conclusion and future prospects are highlighted and summarized.

Keywords: nanomaterials, biosensor, Aspergillus, Aspergillosis, biomarker

1. Introduction

Biosensors are integrated analytical devices that are capable of transferring the
binding events between bioreceptor and target into detectable optical and electric
signals. Therefore, bioreceptors, regarded as the recognition elements, play a crucial
role for constructing advanced biosensors. Conventional bioreceptors like antibodies
have been extensively prepared and developed for immunosensors’ establishment.
The barriers such as high cost, complicated procedures, and lack of stability limited
the wide applications of such sensing approaches [1-3]. Fortunately, nucleic acid
aptamers are short and single-stranded oligonucleotides, selected and identified by
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SELEX (Systematic Evolution of Ligands Exponential Enrichment) in vitro selec-
tion process [4, 5]. Aptamer, considered as chemical antibody and even superior to
antibody, can recognize the target molecule to form unique 3D configuration with
high affinity and selectivity [6, 7]. Accordingly, aptasensors have attracted increasing
attention in recent years toward a variety of target molecules including proteins, cells,
viruses, bacteria, metal ions, as well as the disease biomarkers [8, 9].

It is worth noting that the current biosensors generally suffer from the concerns
such as lack of biocompatibility, low stability, as well as the poor detection sensitiv-
ity. Various advanced nanomaterials can be integrated into the sensing systems for
signal transduction and improved analytical performance [10-12]. The commonly
used nanomaterials for biosensors mainly include fluorophores, quantum dots (QDs),
graphene oxide (GO), gold nanoparticles (AuNPs), silver nanoparticles (AgNPs),
metal-organic frameworks (MOFs), upconversion nanoparticles (UCNPs), zinc oxide
(ZnO) and other semiconducting nanomaterials, and so on [13-15]. Fascinatingly,
bioreceptors can be universally designed and modified with these nanomaterials and
are available for optical and electrochemical signal transduction strategies, which
further are measured by portable detectors such as fluorimeter, naked eyes, strip
readout, as well as electrochemical detectors [16, 17]. For instance, in our recent

Figure 1.
Comprehensive overview of aptamer- and antibody-based biosensors toward Aspergillus and Aspergillosis based
on advanced nanomaterials.
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study, we have introduced a fluorescent aptasensor toward mycotoxin fumonisin

B1 (FB1) based on the aptamer recognition. In this effort, GO was embedded for
fluorescent quenching and acted as a protectant of the specific aptamer from nuclease
cleavage. The target cycling was then triggered for signal amplification and improved
detection sensitivity [9].

At the present time, great advances have been achieved for immunosensors and
aptasensors in numerous hazard control. Nevertheless, in this book chapter, we only
outlined and highlighted the recent progress toward Aspergillus and Aspergillosis
(Figure 1). Aspergillus is an extraordinary fungus that occurs naturally all around
the world. Sixteen of the 200 known species of Aspergillus are isolated and identi-
fied due to their severe hazards to animals and humans. Prolonged exposure to high
levels of Aspergillus can induce allergic symptoms, toxic symptoms, and infection. In
particular, for instance, Aspergillus fumigatus is the most common and predominate
one that can cause invasive aspergillosis (IA) [18, 19]. Conventional approaches for
the detection of Aspergillus detection like biopsies of cerebral lesions and extraction
of cerebrospinal fluid are usually not appropriate for immunocompromised patients.
Therefore, simple, rapid, and accurate analytical techniques for Aspergillus and
Aspergillosis diagnosis are of great importance for human health.

Immunosensors and aptasensors have witnessed a remarkable progress over the
past decade. To the best of our knowledge, the comprehensive discussion on immu-
nosensors and aptasensors toward Aspergillus and Aspergillosis diagnosis has not
yet been reported. Inspired by this status, we proposed an overview of the biosensor
construction and their improved performance (Figure 1). Moreover, we highlighted
the challenges and new opportunities of advanced biosensors for early diagnosis of
Aspergillosis infection.

2. Recent advances of biosensors

In the past three decades, antibody-based immunoassays have been well estab-
lished from scientists in medical and biotechnology fields, including biosensing,
therapy, environment, and so on, and gradually extend to disease diagnosis for vari-
ous targets and biomarker identification and determination. Classic immunoassays
like ELISA (enzyme-linked immunosorbent assays) and LFIA (lateral flow immuno-
assay) are frequently realized for screening purposes and commercial application in
the market [20-22]. In particular, ELISA kit, one of the most widely available prod-
ucts, is suitable for qualitative and quantitative assessment of target biomolecule [23].
The ELISA-based rapid screening methods exhibit desirable sensitivity and selectiv-
ity, as well as ease of operation [24, 25]. However, high cost in antibody production
and antibody stability issue in complicated environment restrict their extended
applications [26, 27]. More importantly, antibody preparation against small molecule
remains a rigorous challenge since its non-immunogenic and antibody generation are
not significant in the process of animal immune [28-30].

Fortunately, nucleic acid aptamer, considered as “chemical antibody,” is short
ssDNA or RNA that shows excellent affinity and specificity against its target bio-
molecule even superior to antibody. Noteworthy, the aptamer selection is performed
in vitro by SELEX technique instead of the complicated animal experiments iz vivo
[10]. Therefore, compared to antibody, the aptamer possesses obvious advantages like
convenient production, low cost, high stability, non-immunogenicity, ease of modifi-
cation, as well as various targets (proteins, cell, tissue, even small molecules) [31, 32].
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Correspondingly, the past decade witnessed a remarkable progress on the development
of novel aptasensors against Aspergillus and Aspergillosis and mycotoxin contamina-
tion. However, it is worth noting that there were few studies focusing on the com-
parison of analytical performance between antibody and aptamer. Stimulated by this
status, we noticed that previous works on aptasensors demonstrated the more excellent
analytical performance than that of immunosensors [33, 34]. Therefore, the discovery
of specific aptamer and its further research opened up a new horizon for rapid and
accurate determination of various hazards with high sensitivity and selectivity.

3. Applications of biosensing strategies for Aspergillus

Aspergillus has received global concern due to its hazards on food spoilage and
food safety [35]. In particular, Aspergillus flavus contamination can produce aflatoxins
and cause Aspergillosis [36]. AfID gene, a potential biomarker for Aspergillus flavus
pollution, is a structural gene in aflatoxins gene cluster of Aspergillus species like
Aspergillus flavus [37]. Nevertheless, the analytical strategies for Aspergillus control
are relatively less reported. Biosensors are thus emerged as advanced techniques for
the detection of DNA attributed to their portability, high sensitivity, as well as ease
of operation [38]. Sedighi-Khavidak et al. firstly fabricated a novel biosensor toward
aflD gene analyses of Aspergillus flavus based on impedimetric electrochemical signal
detection and Au NPs [39]. The Au NPs modified with specific DNA probe were
immobilized on the glassy carbon electrode. The presence of target DNA induced the
formation of double-stranded DNA via hybridization reaction, disrupting the reduc-
tion of [Fe(CN)g]* and enhancing the electrochemical signal (Figure 2A). The elec-
trochemical biosensor exhibited a dynamic response of afID gene that ranged from
1nM to 10 pM with an LOD of 0.55 nM. Furthermore, the feasibility of this sensing
protocol was confirmed for the detection of afID gene in real pistachio samples.

Very recently, Liang et al. have synthesized Cu-anchored PDA (polydopamine)
nanomaterials, which exhibited photothermal property and catalytic ability for
colorimetric signal [40]. In this regard, the nanomaterials were further embedded
into LFIA for multimodal sensing of Aspergillus flavus based on a sandwich design
(Figure 2B). Consequently, compared to traditional colorimetric method, the novel
LFIA platform showed a significantly sensitive detection of Aspergillus flavus with
LODs of 0.45 and 0.22 ng/mL, respectively. The feasibility of the sensing strategy was
further investigated to monitor Aspergillus flavus in peanut and maize samples. On the
other hand, apart from the detection of Aspergillus flavus, volatile organic compounds
(VOCs), the representative metabolites of Aspergillus flavus, could be identified and
detected for Aspergillus flavus contamination [43]. In order to improve the detection
efficiency, Lin et al. incorporated three types of nanomaterials into nanocomposites
for colorimetric sensing of VOCs [41]. MOF (metal-organic framework), PSA (poly
styrene-co-acrylic acid), and PSN (porous silica nanoparticles) were employed and
integrated for improved performance due to their ultra-large surface area, excellent
catalytic property, and numerous binding sites (Figure 2C). The developed sensing
method showed high sensitivity and stability for the detection of VOCs and great
promise for wheat mildew monitoring. From another viewpoint, the identification
and detection of VOCs is significantly correlated with food spoilage event [44].
Traditional analytical technologies like gas chromatography-ion mobility spectrom-
etry (GC-IMS) [45] and electronic nose [46] require expensive instruments, profes-
sional personnel, and complicated procedures. Fortunately, whole-cell biosensor
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(A) Schematic representation of impedimetric electrochemical DNA sensor for sensitive detection of aflD gene
of Aspergillus flavus based on the Au NPs modification on electrode. The illustration was vecreated according to
vef. [39]. Copyright 2017: Taylor € Francis Group, LLC. (B) Schematic diagram of lateral flow immunoassay
for colorimetric and photothermal detection of Aspergillus flavus via the functionalization of Cu-anchored
PDA. The illustration was recveated according to ref. [40]. Copyright 2022: Elsevier. (C) Schematic illustration
of the colorimetric biosensor toward Aspergillus flavus attributed to the analysis of VOCs by integrating
nanocomposites. The illustration was recreated according to vef. [41]. Copyright 2022: Elsevier. (D) Mechanism
illustration of a novel whole-cell biosensor for identification and monitoring of VOCs and Aspergillus
contamination by integrating machine-learning models. The illustration was recreated according to rvef. [42].
Copyright 2023: Elsevier.

possesses a great promise for rapid, portable, highly efficient, and sensitive control
of VOCs [47]. Herein, Ma et al. developed a novel whole-cell biosensing platform for
VOCs finding and Aspergillus infection monitoring by engineering machine learning
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(A) Schematic illustration of the novel immunosensor for highly sensitive detection of Aspergillus Niger based

on the functionalization of single-walled carbon nanotube (SWNT). The illustration was recreated according to
ref. [51]. Copyright 2015: Royal Society of Chemistry. (B) Schematic diagram of electrochemical immunosensor
for selective quantification of the Aspergillus Niger based on the extracellular proteins monitoring and antibody—
antigen veaction. The illustration was recreated according to ref. [52]. Copyright 2021: Elsevier.

models [42]. Three VOCs’ markers were identified in peanut by Aspergillus flavus
infection and further realized for the validation of various response modes and the
construction of biosensor (Figure 2D). Moreover, the proposed biosensor coupled
with machine-learning models exhibited excellent prediction accuracy in both
infected matrices and pre-mold stages. Hence, this novel biosensing strategy opened a
new avenue for Aspergillus infection prediction and food control.

Conventional Aspergillus analytical methods generally involve sampling and
culturing of Aspergillus spores for immunoassay signal detection, followed by DNA
sequencing and quantitative analysis. These protocols suffer from the drawbacks like
high cost, complicated procedures, and time-consuming [48-50]. To overcome the
barrier, advanced nanomaterials-based biosensors are attracting increasing attention
for improved performance. For instance, Jin et al. developed a nanoscale immunosen-
sor for real-time monitoring of Aspergillus niger via single-walled carbon nanotube
(SWNT) and antigen-antibody recognition (Figure 3A) [51]. Encouragingly, the
integrating of carbon nanomaterials significantly increased the antibody immobiliza-
tion sites for enhanced detection signal and high sensitivity at sub-picomolar levels. On
the basis of similar antigen-antibody recognition, Lee et al. proposed an electrochemi-
cal immunosensor for selectively quantification of Aspergillus niger via detecting the
extracellular proteins (Figure 3B), which relied on the immobilization of the extracel-
lular proteins and its interference of redox cycling in interdigitated electrodes [52].
The utilization of secretion promoter at the sampling stage realized a highly sensitive
response by 200-fold improvement for the Aspergillus niger monitoring in their previ-
ous study [53], which might attribute to the specific antibody recognition rather than
to the amplified oxidation oxygen reduction reaction.

More importantly, current diagnosing methods for Aspergillus infection are not
appropriate in clinical POC testing. To solve this concern, Yu et al. developed a novel
simple and rapid analytical technique for DNA amplification based on loop-mediated
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isothermal amplification (LAMP) [54]. The LAMP approach was employed to detect
the target gene TR34, a biomarker for Aspergillus fumigatus infection in patients.
Assisted by the primer design of LAMP, this protocol contributed to rapid and
selective identification of TR34, as well as the high detection sensitivity with 10
genomic copies per reaction. It was demonstrated that the TR34-LAMP platform can
be considered as a POC diagnosis strategy for the screening of clinical Aspergillus
fumigatus infection.

4. Applications of biosensing strategies for Aspergillosis
4.1 Gliotoxin-related biomarker

Genus Aspergillus is a group of fungi that can induce a majority of Aspergillus
infection from allergic reaction to invasive diseases. Invasive aspergillosis (IA),
one of the most severe and devastating Aspergillus infections, is defined as a rapid,
acute, and life-threatening invasive disease with mortality rate as high as 90%. Of
the various Aspergillus (such as Aspergillus fumigatus, Aspergillus flavus, Aspergillus
niger), Aspergillus fumigatus is the most common and predominate one that causes IA.
Gliotoxin, considered as the most toxic metabolites occurred by Aspergillus fumigatus,
poses great hazards to immunosuppressed individuals. Therefore, the development
of simple, rapid, sensitive, and point-of-care strategies for gliotoxin control is of high
significance and urgency for early diagnosis of IA.

In the direction, assisted by the immobilization-free and GO (graphene oxide)-
SELEX technique, Gao et al. proposed the pioneer work for the isolation and selection
of the specific aptamer toward gliotoxin (Figure 4A) [55]. After the eighth selection
cycle, fortunately, the ssDNA was enriched, and the aptamer APT8 was obtained and
sequenced with a dissociated constant (Kp) of 376 nM. Then, the APT8 was further
truncated into a shorter sequence consisting of only 24 nucleotides according to the
mfold structure prediction. More encouragingly, the truncated aptamer APT8T1 was
confirmed to recognize the gliotoxin with higher specificity (Kp = 196 nM) and could
be further designed to APT8T1M with 18-fold improvement of Kp, value. Accordingly,
to validate the feasibility and selectivity of the aptamer, a simple fluorescent aptasen-
sor was established for the detection of gliotoxin based on base pairing between the
aptamer and its complementary DNA. The specific recognition of aptamer against
gliotoxin caused the release of the aptamer/gliotoxin complex from the microplate
and the fluorescent signal enhancement. The fluorescent signal was observed to be in
linear relationship with levels of target gliotoxin in the range of 0.1-100 nM. The LOD
was estimated to be 0.05 nM, which is significantly lower than the previous instru-
ment methods like HPLC-MS/MS. Moreover, the successful application of the fluores-
cent aptasensor in human serum and urine samples demonstrated that this developed
aptasensing platform offered a promising value in gliotoxin control. Inspired by this
pioneer finding, combining the unique superiorities of MXene (Ti;C,) and TDNs
(tetrahedral DNA nanostructures), Wang et al. developed a novel electrochemical
aptasensor for highly efficient detection of gliotoxin based on nanomaterial func-
tionalization (Figure 4B) [56]. Ti;C, nanosheets, exhibiting large surface area, were
modified with TDNs via the coordination interaction. The prepared nanocomposites
allowed outstanding conductivity and molecule recognition toward the target for
signal amplification. After the binding events between the aptamer and target, the
cDNA was released and bound to the aptamer-modified nanocomposites, leading to
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(A) Working principle of the fluorescent aptasensor against gliotoxin detection for early diagnosis of invasive
aspergillosis based on the specific aptamer selection. The illustration was recreated according to vef. [55].
Copyright 2018: American Chemical Society. (B) Schematic representation of electrochemical biosensor for label-
free detection of gliotoxin incorporating of tetrahedral DNA nanostructures (TDNs) and MXene nanocomposites.
The illustration was recreated according to ref. [56]. Copyright 2019: Elsevier. (C) Schematic diagram of isolation
and characterization of the specific aptamer against spoves of three vepresentative Aspergillus species. The
illustration was vecreated according to vef. [57]. Copyright 2021: Royal Society of Chemistry.

the streptavidin-decorated HRP (horseradish peroxidase) catalysis and current signal
generation. As a consequence, a dynamic response was achieved between the electro-
chemical signal and concentrations of gliotoxin ranged from 5 pM to 10 nM with an
LOD of 5 pM. Accordingly, the detection sensitivity of this electrochemical aptasen-
sor was improved by an order of magnitude than that of the previous fluorescent
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detection. Notably, the practicality of this method was excellent for gliotoxin
detection in human serum samples. It was demonstrated that, from this viewpoint,
advanced aptasensor technology possessed a significant potential against gliotoxin for
early diagnosis of IA.

On the other hand, considering the obvious superiorities of aptamer-based
biosensors, Seo et al. isolated and identified the specific aptamers that can specifically
recognize Aspergillus spore by using cell-SELEX technique for the first time [57]. In
this effort, the aptamers against three Aspergillus spores including Aspergillus fumiga-
tus, Aspergillus flavus, and Aspergillus niger were selected in the spore-SELEX process
(Figure 4C). With 12 rounds of selection, the ssDNA was successfully enriched, and
the specific aptamer Asp-3 was achieved and sequenced with dissociated constants
(Kp) of 80.12, 35.17, and 101.19 nM versus Aspergillus fumigatus, Aspergillus flavus,
and Aspergillus niger, respectively. It was worth noting that the above aptamer also
exhibited strong affinity to 1,3 p-D-glucans (BDGs) with Kp, of 79.76-103.7 nM,
demonstrating the excellent affinities and recognition potential toward Aspergillus
spore surface molecules. However, the representative aptasensors have not been
further developed. Hence, how to select and optimize the aptamer for Aspergillus
spore control is of vital significance in the future. On the other hand, the biosynthesis
of gliotoxin is related to gliP gene, and gliP gene-encoded enzyme further affects the
occurrence of gliotoxin. In this direction, gliP gene can be considered as a potential
biomarker for Aspergillus control, and it eventually contributed to the early diagno-
sis of IA. Encouragingly, Bhatnagar et al. fabricated an electrochemical biosensor
toward gliP gene detection for the first time [58]. The gliP gene was immobilized onto
chitosan-stabilized Au NPs on gold electrode. DNA hybridization reaction induced
the formation of double-stranded DNA and its interaction with toluidine blue. The
toluidine blue was acted as the electrochemical indicator for signal output. Upon the
optimal conditions, the novel biosensor exhibited a dynamic response of the target in
the range of 1 x 107**-1 x 107> M with an LOD of 0.32 x 10™**. The proposed biosen-
sor is stable and selective for detection of glip-T, demonstrating that it is useful for
Aspergillus analysis and clinical diagnosis.

4.2 Galactomannan-related biomarker

GM (Galactomannan), regarded as a popular biomarker Aspergillus infection,
is a heat-stable polysaccharide consisting of a linear mannan core with side chains
of galactofuran. GM is metabolized and released in the blood and bronchoalveolar
fluid (BALF) and is occurred as soluble antigen mainly in the cell wall of the genera
Aspergillus. Ab (antibody)-based immunoassays such as ELISA (enzyme-linked
immunosorbent assay), LFIA (lateral flow immunoassay), and immunosensor are
the most frequently used protocols for the detection of GM in early infection of IA.
Raval et al. firstly proposed an ELISA method to capture and detect GM based on the
conjugation of polyclonal antibody to Au NPs [59]. The developed Au NPs immunoas-
say possessed simple and accurate detection of GM with low LOD at picomolar level
(Figure 5A). Based on the similar mechanism, Guo et al. introduced a sandwich
chemiluminescence immunoassay toward GM detection incorporated with lumines-
cent nanomaterials (Figure 5B) [60]. In this attempt, the donor consisted of photo-
sensitizer and phthalocyanine, and the acceptor contained the chemiluminescent dye,
allowing the luminescent signal output under laser irradiation. The donor and the
acceptor formed immunocomplex due to the close proximity less than 200 nm. The
developed chemiluminescence ELISA platform displayed a linear response of GM in
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(A) Schematic diagram of the ELISA-based immunoassay for the detection of galactomannan for early diagnosis
of invasive aspergillosis based on the Au NPs conjugation. The illustration was recreated according to vef. [59].
Copyright 2019: Microbiology society. (B) Working principle of the chemiluminescence immunoassay toward
galactomannan detection based on the donor and the acceptor. The illustration was recreated according to

ref. [60]. Copyright 2022: Elsevier. (C) Schematic illustration of the fluorescence immunosensor to monitor
galactomannan based on sandwich format and ZnO nanoflowers (ZnONFs). The illustration was recreated
according to ref. [61]. Copyright 2020: Elsevier.

the range 0.05-100 ng/mL with an LOD of 0.032 ng/mL and was capable of highly
efficient GM detection in serum and BALF. Besides, nanomaterials-based minia-
turized biosensors possessed outstanding advantages in portable monitoring and
high-throughput analytical manner [62-64]. Therefore, Piguillem et al. prepared the
ZnO nanoflowers (ZnONFs), conjugated the nanomaterials to microfluidic channel,
and employed the nanocomplex for antibody modification [61]. Correspondingly, a
novel immunosensor was established for fluorescent detection of GM via the genera-
tion of fluorescent substance resorufin (Figure 5C). The immunoassay principle was
designed by HRP-modified antibody for catalysis of 10-acetyl-3,7-dihydroxyphenox-
acine oxidation to resorufin. Excitingly, the proposed immunosensor can realize a
more sensitive and highly efficient detection of GM by 14-fold improvement in LOD
over the commercial ELISA method.

5. Conclusions and outlook

Over the past decade, immunosensors and aptasensors have been well estab-
lished for the detection and control of Aspergillus and Aspergillosis. Advanced
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nanomaterials-integrated approaches possess great potential to improve the per-
formance for early diagnosis of IA. Of them, optical and electrochemical responses
(including fluorescent, colorimetric, electrochemical, and electrochemilumines-
cence systems) are the two major signal transduction mechanisms. Besides, several
researches have also focused on the principles toward binding events between the
aptamer and target, catalytic transformation of target, truncation of the known
aptamer, as well as the selection of new aptamers, and so on. These efforts indicated
that advanced biosensors possessed excellent dynamic response and high sensitivity
for AFB1 detection, as well as the feasibility and accuracy in Aspergillus detection and
Aspergillosis diagnosis. Accordingly, biosensors techniques should have fascinating
potential in industrial applications for food safety and risk assessment in the future.
Even though nanomaterials-based biosensors toward Aspergillus and Aspergillosis
have witnessed the remarkable achievement, there are still several vital scientific limi-
tations and challenges that required to overcome. (i) Advanced material-integrated
biosensors exhibited excellent and improved analytical performance. For instance,
as mentioned in this article, combining GO with AuNCs can significantly improve
the fluorescent quenching efficiency compared to single GO. Novel luminescent
materials such as UCNPs, PLNPs, and AIE probes displayed unique superiorities in
terms of photostability, anti-interference, and even label-free detection. Therefore,
the exploration of new materials and their synergistic effects are of great significance.
(ii) Numerous reports are rarely aimed at developing the novel biosensors for their
detection analysis rather than at the mechanism research. It is worth noting that the
configuration change, site modification, and binding kinetics are of vital importance
to better understand the principles and signal response. (iii) The selectivity assay is
not appropriate in some case studies; the structural analogues should be taken into
consideration for the interferences. (iv) It can be seen that the novel aptamer and
aptasensors were relatively less developed, which is mainly attributed to the barri-
ers in precise selection of aptamers. The stability and folding characteristics may be
influenced by the special conditions like temperature, pH, ionic strength, and so on,
thereby affecting the detection performance. Thus, how to select and identify high-
quality aptamers that can undergo various reaction systems is a pursuing work. (v)
Most established aptasensing protocols are limited in the laboratory conditions; in
particular, at the present time, no commercial kits integrated by aptamers are avail-
able in the market. Enormous endeavors should be exerted to design and develop por-
table sensors or miniaturized devices in POC testing of Aspergillus and Aspergillosis.
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Chapter 6

Metagenomic Next-Generation
Sequencing (mNGS) for

the Diagnosis of Pulmonary
Aspergillosis

Hao Tang, Shujun Bao and Caiming Zhong

Abstract

The diagnosis of pulmonary aspergillosis is a critical step in initiating prompt
treatment and improving patients’ prognosis. Currently, microbiological analysis of
pulmonary aspergillosis involves fungal smear and culture, serum (1,3)-p-D-glucan
(G) or galactomannan (GM) tests, and polymerase chain reaction (PCR). However,
these methods have limitations. Recent studies have demonstrated that polymor-
phisms in pentraxin3 (PTX3), a soluble pattern recognition receptor, are associated
with increased susceptibility to invasive aspergillosis. mNGS, a new microbial diag-
nostic method, has emerged as a promising alternative. It has high sensitivity in iden-
tifying pulmonary aspergillosis and can accurately distinguish species. Additionally,
it outperforms other methods in detecting mixed infections and instructing the
adjustment of antimicrobial treatments. As a result, mNGS has the potential to be
adopted as the gold standard for the diagnosis of pulmonary aspergillosis.

Keywords: mNGS, fungi, pulmonary aspergillosis, diagnosis, other methods

1. Introduction

Aspergillus belongs to Ascomycetes fungi, including Aspergillus fumigatus,
Aspergillus flavus, Aspergillus niger, and Aspergillus terreus, which are known to
cause a wide range of diseases, such as allergic reactions, airway or lung infections,
and extrapulmonary spread, especially skin infections. Lungs are the most common
sites of Aspergillus infection in human. Meanwhile, pulmonary aspergillosis are often
difficult to be diagnosed and have a high mortality rate. The clinical spectrum of
pulmonary aspergillosis can present in various forms, including chronic pulmonary
aspergillosis (CPA), aspergilloma, allergic bronchopulmonary aspergillosis (ABPA),
and invasive pulmonary aspergillosis (IPA). The histopathology of the lesion can
be understood as a phenotype that reflects the interaction between decreased host
defense mechanisms and increased fungal virulence. In the case of Aspergillus infec-
tion, tissue reactions to the fungus are diminished, but the reasons and degree of the
decrease in defense mechanisms vary among cases. Pulmonary aspergillosis presents
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Type IPA CPA ABPA Aspergilloma
Main Patients with Patients with Hypersensitive Patients with normal
patient immune mild immune reaction to immune function
population deficiencies; suppression Aspergillus but pre-existing
individuals without caused by antigens, which lung cavities (such
obvious immune pulmonary is commonly as tuberculous
deficiencies can also diseases. observed in patients cavities, lung cysts,
occur. with long-term bronchiectasis, etc.).
asthma or cystic
fibrosis.
Crucial Chest CT, direct Combination Specific IgE Chest CT
diagnostic microscopy, of chest CT antibody detection
methods histopathology, and specific for Aspergillus
culture, as well as IgG antibody
serum and BALF detection for
GM test Aspergillus
Table1.

The main patient population and crucial diagnostic methods of different types of pulmonary aspergillosis.

in various forms in the disease spectrum depending on the interaction between
Aspergillus and the host, and there may be an overlap between different clinical
phenotypes. Moreover, the key diagnostic methods for different types of pulmonary
aspergillosis vary. The main patient population and crucial diagnostic methods of
different types of pulmonary aspergillosis are shown in Table 1.

In recent years, several new rapid diagnostic methods for pulmonary aspergillosis
have emerged, in addition to traditional pathological and cultural diagnostic methods.
These include the detection of antigens, antibodies, novel molecular markers, and
genes. Among them, the second-generation sequencing technology for genetic testing
has gained attention since 2014 [1], which has high sensitivity and a short detection
cycle [2]. It can detect various samples such as sputum, bronchoalveolar lavage fluid
(BALF), blood, and cerebrospinal fluid, making it a promising microbial identifica-
tion technology. Which means that mNGS can classify a wide range of pathogens in
several infection sites, including the respiratory tract [3], blood [4], central nervous
system [5], and focal sites [6]. It is especially useful in detecting special and rare
pathogens, as well as analyzing drug-resistance genes and virulence factors related to
pathogens. The popularization of mNGS has proven to be of great value in diagnosing
pulmonary aspergillosis.

2. The diagnostic value of mNGS in pulmonary aspergillosis
2.1Principles and methods of mNGS

In recent years, the clinical application of mNGS has become an important method
for diagnosing pulmonary fungal infections, which is of significant clinical value.
Unlike traditional methods, mNGS technology does not require the culture of clini-
cal samples. Instead, it extracts nucleic acid from all microorganisms in samples,
constructs a standard sequencing library, and conducts high-throughput sequencing.
Finally, the bioinformatics analysis confirms genome sequence comparison of each
species, allowing for identification of microorganisms and calculation of various
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Figure 1.
Detection workflow of mNGS.

parameters. Please refer to Figure 1. mNGS has been utilized to identify the etiology
of various clinical samples, significantly improving the diagnostic rate of pulmonary
fungal infections. Several studies have demonstrated that mNGS is more sensitive
than traditional tests, such as pathology, culture, serological tests, and PCR in fungal
detection. Clinical studies have further confirmed the efficacy of mNGS in diagnos-
ing common fungi and its ability to improve the sensitivity of pathogenic diagnosis
of pneumonia fungi, making it an effective supplement to traditional microbiological
detection methods for fungal infections.

2.2 Sample source for mNGS

Several studies have employed mNGS to detect microorganisms in lung biopsy
specimens, respiratory secretions, and pleural effusions. For instance, mNGS was
performed on formalin-fixed paraffin-embedded (FFPE) lung tissue samples from
patients with granulomatous lesions and unclear diagnoses. Results showed that
mNGS had a detection rate of 87.8% for total fungi and mycobacteria, which was
68.3% higher than histopathology. Moreover, pathogenic bacteria could be identified
at the species level [7]. Other studies utilized mNGS to detect pathogenic microor-
ganisms in computer tomography (CT)-guided lung biopsies of patients with lung
diseases. Results showed that the specificity and positive predictive value of mNGS
for detecting fungi were 100%, which was higher than histopathological methods [8].

Furthermore, the sensitivity of mNGS in detecting pathogenic bacteria and fungi
in respiratory tract samples (such as nasopharyngeal swabs, sputum, and BALF)
from patients with pulmonary infection was higher than traditional methods, such as
respiratory virus culture and PCR analysis [9]. Other studies analyzed the diagnosis
of pulmonary invasive fungal infections (IFIs) using mNGS and found that the fungal
species detected by mNGS in BALF were higher than those detected by standard
culture methods [10].

Some studies also tested patients with pulmonary infection combined with pleural
effusion for mNGS, and the positive rate was higher than that of the culture method.
Candida and Pneumospora were the most common fungal infections detected [11].

Bronchoscopic lung biopsy and BALF samples were also analyzed to investigate
the differences in the detection of mNGS. Results showed that mNGS had a wider
range of pathogen detection than traditional tests, especially for pulmonary fungal
infection. The proportion of fungi detected and identified by mNGS was significantly
higher than that by conventional tests [12]. Moreover, the sensitivity of mNGS in
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diagnosing pulmonary fungal infection was significantly higher than conventional
tests, such as pathology, GM test, and culture. However, there was no difference
in sensitivity and specificity between lung biopsy-mNGS and BALF-mNGS [13].
In other studies, transbronchial lung biopsy (TBLB), BALF, and bronchoalveolar
needle brush (BB) specimens were tested for mNGS to detect suspected pulmonary
infectious diseases. Results showed that the sensitivity of mNGS in detecting fungi
in the three specimens was higher than that of conventional culture, but there was no
difference in the sensitivity of mNGS among different specimen types [14].
According to the above researches, we can conclude that compared to the sensitiv-
ity of mNGS in the lung biopsy specimens, there is no obvious difference in that in
respiratory secretions. Therefore, BALF/BB can be alternative samples in the detec-
tion of mNGS.

2.3 Fungi that can be detected by mNGS

The incidence of pulmonary fungal infections in clinical settings is attributable
to a diverse range of pathogens such as Aspergillus, Mucor, Pneumospora [15],
Cryptococcus, among others. Conversely, Candida is a relatively infrequent cause of
pulmonary infections.

Lung infections associated with other pathogenic fungi such as Histoplasma cap-
sulatum, Talaromyces marneffei, and Exophiala dermatitidis are even less common.
mNGS has shown significant value in identifying rare fungi. It has been reported that
a 27-year-old Chinese male with chronic progressive lung disease was asymptomatic
for over a year until the disease progressed to the epiglottis, causing progressive
pharyngeal pain. Despite negative results from BALF and epiglottic tissue cultures,
as well as epiglottic and pulmonary pathology, mNGS was able to detect Histoplasma
capsulatum in both epiglottic organizations and BALF and determined the cause
after itraconazole treatment was successful [16]. In another case, mNGS successfully
identified Talaromyces marneffei infection in a non-human immunodeficiency virus
(HIV) patient, which is the first reported case in North China [17]. In the third case,
a 52-year-old man with cough, sputum, and hemoptysis showed multiple lesions on
both sides according to chest CT. Although the pathogen could not be identified after
three biopsies, the subsequent mNGS results and therapeutic response confirmed that
the pathogenic pathogen was Exophiala dermatitidis, and the diagnosis was Exophiala
dermatitidis pneumonia [18].

Additionally, pulmonary fungal infections were frequently combined with bacte-
rial infections, and immune deficiency and the presence of pulmonary bulba were
risk factors associated with fungal and bacterial co-infections [19]. Furthermore,
mNGS has been found to be able to distinguish colonization and infection in certain
fungi, the colonization group and infection group of Pneumocystis yersii were dif-
ferentiated by BALF-mNGS, and the fungal load was significantly different between
the two groups [20].

2.4 The clinical application of mNGS in pulmonary aspergillosis
There are limited clinical studies on the diagnosis of pulmonary aspergillosis using
mNGS. Although the studies are mostly limited to case reports, and the number of

cases included are small, the available studies have demonstrated the good diagnostic
performance of mNGS.
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mNGS plays a key role in the diagnosis of pulmonary aspergillosis, either alone or
in combination with other diagnostic methods. See Figure 2 for details.

Patients with Aspergillus that can be detected by mNGS tend to have an incom-
petent immune function. One study reported that five patients’ blood samples
were positive for Aspergillus using mNGS, the five patients had various underlying
diseases, including myelodysplastic syndrome (two cases), acute myeloid leukemia
(two cases), and kidney transplantation (one case), which suggests that mNGS has
guiding value in the diagnosis of IPA in immunocompromised patients [21]. In other
studies, mNGS was used to detect plasma for the diagnosis of Corona Virus Disease
2019 (COVID-19)-associated pulmonary aspergillosis, suggesting that mNGS has
good diagnostic performance for COVID-19-associated pulmonary aspergillosis
when detecting plasma, and is highly specific [22]. Additionally, researchers detected
mNGS in BALF samples and described three cases of IPA (respectively with chronic
obstructive pulmonary diseases (COPD) and asthma history, and one case without
underlying disease). Aspergillus fumigatus gene was found in all mNGS in BALF,
indicating the diagnostic value of mNGS in non-neutropenic IPA patients [23].
Further, a study was conducted to analyze the accuracy of using mNGS to diagnose
IPA in patients with different immune status. The study found that the consistency
rate of IPA diagnosis in immunocompromised patients was significantly higher
(82.1%) than in non-immunocompromised patients (52.9%). Therefore, mNGS
detection combined with pulmonary CT imaging can be used for IPA diagnosis in
patients with immunocompromised function. However, the diagnosis of IPA based on
positive mNGS results in non-immunocompromised patients should be approached
with caution [24].

Additionally, severe pneumonia caused by any type of pathogenic bacteria may be
accompanied by Aspergillus infection. Therefore, some studies have used mNGS for
early secondary infection screening, and secondary Aspergillus infection was found
in a case of severe pneumonia caused by Legionella infection, leading to early precise
treatment [25]. Another retrospective study found that mNGS performed well in the
detection of common pathogens in Aspergillus infection, the most common bacteria
were Klebsiella pneumoniae and Acinetobacter baumannii. Furthermore, 91.7%
of pulmonary aspergillosis patients changed antibacterial therapy based on mNGS

Blood BALF PIeu.raI Tissue
effusion
L 1 L ]
1 : 1
[ Combined with
mMNGS other detection
\ methods J

Diagnosed as pulmonary aspergillosis based on
L clinical comprehensive analysis )

Figure 2.
The value of mNGS in the diagnosis of pulmonary aspergillosis.
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Methods Sensitivity (%) Specificity (%)
Fungal smear 77 100
Culture 30.8 100
Serum(1,3)-p-D-glucan (G) 77.8-829 72.5-739
Galactomannan (GM) 57.7-77.8 90-92.9
PCR 64-86.7 84.2-99
mNGS 42.3-91.7 71.4-100
Table 2.

Comparing the sensitivity and specificity of different diagnostic methods of pulmonary aspergillosis.

results [26]. In summary, compared to other diagnostic methods, mNGS has higher
sensitivity in the diagnosis of pulmonary aspergillosis. Please refer to Table 2 for
details.

mNGS can also be used as a supplement for routine microbial detection. A com-
parison of community-acquired pneumonia (CAP) patients diagnosed with IPA
found that the sensitivity of GM to detect Aspergillus was the highest, followed by
mNGS, culture, and smear. However, the specificity of mNGS, culture, and smear
was 100%. The specificity of GM detection was 92.9% [27]. In patients with neutro-
penic, Aspergillus was detected by pathology and mNGS and diagnosed as IPA [28]. In
patients with normal immune function, Aspergillus fumigatus was identified through
endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) tis-
sue with mNGS. Histological analysis of mediastinal biopsy and tissue fungal culture
also indicated Aspergillus fumigatus infection, confirming the detection of mNGS
[29]. In an infant patient initially suspected of having a lung tumor, mNGS identified
Aspergillus fumigatus in BALF as the causative agent. The patient recovered quickly
and was discharged after receiving appropriate antifungal therapy [30].

2.5 Precautions of mNGS report in the diagnosis of pulmonary aspergillosis

The interpretation of the mNGS report cannot disregard the value of a few or
a dozen Aspergillus readings in the genus. This may occur when the thick cell wall
of fungi makes nucleic acid extraction challenging. Additionally, after antifungal
treatment, the number of fungi may decrease, resulting in low read lengths. In such
cases, the sequenced samples may contain only free nucleic acid fragments that were
lysed after the death of pathogenic bacteria. Moreover, the original pathogen load
in the sample may have been low, leading to a low reading length. Consequently,
some clinical studies fail to reflect the excellent diagnostic value of mNGS. In severe
immune dysfunction patients suspected of pneumonia, the diagnostic accuracy of
BALF’s mNGS and conventional microbiological tests (CMTs) in detecting fungal
infections was much lower. The low sensitivity to IPA was mainly responsible for this
finding [31]. Furthermore, in rheumatic patients with suspected pneumonia and
acute respiratory failure, the sensitivity of BALF sample culture combined with the
GM test was superior to that of the mNGS test in detecting Aspergillus [32].

When low sequence numbers of microorganisms detected by mNGS are difficult
to interpret clinically and cannot be verified by routine laboratory methods for
clinical microorganisms, PCR detection may be used for confirmation. Combining
mNGS with fungal PCR methods [33] can effectively detect fungi in clinical settings
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and reduce the rate of missed diagnoses. A small amount of Aspergillus detected by
BALF-mNGS can be confirmed by BALF-GM and/or Aspergillus-specific IgG anti-
body. While histopathology is an objective criterion for detecting fungus, it cannot
identify the species and should not be considered the ultimate criterion. At present,
the best diagnostic method for pulmonary aspergillosis is a combination of lesion
morphology with culture or sequencing.

If pulmonary fungal infection is detected only by mNGS, it could lead to signifi-
cant confusion in clinical diagnosis. Aspergillus is commonly present in the environ-
ment and can colonize the respiratory tract of healthy individuals. A positive culture
or molecular test does not necessarily indicate an infection, as Aspergillus nucleic
acid sequences have been found in nearly 40% of samples from non-pulmonary
fungal-infected individuals. Consequently, microbial sequences detected by mNGS
may originate from pathogenic microorganisms, normal flora, transient colonization,
sample contamination, or even incorrect database comparison.

3. Other new rapid diagnostic methods for pulmonary aspergillosis

The new rapid diagnostic methods for pulmonary aspergillosis include antigen
and antibody detection, novel molecular markers, and gene detection.

Antigen detection methods mainly include the G test and GM test. The G test detects
(1,3)-p-D-glucan, a specific component in fungal cell wall, as a pan-fungal detection
biomarker. GM is a foreign antigen released by Aspergillus mycelium when invading
host tissue, and it is a specific polysaccharide in cell wall of Aspergillus. The GM test is
used for early Aspergillus infection diagnosis through an enzymatic-linked immunosor-
bent assay. The blood-GM test is relatively simple and easy to operate, but its sensitivity
is low in non-neutropenic patients such as COPD [34]. Additionally, it is affected by
antibacterial drugs [35], intravenous immunoglobulin [36], and multiple myeloma [37].
The BALF-GM test has better diagnostic value than serum-GM test does [34]. European
and American guidelines recommend that non-neutropenic patients choose the
BALF-GM test to improve the detection rate [38, 39]. However, its sensitivity and speci-
ficity of the BALF-GM test depend on the population included in the study, the defined
cut-off point, the detection platform, and the time node, and whether Aspergillus
covering drug therapy is performed. There is no universal diagnostic threshold.

Antibody detection includes IgG and IgE detection. IgG antibody detection is the
most sensitive microbial test for the diagnosis of CPA [40]. The increase of specific
IgE of Aspergillus and total IgE levels can confirm the diagnosis of ABPA.

Furthermore, the level of plasma PTX3 in IPA patients was significantly increased,
which could be used as a novel molecular marker for diagnosis [41]. Additionally,
PCR is a sensitive and rapid gene detection method, but has certain false positive and
high negative predictive value. Studies have confirmed that BALF-PCR detection has
a high diagnostic value in the diagnosis of invasive aspergillosis with immunocompro-
mised function [42].

4, Conclusions

The mNGS technique has considerable diagnostic value in pulmonary aspergil-
losis, however, it should be closely integrated with clinical comprehensive judgment
to achieve accurate diagnosis.
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Aspergilosis: Resistance and Future
Impacts

Amanda Junior Jorge

Abstract

Fungal infections have been increasingly reported in routine, especially oppor-
tunistic ones such as aspergillosis, which represents a serious challenge for health
professionals. The use of itraconazole, for a long time, was effective for a good clinical
response, but factors associated with the advancement of medicine, length of stay,
diagnostic errors, incorrect doses, and wrong choice of antifungal classes favored
the appearance of resistance mechanisms. Thus, new research, together with the
development of new molecules, is being carried out in order to reduce the advance of
resistance, increasing patient survival.

Keywords: Aspergillus, therapeutics, ineffectiveness, antifungal, fungal infection

1. Introduction

Microorganisms of the genus Aspergillus are filamentous fungi, ubiquitous sap-
robes, and possess biological characteristics that allow their survival in temperature
changes and extreme conditions, such as desert areas and polar regions. Its spores
are much more resistant due to the development of thermotolerance, being able to
survive up to 50°C. They have the ability to produce mycotoxins, such as glycotoxin,
which have immunosuppressive activity, and the melanin pigmentation on the surface
of the spores helps protect against UV rays [1].

Airway is the main form of infection (Figure 1), it occurs through inhalation of
spores that are easily dispersed through the air, allowing their distribution over wide
areas, such as open and closed environments, including hospitals. Aspergillus spores
can be inhaled between 100 and 1000/day and reach the lung alveoli because of their
reduced size (about 2-3 pm) [2]. However, they may not cause illness if inhaled by
healthy individuals with competent immune systems. In turn, in immunocompro-
mised individuals [3], the fungus lodges and causes lesions through the synthesis
of enzymes (hemolysins, proteases, and peptidases) and toxins (fumagillin and
gliotoxin) [4].

The proteases of some Aspergillus damage the protective barrier of the respiratory
epithelium, inducing an inflammatory reaction to allow greater penetration of fungal
antigens. They can also stimulate the release of pro-inflammatory cytokines (IL-8)
and growth factors, causing bronchiectasis [4].
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Figure 1.
Infectious cycle of Aspergillus [2].

One of the most severe forms is Invasive Pulmonary Aspergillosis, responsible for
significant morbidity and mortality rates ranging from 80 to 100% in immunodefi-
cient patients, with A. fumigatus being the main etiological agent. Some criteria for
acquiring the disease are chronic obstructive pulmonary disease, asthma, hematologic
malignancies such as acute myeloid leukemia (AML) or acute lymphoblastic leukemia
(ALL), acquired immunodeficiency syndrome (AIDS), recipients of solid organ
transplants and cirrhosis [5]. COPD is the main factor for the occurrence of API in
50% of cases, followed by solid organ transplants, because generally, in these patients,
colonization with Aspergillus is 16.3 in every 1000 hospital admissions [6].

2. Discussion

As medical care has progressed, the number of patients at risk for invasive
aspergillosis has increased. Bacterial treatments, intubation, and advances in
medicine to prevent respiratory failure have also caused aspergillosis to evolve
in a degree of pathogenicity [7]. In addition, the genus Aspergillus is much more
frequent in solid organs; therefore, in transplanted individuals, caution must be
exercised, and this is where we will most often find prophylactic therapy [8]. In
general, to treat Aspergillus-related diseases are used polyenes, azoles, and echino-
candins (Table 1) [9, 10].

The polyenes will bind to the ergosterol of the cytoplasmic membrane of the
fungus, where they will change the permeability of the membrane, forming pores.
These pores will allow the exit of proteins, carbohydrates, and cations, which will end
up causing the death of the fungus, being, for this reason, a fungicidal drug [10].

The azoles represent an important class of chemicals for the management of
fungal diseases in plants, animals, and humans and for the preservation of materials
[11]. They are the first option for the treatment of aspergillosis [12] because of their
azole ring that prevents the growth of fungi [13].

The mechanism of azoles is by blocking the cytochrome P-450-dependent enzyme
lanosterol demethylase, affectin the ergosterol, a component of fungal plasma mem-
branes [14]. Exposure to azoles in A. fumigatus decreases ergosterol levels, changing
the membrane shape and structure, reducing the absorption of nutrients, chitin
synthesis, and fungal growth [15, 16].

118



Aspergilosis: Resistance and Future Impacts
DOI: http://dx.doi.org/10.5772/intechopen.112755

Antifungal class Mechanism of action Biological effect Spectrum of action

Polyenes Target ergosterol and Fungicidal Broad spectrum antifungal in
extract sterols from treatment of invasive fungal
fungal cell membranes infections; resistance is rare

Flucytosine Inhibits DNA and RNA Fungicidal against Almost exclusively used for
synthesis Cryptococcus spp. cryptococcal meningitis, but

resistance is extremely common
so never used in monotherapy

Azoles Inhibit 14-a-lanosterol Mostly fungistatic As a class they display broad
demethylase thereby spectrum against yeasts and
inhibiting ergosterol filamentous fungi, although
synthesis some species display intrinsic

resistance to commonly
used derivatives; secondary
resistance can often develop

during treatment
Echinocandins Target 1,3-p-D-glucan Fungicidal against First line of defense for
synthase, thus preventing Candida spp., but candidiasis and used in
production of cell wall fungistatic against aspergillosis when refractory to
1,3-B-p-glucan Aspergillus spp. other treatments; resistance is
emerging

Table 1.
The main classes of clinically-used antifungal agents for the treatment of invasive fungal infections [9].

Triazole is for long-term treatment, and it is the only anti-Aspergillus that can be
administered orally [17]. For the treatment of noninvasive aspergillosis, itraconazole
is used [18], although voriconazole is the first-line treatment for invasive aspergillosis
[15, 16, 19].

Echinocandins is a new class of antifungal drugs, with the first example, caspo-
fungin, entering clinical use a decade ago [20]. They are lipopeptide compounds
that inhibit the enzyme [21, 22] beta-D-glucan synthase, which produces glucan, the
main building block of fungal cell walls. It is indicated for patients with aspergillosis
unresponsive to or intolerant of other treatments [20].

Regarding agriculture, plants are often attacked by various pathogenic fungi that
cause a variety of diseases, such as leaf spot, blast, downy, etc. The stability of azoles
is an important feature because even with small changes in their chemical composi-
tion, many azoles function for many days in agricultural habitats (soil and water).
The azoles are effective against several fungal plant diseases [23]. Several foods
contain azole residues; therefore, there is evidence that large amounts of antifungal
residues, especially azoles, can remain in the environment [24].

Clinical resistance occurs when the maximum concentration of the drug is no
longer efficient to eliminate the infection [25]. The emergence of the HIV pan-
demic, the increasing inappropriate use of drugs and illicit substances, transplant
surgeries, abusive use of antifungals as prophylaxis for long periods in patients
with immunosuppression, diagnostic failures, prolonged use in plantations, and
factors inherent to the care units; intensive care such as mechanical ventilation,
surgical interventions, total parenteral nutrition and prolonged treatment with
antibiotics are some of the predisposing conditions for increased fungal infections
by Aspergillus [26].
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Increased resistance to azole therapy in patients with Aspergillus infections.

A. fumigatus, which causes about 80% of invasive infections, has the highest resis-
tance to azoles [27]. Infections with resistant Aspergillus strains cause ineffectiveness
of azole antifungals, resulting in high mortality rates. In the United States, in the
1990s, strains resistant to Aspergillus had already been reported [28, 29], and since
then, virtually all European nations have reported cases of azole resistance, including
Germany, Ireland, Italy, Austria, Denmark, France, Sweden, Portugal, Spain, and
Turkey [30, 31]. Studies began to be designed to analyze the resistance of Aspergillus,
mainly A. fumigatus, which one carried out in the United Kingdom concluded that the
resistance to azoles in A. fumigatus increased by 1,77% in 1998-2011 and 2015-2017
[32]. Another multicenter study in Taiwan found a high prevalence rate (4%) for
azole-resistant A. fumigatus [33]. In addition, this study raised significant concerns
about the use of azole antifungal drugs to treat invasive aspergillosis in the future.

Triazoles have been shown to have increased resistance due to an Aspergillus strain
resistant to azoles after prolonged treatment in which mutations occur in the cyp51A
codons [34]. Several mechanisms associated with cyp51A have been identified in
patients on azole therapy [35]. Human-to-human transmission is therefore highly
unlikely, and spread of resistance is very rare.

Soil is known to provide a natural habitat for a number of fungi that can be harm-
ful including Aspergillus, Coccidioides, Histoplasma, and Cryptococcus [36]. Fungicides
used repeatedly over a long period of time can create persistent selection pressure and
lead to the development of resistant Aspergillus species. As a result, the environment
contains Aspergillus species that are resistant to azoles. When susceptible individuals
inhale these conidia, the Aspergillus species become resistant to the triazoles used for
treatment. Several cases of triazole-resistant aspergillosis in humans and animals
without prior triazole treatment have been reported worldwide [37, 38].

The mechanism of mutations induced in the environment in resistant Aspergillus
comes from ergosterol (Figure 2), which is the component in a greater quantity of
the cell membrane of fungi and is essential for the bioregulation of fluidity, asym-
metry, and integrity of the cell membrane [10]. The cytochrome P450 enzyme, also
called sterol-14a-demethylase, converts lanosterol to ergosterol. cyp51A is a gene that
encodes the cytochrome P450 enzyme. The ergosterol biosynthetic pathway is the
general target of azole antifungals. Triazoles prevent the cytochrome P450 enzyme
from playing its role in converting lanosterol in the ergosterol biosynthetic pathway
and cause ergosterol depletion and deleterious lanosterol accumulation [40]. Azole
resistance is caused by mutations in the cyp51A gene that alter the cyp51A gene,
protein structure, and reduce the enzymes’ affinity for azole therapies [40].

Another factor associated with greater difficulty in achieving therapeutic success
against aspergillosis is biofilm formation. Like biofilms on bacteria and yeast, A. fumiga-
tus biofilms provide protection against antifungal and host immune defenses [41, 42].

Biofilms are formed by cells that adhere to abiotic and biotic surfaces and are
surrounded by an extracellular matrix composed of polysaccharides. They act asa
protective layer, aiding adhesion, surface integration, and cell propagation for subse-
quent invasion. This protection becomes less sensitive to treatments with antifungal
drugs and attacks immune cells, making them more difficult to fight [43].

The A. fumigatus biofilm is highly resistant to all current classes of antifungal
drugs, including azoles, echinocandins, and polyenes. The antifungal resistance
associated with the A. fumigatus biofilm is thought to be a consequence of several
interrelated factors, including elevated efflux pump activity, extracellular matrix
production, and altered metabolic states [44].
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Azole resistance mechanisms (a) wild-type fungi in the presence of azole drug unable to make ergosterol. (b)
Mutations in the cyps51A region alter the structural modifications of the enzyme leading to reduce azole affinity.
(c) Insertion of 34 and 46 bases pair in the promoter region along with point mutation in the cyp51A region causes
overexpression of the gene. (d) Overexpression of efflux pump genes causes a reduced intracellular accumulation
of azole drug [39].

When we compare the number of new antimicrobials with bacterial action, it can
be seen that the development of antifungals faces challenges, as fungi present cellular
similarities to the host, both are eukaryotic, and substances that will be toxic to the
pathogen should not cause harm to the patient. Thus, the reduced number of antifun-
gals currently used target structures belonging only to fungi [45].

Future therapeutic options aim to circumvent the existing limitations of cur-
rent antifungal agents, and investigations have been carried out looking for targets
different from those currently on the market, namely at the level of ergosterol,
1,3-B-D-glucan, and DNA. Such new approaches are favorable insofar as the toxicities
and interactions may not be evidenced, as well as the resistances verified with other
antifungal classes. New targets under development must be unique in addition to
allowing cell viability [46].

A new option is the biosynthesis of glycosylphosphatidylinositol (GPI) AX001
(Amplyx Pharmaceuticals, San Diego, CA, USA), which consists of a new agent that,
from the inhibition of inositol acyltransferase, mediated by the conserved fungal
enzyme Gwtl, prevents the maturation of proteins linked to the GPI. Allowing
agents to adhere to mucous membranes and epithelial surfaces, biofilm formation,
and hyphal growth are crucial for colonization/infection. The main advantage of this
molecule is its action only in fungal cells, having no activity in the acylation of human
cells [45].

Its spectrum of action is quite broad, which allows it to act against Candida,
Aspergillus, Fusarium, and Scedosoporium. It has no activity against C. krusei and
Mucorales but has demonstrated iz vivo efficacy against Candida species resistant
to echinocandins and azoles. This molecule is undergoing a phase 1 trial of oral and
intravenous formulations, seeking to assess its safety and tolerability. It has also been
designated an orphan drug and Qualified Infectious Disease Product (QIDP) by the
FDA [47].
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The agent F901318, which is part of the orotomid class, has the ability to inhibit
an oxidoreductase enzyme, dihydroorotate dehydrogenase, which interferes with
the biosynthesis of pyrimidine. The inhibition by olorofim may affect the fungal cell
wall and result in cell lysis. An i vitro study reported that exposure of A. fumigatus
hyphae to olorofim (0.1 ug/mL for 24 h) led to significant reductions in 1,3-p-d-
glucan at the hyphal tips and at the periphery of the mycelium [47].

Siderophores are iron chelators, so they manage to eliminate the available iron in
various organisms such as plants, fungi, and bacteria. It is known that iron is essential
for the viability of microorganisms, and if it is assimilated, it is no longer available for
pathogens, constituting a good strategy. In this way, they manage to eliminate the iron
present in the hosts that the agents may be infecting. VT-2397, formerly designated
ASP2397, is isolated from Acremonium and permits aluminum chelation and was
developed by Vical Pharmaceuticals (San Diego, CA, USA), demonstrating activity
against azole-resistant A. fumigatus [48].

New molecules have also been developed based on the same targets: Azoles, with
the elaboration of two molecules (VT-1161 and VT-1129) that are metalloenzymes
and similar to azoles inhibit 14-a-demethylase, being directed to the treatment of
infections by Candida and cryptococcal meningitis, respectively. What differentiates
them from current azoles is the better selectivity, not binding to human CYP5, due
to the fact that they have a tetrazole fraction in their structure, instead of triazole or
imidazole, present in the agents available on the market [47].

Current echinocandins are only available in IV formulation. The SCY-078 molecule
derived from enfumafungin has the advantage of being available in oral formulation,
showing activity against several species of Candida and species resistant to fluconazole
and in isolates with mutation at the level of the FKS1/FKS2 genes, which confer resis-
tance to echinocandins. It demonstrated a spectrum of action comparable to commercial
echinocandins, with emphasis on C. glabrata where it was eight times more effective.
Recent studies have demonstrated activity against the new species C. auris [47, 48].

The CD101 molecule is also part of the echinocandins and has better solubility and
less toxicity due to a modification at the choline level. It also demonstrates a much
longer half-life and can be administered more widely — activity against Candida and
Aspergillus species [47].

Regarding polyenes, the MAT2203 molecule (Matina BioPharma Holdings, Inc.,
USA) is a version of amphotericin B carried by nanoparticles that allows an oral
formulation. In August 2015, it was approved by the FDA for the treatment of invasive
candidiasis and aspergillosis. In phase 1 trial, it demonstrated a positive safety and
tolerability profile [47].

3. Conclusion

Therefore, it was concluded that drugs for the treatment of fungal infections have
undergone great advances in relation to pharmacodynamic properties, pharmacokinet-
ics, spectrum of action, toxicity, and side effects. However, some factors contributed to
an increase in the resistance profile and reduced therapeutic efficacy, and that is why
researchers are developing new molecules based on the same targets as the available
antifungal agents or new ones to circumvent clinical resistance. It is important to point
out that the destination for antifungal effectiveness will not depend only on the synthesis
of new drugs; it is also necessary to improve diagnoses, consider the benefits and harms
of immunosuppressive therapies, and especially the choice of appropriate antifungal.
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Abstract

Aflatoxin B1 (AFB1) and ochratoxin A (OTA) are potent mycotoxins produced by
the fungal genus Aspergillus. Their occurrence in grain corn is alarming hence the
need for rapid on-site detection. An immuno-based biosensor technique for detection
of the aforementioned toxins is described here. Highly specific in-house polyclonal
antibodies against AFB1 and OTA were employed as bioreceptors in a label-free
electrochemical biosensor; immobilized on modified screen-printed carbon elec-
trodes (SPCEs). The immuno-functionalized SPCEs were first characterized on a
laboratory electrochemical workstation for proof-on-concept study using differential
pulse voltammetry (DPV) electrochemical technique. An Android-based device is
improvised as a portable electrochemical reader integrated with internet of thing
(I0T) features which include cloud server and a dedicated website. Sensitivity
achieved by the modified SPCEs on the portable device is superior compared to
enzyme-linked immunosorbent assay (ELISA) method and lab-based electrochemical
workstation. The miniaturized biosensor system has been successfully tested on
cornfield for in-situ mycotoxins detection with simple sample extraction. Analysis
performed on twenty samples were validated using chromatographic analysis. This
biosensor-IoT system offers a potential application for real-time detection and the
portable reader serves as an excellent tool for point-of-care in routine monitoring of
harmful mycotoxins.

Keywords: aflatoxin B1, ochratoxin A, electrochemical biosensor, immunosensor,
point-of-care, portable electrochemical device
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1. Introduction
1.1 Aspergillus spp. and mycotoxins

Aspergillus is an oligotrophic fungus that can grow in an aerobic environment and
is capable of producing a harmful secondary metabolite known as mycotoxin. In
agriculture, mycotoxins contamination is one of the perturbing global food safety
issues that need to be addressed. Its occurrence is widely spread infecting various
important crops and commodities, [1] both during pre and postharvest conditions,
and forages [2]; besides contaminating food products and animal feed. Among major
crops that are susceptible to mycotoxin contaminations are peanuts, corn, rice, sor-
ghum, chili, millets, and legumes [1]. Of recent, mycotoxins incidence in aquaculture
also have been extensively reported, including fish feed [3, 4]. In food chain, storage
environments such as poor aeration and high humidity are among factors that trigger
and accelerate the growth of fungi, which consequently leads to mycotoxins produc-
tion. Therefore, mycotoxins can exist in the field before harvest, postharvest, or
during processing, storage, and feeding.

Among the most commonly observed mycotoxins that posed concerns to human
health and livestock are aflatoxins, ochratoxin A, fumonisins, zearalenone, and
deoxynivalenol. The harmful impacts of the mycotoxins have long been observed in
both humans and animals [5]. Exposure to even low concentrations of mycotoxins in
long term has been associated with liver diseases such as cancer, hepatitis, and jaun-
dice, and to the extent of being carcinogenic. Aflatoxins and ochratoxins are principal
toxins produced by Aspergillus spp. Human exposure to mycotoxins can happen either
directly or indirectly. Directly, we are susceptible to mycotoxins when obliviously
consuming grains, cereal-based products, or food contaminated with the toxigenic
fungus. Indirectly, on the other hand, mycotoxins can enter human food chain via
compromised animal feed. In terms of economic impact, farmers with contaminated
crops or sick animals will lose their income and agribusiness will be greatly affected
[6]. The prevalent issue of mycotoxins still remains the biggest challenge for animal
feed producers and therefore, regular monitoring of mycotoxins is imperative.

1.1.1 Aflatoxins

The term aflatoxin is derived from the name of its main fungal producer that is
Aflavus. Aflatoxins, also commonly known as a postharvest mold, are listed as potent
mycotoxins. They are mainly produced by Aspergillus flavus and A. parasiticus. Other
aflatoxin-producing species, albeit less frequently encountered, include A. nomius, A.
bombycis, A. pseudotamari, and A. ochraceoroseus. Grains or food products contami-
nated with aflatoxins are not safe to be consumed. These toxins are resilient and stable
against any thermal, physical, and chemical treatments along the feed chain produc-
tion. In farm animals, aflatoxicosis can affect the liver and interrupt the digestive
system. This in turn has a negative impact on livestock production with a reduction in
body weight and feed conversion rate. Aflatoxins can contaminate a variety of live-
stock feeds and cause enormous economic losses, estimated at between US$52.1 and
US$1.68 billion annually for the U.S. corn industry alone [7]. Even more unfortunate,
aflatoxin in the animal’s body system can be carried to eggs, meat, milk, and organ
tissues. Indirect consumption of aflatoxins through food by humans can also cause
toxin poisoning such as imperfect growth, weakened immune system, and liver dam-
age, and have the potential to cause cancer and death.
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There are more than 20 types of aflatoxins, but the four main types are aflatoxin B1
(AFB1), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), and aflatoxin G2 (AFG2). The
terms B1, B2, G1, and G2 are addressed based on their fluorescence under ultraviolet
light where B denotes blue and G denotes green color. Both AFB1 and AFB2 are
produced by A. flavus while AFB1, AFB2, AFG1, and AFG2 are produced by A.
pavasiticus isolates. Meanwhile, aflatoxin M1 (AFM1) and aflatoxin M2 (AFM2) are
hydroxylated metabolites of AFB1 and AFB2, respectively (Figure 1). Among all these
types of aflatoxin, AFB1 has been classified as a class 1 human carcinogen by the
International Agency for Research on Cancer [8]. The order of toxicity of aflatoxin is
as follows: AFB1 > AFG1 > AFB2 > AFG2 [9]. Aflatoxins have been reportedly found
in peanuts, cattle feed, liquid milk, cashew nuts [5], and also grain corn [10].

1.1.2 Ochratoxin

There are three classes of ochratoxins, namely ochratoxin A (OTA), ochratoxin B
(OTB), and ochratoxin C (OTC) (Figure 2). They are produced by Aspergillus and

OCH; OCH,

Aflatoxin B1 Aflatoxin B2

OCHs OCHs

Aflatoxin G1 Aflatoxin G2

OCH OCHs
Aflatoxin M1 Aflatoxin M2

Figure 1.
Chemical structures of the main aflatoxins.
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Figure 2.
Chemical structures of the ochratoxins.

Penicillium species, mainly A. ochraceus, A. carbonarius, A. niger, and P. verrucosum.
Among these, OTA is considered the most abundant and harmful mycotoxin. OTA has
been shown to be a potent nephrotoxic, hepatotoxic, and teratogenic compound. OTA
has also been categorized as group 2B carcinogen for humans by the International
Agency for Research on Cancer [8]. The intake of feed contaminated with OTA affects
animal health and productivity and may result in the presence of OTA in the animal
products. In acute cases, death may occur due to acute renal failure hence this toxin is
regarded as nephrotoxic [11].

Ochratoxin commonly occurs in agricultural commodities, especially cereals this is
corn and various foods such as cereal-based, wine, tea, coffee, cocoa, herbs, milk and
milk products, poultry, fish, pork and eggs, fruits and vegetables, beans, dried prod-
ucts, infant foods as well as for poultry and other animal feeds. OTA is mostly found
in the cereal grains such as maize, barley, oats, wheat, rye, etc. In a recent study, the
abundance of ochratoxin A in grain corn is increasing in subregion of Asia in the
second quarter of 2021 [10].

2. Mycotoxins and their detections
2.1 Current state detection for mycotoxins

Hitherto, instrumentation methods such as high-performance liquid chromatogra-
phy (HPLC), liquid chromatography-mass spectrometry (LC-MS), and gas spectrom-
etry (GC) are regarded as gold standard for food contaminants analysis, including
mycotoxins. The chromatography system is usually coupled with detectors such as
fluorescence, ultraviolet-visible, or mass spectrometry. Even though these techniques
are sensitive, they require extensive sample extraction, trained personnel, and labori-
ous. Antibody-based assay or immunoassays method for aflatoxins and ochratoxins
detection include enzyme-linked immunosorbent assay (ELISA), chemiluminescent
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immunoassay (CLIA), fluorescence immunoassay (FIA), and lateral flow
immunochromatographic assays (LFIA) [12]. Commercial ELISA kits also are widely
available in the market for mycotoxins detection. However similar to chromatography
analysis, ELISA method is still laboratory-bounded and requires a spectrophotometer
to give accurate quantitative readings. Moreover, as ELISA is an optical-based tech-
nique, it is susceptible to light interference and hence is not suitable for on-site
detection. LFIA strips also are being sought in the market as their analysis is straight-
forward, economical, and does not require skilled personnel. Nevertheless, the analy-
sis is qualitative and only semiquantitative [13].

Besides immuno-based methods, spectrometric and spectroscopy techniques are
also deemed sensitive for the detection of mycotoxin in food products. Near-infrared
hyperspectral imaging has been successfully applied for the detection of fungal infec-
tion and OTA contamination in stored wheat and barley [14, 15]. Image processing
techniques developed from machine learning is also gaining attention due to their
nondestructive application for mycotoxins monitoring. Such has been applied for
AFB1 in grains and feed commodities [16-19]. Machine learning methods, however,
have limitations in terms of data volume, noises from the sensor, and calibration
errors, besides being unable to ascertain types of mycotoxins produced.

Although tolerable limits for mycotoxins have been established, most contamina-
tion still exceeds maximum thresholds and hence continues to pose considerable risk
to public health. As highlighted above, most of the reliable detections are lab-based
and time-consuming. With this regard, when one requires immediate screening and
on-site detection of mycotoxins, there is no readily available method. To address this,
we have developed an immuno-based electrochemical biosensor for quantitative
detection of Aspergillus spp. mycotoxins, namely AFB1 and OTA. Although the finding
reported here is applied to grain corn (Zea mays L.), this developed biosensor platform
can ultimately be applied to other food commodities.

2.2 Biosensor approach for mycotoxins detection

The first biosensor concept was introduced in 1962 based on an enzyme electrode
for glucose sensing [20]. Ever since that, biosensor field has been receiving plethora of
publications and vast applications in medicine [21-23], food safety [24, 25], agricul-
ture [26-28], and environment [29]. By consensus, biosensor is defined as “an analyt-
ical device, which exploits a biological detection or recognition system for a target molecule
or macromolecule, in conjunction with a physicochemical transducer, which converts the
biological recognition event into a useable output signal” [30]. A biosensor system com-
prised of three essential components (Figure 3):

i. Detector—recognizes the biological element of interest (DNA, antibody,
enzymes, cells, bacteria, etc.).

ii. Transducer—converts the biological element recognition to a readable signal.
iii. Output system—involves amplification and display of the signal.

Among the transducer mechanisms, electrochemical method is favorable in com-
parison to optical and mechanical. While optical biosensor is susceptible to light
interference, electrochemical biosensor offers feasible application with simple sample
extraction, rapid detection (within a few minutes), and point-of-care measurement.
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Figure 3.
Schematic diagram of biosensor comprising three components: Detector, transducer, and output system. Taken from

ref. [31].

Main electrochemical sensing methodologies are voltammetry, potentiometry,
impedimetric, conductometry, and amperometry. The recognition of biological ele-
ments (aptamer, enzyme, cell, antibody) with their targeted analytes by means of
electrochemical measurement has been proven to provide reliability in numerous food
contaminants detection, including mycotoxins in food and feed commodities [32-34].
Biosensors-based detection techniques have immense potential for mycotoxins detec-
tion in both research and industry as they are portable, simple, robust, sensitive, and
cost-effective [35]. Of recent, aptamer, regarded as synthetic version of the antibody,
also has been utilized in mycotoxin detection [36].

3. Strategies for advancing mycotoxins immunosensor

A miniaturized biosensor system with electrochemical tools and an integrated
portable device for the detection of AFB1 and OTA mycotoxins is described in this
study. The biosensor development employs in-house polyclonal antibody hence the
term immunosensor. Research activities involved in mycotoxin immunosensor devel-
opment are summarized in Figure 4 as follows. In the first step, the antibody pro-
duction is raised in rabbits as the animal host. After antibody purification and
characterization, the antibody will be immobilized on screen-printed carbon elec-
trodes (SPCEs), also addressed as sensor strips, for biosensing application. The
immuno-functionalized SPCEs will be first optimized and tested on an electrochemi-
cal workstation for its proof-of-concept study. The strips are then attached to a
handheld portable device integrated with I-of-Things (IoT) as point-of-care for rapid
and real-time iz situ analysis.

3.1 Components in biosensor integrated internet-of-things (IoT)

The integrated portable biosensor system for AFB1 and OTA detection with IoT
system consisted of three main components (Figure 5): (i) an immuno-functionalized
screen-printed carbon electrode (SPCE); (ii) a handheld electrochemical device with
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Figure 4.
Workflow for research activities involved in the development of immunosensor for mycotoxins detection.
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Figure 5.
Three main components of biosensor-IoT system. Inset: A modified SPCE with polyaniline (PANi) and gold
nanoparticle (AuNP) for antibody immobilization.

electrochemical software; and (iii) a dedicated web server. The main part of the
biosensor lies in the modified SPCEs. A plastic-based SPCE with single strip dimension
of 1.3 cm (width) x 4 cm (length) is used in this study. The SPCEs have three carbon-
based electrode channels: reference electrode (RE), working electrode (WE), and
counter electrode (CE). WE is placed in the middle with a 4-mm circular well. The
SPCE:s are first modified with a conducting electroactive polymer (i.e. polyaniline,
PANi) and nanogold (AuNP) network for antibody immobilization. The binding
between the immobilized antibody and the targeted mycotoxin in samples will take
place on the SPCE’s WE surface.

Second component of the system is an improvised Android-based device with an
electrochemical software and an electrode’s scanner port as portable electrochemical
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reader. To perform the analysis, the SPCE is first inserted into the reader’s port. The
signal generated from antibody immobilized on the SPCE and its targeted mycotoxins
is measured by the scanner on the electrochemical device via differential pulse
voltammetry (DPV) technique. The quantified results in terms of toxin concentration
(i.e. parts per billion, ppb) are displayed on the device’s screen. This handheld device
has built-in mobile app equipped with global positioning system (GPS) function,
which allows sampling locations to be recorded. The third component, the web server,
allows authorization and electrochemical settings of the portable device by registered
personnel. As the portable reader is integrated with 10T, the server will collect all the
field test data to allow users to perform further analysis such as location-mapping as
well as trend-mapping. The system can also be set to prompt alerts to mobile phones if
the test data exceeds certain preset limits to indicate immediate actions are required.

4. Development of electrochemical immunosensor for mycotoxins
detection

4.1 Antibody as bioreceptor

Despite choices of aptamers and antibody as bioreceptors in mycotoxin biosensor,
antibody still remains the most useful tool for identifying contaminants as the analysis
can be performed on-site [6]. The production of in-house polyclonal antibody against
AFB1 and OTA for mycotoxins immunosensor is described here. In biosensor devel-
opment, polyclonal antibody is preferred over monoclonal antibody due to its multi-
ple epitopes availability that can recognize its target analytes, hence signals generated
are higher compared to those of monoclonal.

4.1.1 Production of polyclonal antibody against mycotoxins

Polyclonal antibodies against AFB1 and OTA were produced in-house at Biotech-
nology & Nanotechnology Research Centre, Malaysian Agricultural Research and
Development Institute (MARDI). Antibody immunization against AFB1 and OTA was
performed in four New Zealand rabbits (Oryctolagus cuniculus) with two replicates of
rabbits for each toxin, denoted as A1 and A2 for AFB1, O1 and O2 for OTA. Animals
protocol was reviewed and has been approved by the Animal Ethics Committee of
MARDI (reference number 20190215/R/MAEC00045). For optimum antibody pro-
duction and performance, immunization procedures were carried out adhering to the
recommended guidelines [37].

Prior to immunization, blood was first taken and this preimmune batch is
accounted as control study. Mycotoxins which have total molecular weight of
>500 Da do not have immunogenicity property, hence as immunogen, they need to be
coupled with a hapten in order to elicit immunity response in rabbits. Primary injec-
tion solution was prepared by homogenously mixing mycotoxins conjugated protein
carrier with complete Freund’s adjuvant (CFA) at 1:1 mixture. For subsequent immu-
nogen, secondary injection solution was prepared by substituting CFA with incom-
plete Freund’s Adjuvant (IFA). In total, eight immunization shots were performed and
blood was collected until the fifth bleed within a duration of 5 months. Blood samples
collected were purified with ammonium sulfate precipitation followed by nProtein A
affinity column in order to obtain pure anti-AFB1 and anti-OTA IgG antibodies.
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4.1.2 Characterigations of polyclonal antibody

Following antibody production and purification, the IgG needs to be further char-
acterized to determine its performance, sensitivity, and selectivity. First, antibody
titer is performed using indirect ELISA. The microtiters plates were coated with
respective mycotoxins conjugated protein as the antigens. The performance of anti-
bodies is evaluated by reducing the antibodies into several dilutions followed by
optical measurement that is absorbance value. The purpose of titer is to determine
which bleed of antibodies produced the best and most reliable result with the lowest
dilution. These antibodies will then be used for further sensor development, thus, this
step is exceptionally important. In general, a higher antibody titer indicates a better
quality of fractionated antibody.

In both antibodies against AFB1 and OTA, preimmune antibodies that were used as
control study showed no significant binding with the coated antigens (Figures 6 and
7), indicating the successful production of the intended antibodies. From Figure 6,
antibodies against AFB1 from third bleed onwards showed higher absorbance com-
pared to the preimmune and the first two bleeds. The absorbance values recorded for
both Al and A2 rabbits exhibited similar range, indicating the reliability of the poly-
clonal antibody production in different hosts.

For antibodies against OTA, the absorbance of all bleeds (except preimmune)
showed similar pattern until 10~ dilution before absorbance reading gradually
decreases upon further dilution (Figure 7). Antibodies from second bleed onwards
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Figure 6.

Antibody titer for anti-AFB1 antibody produced from two different rabbits, A1 and A2.
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Antibody titer for anti-OTA antibody produced from two diffevent vabbits, O1 and Oz2.
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showed the most prominent response compared to the first and preimmune bleed.
Antibodies from third bleed exhibited the lowest concentration for antigen detection
at 10 ° antibody dilution.

The amount of total protein in each antibody batch is then quantified by protein
assay. Bicinchoninic acid or BCA protein assay is usually employed to determine the
concentration of protein in the developed antibody. Bovine serum albumin (BSA) is
used as the reference standard for antibody against mycotoxins assay. Figure 8
displayed the concentration of antibody protein collected from different rabbits for
anti-AFB1 and anti-OTA antibodies. The calculated concentration is based on BSA
standard curve. Overall, the concentration was relatively low before introduction of
mycotoxin into the rabbits’ immune system. The protein concentration gradually
increased as the rabbits built protective immune barrier against the mycotoxins after
several injections. Some rabbits maintained the amount of antibodies in their bodies
and some rabbits showed low tolerance of mycotoxins after four injections.

4.1.3 Cross-reaction studies

The purified IgGs are then subjected to cross-reaction study in assessing their
specificity and sensitivity. The percentage of cross-reaction (CR) is obtained based on
Eq. (1) while half-maximal inhibitory concentration (ICso) values for linear response
are calculated from Eq. (2). ICsg is one of the simplest and most accurate techniques to
determine the performance of antibody toward specific target analyte in an assay. In
this study, ICs, represents the 50% response of a series of mycotoxin concentrations
(0-10 ppb) and corresponding electrochemical currents in a linear correlation, thus
expressed in Eq. (2).
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Figure 8.
Protein concentration found in antibodies against AFB1 (left) and OTA (right) for two rabbits.
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The specificity of the anti-AFB1 polyclonal antibody produced was tested against
other types of aflatoxins (i.e. AFB2, AFG1, and AFG2) and also other mycotoxins
(ochratoxin A, ochratoxin B, fumonisin B1, fumonisin B2, and fumonisin B3). The
anti-AFB1 antibody was found specific to AFB1, as indicated by the cross-reactivity
studies shown in Figure 9. AFG1 showed cross-reaction with the antibody at 71%
relative to AFB1 while AFB2 was at 65%. The cross-reaction study for AFG2 showed
low cross-reactivity of less than 30%. The cross-reactivity order found was in the
order of AFB1 > AFG1 > AFB2 > AFG2, corresponding with the order of toxicity
reported [9, 38]. Meanwhile, when tested against other mycotoxins, anti-AFB1 anti-
body exhibited no cross-reaction with ochratoxins A and B, and fumonisins B1, B2,
and B3. Overall, the in-house polyclonal antibody produced is highly sensitive toward
AFB1, displaying high reactivity toward same group compounds and minimal cross-
reactivity toward different group compounds. Similarly, anti-OTA antibody produced
displayed nonsignificant cross-reactivity toward all groups of mycotoxins (Figure 9).
The performance of OTA antibody in competitive assay was highly selective toward
its respective target analyte.

4.2 Modified SPCEs for mycotoxins detection

Screen-printed electrodes (SPEs) fabricated by means of thick film deposition lend
themselves well in biosensor construction. The miniaturization of three-cell electrodes
integrated in one chip offers an economical, straightforward analysis and practicality
that suit on-site analysis application [39]. The incorporation of nanomaterials and
conducting polymers on the SPE’s surface has successfully enhanced the sensitivity of
the detection system [40, 41]. Here, the working electrode (WE) area on the SPCE
was first modified by drop-casting a mixture of PANi and AuNP for antibody immo-
bilization.

The combination of PANi and AuNP network was found to provide numerous
binding sites for biomolecules and enhance current signals due to the Au nano-size
and the properties of the conducting polymer, respectively. Antibody concentration of
0.1 mg/mL, which showed the most optimum electrochemical response toward the
target analyte, was immobilized on the carbon WE surface (Figure 10a). The
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Figure 9.

Specificity study of anti-AFB1 antibody (left) and anti-OTA antibody (right) with their targeted mycotoxins and
other mycotoxins groups. The percentage of cross-reaction was calculated based on ICj, readings.
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(a) Working electrode (WE) of SPCE surface modification for antibody immobilization; and (b) differential
pulse voltammetry (DPV measurement) for label-free approach for mycotoxin immunosensor.

electrochemical characterization from the SPCE modification has been detailed else-
where [42]. The label-free electrochemical biosensor approach by means of DPV
measurement (Figure 10b) was carried out by applying a redox solution of 5 mM
ferricyanide/ferrocyanide in 0.1 M KCl on the SPCEs.

4.3 Sensor optimizations and standard curves development

Processed and nonprocessed grain corns can produce harmful mycotoxins along
the production chain which can lead to serious health issues for livestock and human.
In grain corn, Aspergillus species are the main producers of mycotoxins in maize,
infecting both preharvest and during storage. Standard curves for AFB1 and OTA
have been developed in grain corn as sample matrix model (Figure 11). The electro-
chemical measurement was carried out in undiluted and interference-free sample
matrix on an electrochemical workstation. Peak current from voltammogram for each
concentration was selected as the corresponding antibody-antigen response from
electrochemical process and plotted on the graph. Overall, both AFB1 and OTA

displayed a good linear correlation (R2) of 0.971 and 0.9685, respectively, in a broad
working range of 0-10 ppb.
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Linear response from electrochemical workstation for a series of AFB1 (left) and OTA (right) concentrations with
current reading in grain corn matrix.
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Figure 12.
Stability study of sensor strips with immobilized antibody against mycotoxin for a duration of 48 weeks stored in
different temperatuves (RT and 4°C).

4.4 Storage stability of the modified SPCEs

The stability of modified SPCEs with immobilized anti-AFB1 and anti-OTA anti-
bodies was evaluated for the duration of 48 consecutive weeks. The sensor strips were
stored without the presence of buffer at two storage temperatures: 4°C and room
temperature (RT). This study is important to study the shelf-life of the functionalized
strip in producing optimum results for long-term application. From Figure 12, it was
found that storage in chilled environment showed higher antibody stability (90%)
compared to ambient surroundings. The performance of the SPCEs started to decline
below 90% stability after 14 weeks at 4°C and at the end of 48 weeks, the performance
is still acceptable at 85% stability.

5. Electrochemical portable device as point-of-care

Portable electrochemical devices have a great potential as excellent tools for point-
of-care testing technology. Detection of hazardous contaminants by means of portable
electrochemical devices is a strategic approach for an efficient and rapid detection.
With the complement of miniatured electrochemical cells, analysis can be conve-
niently performed on-site by nontechnical personnel. To facilitate on-site application
and real-time detection of mycotoxins, a series of portable biosensor readers have
been fabricated [39, 43, 44]. However, these readers, and even some commercially
available handheld potentiostats, do not have latest features, particularly Internet-of-
Things (IoT) integration. Recent trend in linking the portable device with IoT and
cloud data storage has been made possible with the advancement of Fourth Industrial
Revolution (IR 4.0).
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In this study, an Android device is improvised as a universal portable electro-
chemical reader. A single unit of the portable reader is encased in a plastic box with
dimensions of 16.8 cm (long) x 8.5 cm (wide) x 3.4 cm (height), powered by
rechargeable lithium battery using USB cable through charger port. The reader which
has a slot for SPCE attachment port consists of two main parts; an electrochemical
transducer represented by a printed circuit board that converts signal from biology
interactions reactions into readable and analyzable data; and a touch-screen Android-
based device with developed electrochemical software application (Figure 13). In
conventional electrochemical instrument, this unit is represented by a potentiostat. A
Global Positioning System (GPS) tracking app is incorporated into the portable
device, which allows users to pinpoint the real-time location of the field analysis
performed. The handheld device has sufficient memory size of up to 32GB that can
store over 100,000 measurements.

5.1 Interface for electrochemical portable reader and web server

The device interface is designed to be user-friendly, with the aim to allow users
with minimal training to perform the testing themselves in the field. Authorized users
will first need to log into the system before starting the measurement. This touch-
screen device features drop-down menu, which is deemed convenient and practical
for users’ applications. To perform the testing, the user will need to insert the biosen-
sor strip into the SPCE port on the reader, select the type of analyte (mycotoxins) to
be tested, and press ‘SCAN’ to start the testing process. The interface for the Android-
based device is shown in Figure 14. Once the scan is completed, the result is displayed
on the device as concentration in ppb unit. The data then will be saved into the device,
followed by the real-time transmission of the data together with GPS location and
date/time to a central cloud server. The brightness of the screen can be adjusted; this
feature is particularly important if the device is being used outdoor on the field. After

16.8 cm

8.5cm

Figure 13.
An android-based portable electrochemical reader unit (16.8 x 8.5 x 3.4 cm) comprised of (a) electrochemical
transducer and (b) touch-screen android-based device with developed electrochemical software.
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Figure 14.
Screen interface for portable veader application. User can select ‘scan’ to begin the analysis or ‘results’to view the
analyzed results. Results are displayed in form of graphs and readily calculated in concentrations (ppb).

a successful log-in, personnel can start a measurement, review results, or change the
device setting.

All analyzed results on the portable readers will be stored on the cloud server with
their data log details and pinned sample location. Figure 15 displayed the web page for
IoT server that acts as authorization, electrochemical setting, and data storage plat-
form. The website can be accessed at http://mardisense.mardi.gov.my. Complete
functions of each component were described in other publications [45].

5.2 Performance of portable reader as biosensing device
5.2.1 Sensor optimization on portable reader

Antibody concentration for both AFB1 and OTA was optimized at 0.1 mg/mL and
was applied for cross-reaction study using a DPV measurement. The selectivity of
immobilized in-house polyclonal antibody on the SPCEs was examined through cross-
reactivity within the same toxins groups and other mycotoxins groups. As shown in
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Figure 15.
Login interface of MARDIsense website (left); and page displaying details of the analyzed data logs (right).
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Figure 16, the immuno-modified SPCEs were highly selective toward AFB1 and OTA,
and demonstrated no cross-reaction with other mycotoxins. The cross-reactivity
shown is less than 40%, hence the developed biosensor is still significantly sensitive
and selective toward targeted toxins.

5.2.2 Sensitivity in sample matvix

The performance of developed sensor on the portable device was evaluated in
undiluted and interference-free grain corn matrix. Standard curves for AFB1 and OTA
are plotted as shown in Figure 17. Both AFB1 and OTA displayed an excellent linear
correlation (R?) of 0.9987 and 0.9836, respectively in a broad working range of 0-10 ppb.
These indicate that the strategies of using the modified SPCEs on the portable reader are a
success without compromising the sensitivity and accuracy of the biosensor system.

A recovery study was conducted for both AFB1 and OTA using spiked grain corn
sample. This experiment is vital to evaluate the capability of the developed sensor to
determine the presence of target analyte in sample. Prior to recovery study, the grain
corns were first sterilized in 30% sodium hypochlorite (v/v) and autoclaved in ensuring
a clean reference material for the spiking study. At concentrations of 10 ppb spiked
mycotoxins, the recovery was found to be in the acceptable range of 89-96% (Table 1).
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Specificity study of the SPCEs with immobilized antibody with AFB1, OTA, and other mycotoxins at 6 ppb
concentration.
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Linear response from the portable device for a series of AFB1 (left) and OTA (right) concentrations with current
reading in grain corn matrix.
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5.2.3 Development of immunosensing methods for mycotoxin determination in sample
matrix

The sensitivity of AFB1 and OTA detections in grain corn samples on the
portable device is studied and compared with electrochemical measurements on a
laboratory potentiostat workstation and an immunoassay technique that is
enzyme-linked immunosorbent assay (ELISA). For the latter, a direct competitive
ELISA was applied and the antibody-antigen response was recorded from the absor-
bance reading. All of the three detection means described here employed the in-house
polyclonal antibodies against AFB1 and OTA as their bioreceptors. The laboratory
potentiostat was utilized for laboratory testing while the portable device was
intended for on-field testing. Standard curves for different AFB1 and OTA concen-
trations were developed, and parameters from the standard curves were compared,
namely correlation coefficient (R?), limit of detection (LOD), and limit of quantita-
tion (LOQ) values.

From Table 2, all immune-based methods exhibited high R* values in broad
working range of 0-10 ppb except for ELISA for OTA, which has a working range
between 0 and 50 ppb. Electrochemical sensing method, both on the electrochemical
workstation and the IoT-portable reader, displayed good correlation values, which are
comparable with those of ELISA method for AFB1 and OTA. The other important
parameter of determining the sensitivity of a developed method is the limit of LOD
and LOQ values. LOD value represents the lowest concentration of an analyte that can
be detected using an instrument. Lower LOD value implied higher sensitivity of an
instrument, thus proving the better performance in detecting the target analyte. The

Spiked (ppb) Found (ppb) Recovery (%)
AFB1 10 8.86 89
OTA 10 9.60 96

Table 1.
Recovery study of 10 ppb AFB1 and OTA in spiked grain corn on portable-IoT device.

Mycotoxins/Parameters AFB1 OTA
ELISA R? 0.9756 (0-10 ppb)  0.9903 (0-50 ppb)
LOD 1.90 ppb 2.70 ppb
LOQ 5.77 ppb 8.10 ppb
Electrochemical workstation R? 0.971 (0-10 ppb) 0.9685 (0-10 ppb)
LOD 2.54 ppb 3.31 ppb
LOQ 7.68 ppb 10.03 ppb
IoT-Portable reader R’ 0.9987 (0-10 ppb)  0.9836 (0-10 ppb)
LOD 0.84 ppb 1.72 ppb
LOQ 2.55 ppb 5.22 ppb

Table 2.
Comparison of the performance for immuno-based detection methods for AFB1 and OTA in grain corn matrix.
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MRL for both AFB1 and OTA in feed is 5 ppb and the calculated LOD values for both
mycotoxins were much lower than the MRL for all immuno-based methods. In par-
ticular, the developed portable device recorded the lowest LOD and LOQ values of all
for both AFB1 and OTA, signifying that the device was applicable for mycotoxins on-
site testing.

5.3 On-field application of portable reader

In-situ determination of AFB1 was conducted at a cornfield in Perlis, northern
region state of Malaysia (GPS coordinate 6.59835, 100.283) in March (pre-harvest
season) and April 2022 (harvest season). Preharvest testing was carried out on
90-day-old grain corn for primary detection of AFB1 while harvest testing was carried
out on 117-day-old grain corn. Samples (grain corn cob) were taken from five sam-
pling plots, extracted using a simple sample extraction, and measured on-field
(Figure 18). All samples showed detected AB1 concentration below the permitted
level, which is 5 ppb [45].

5.4 Validation study with instrumentation method

Besides samples in Perlis, the developed biosensor system with the portable device
was also tested on several other grain corn samples from Bachok and Seberang Perai,
and used for AFB1 monitoring in stored grain corn with different packaging materials.
A total of twenty-grain corn samples were analyzed with the portable reader and
validated with HPLC-FL post-column method and UPLC-FLR. Correlation between
the analyzed data and the instrumentation is tabulated in Table 3. LOD for the
electrochemical portable reader sensor is 0.84 ppb while LOD for HPLC is 2.5 ppb.
Data for HPLC method is presented by LOD reading, and it is indicative of either
the AFB1 is not detected by the system or AFB1 concentration is below 2.5 ppb.

= - - A 10 pL filtrate is dropped on modified SPCEs
Approximately 1g of grain samples are grind, attached to a portable reader. A 100 pL of redox
mixed with S mL acetonitrile (viv 80%) and filtered solutionis dropped on the SPCE for DPV

measurement. Resultis displayed on the screen.

Figure 18.
On-site application for AFB1 detection in grain covn using the modified SPCEs and portable reader.
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*Portable device PHPLC
Sample 1 0.96 <LOD
Sample 2 ‘n.d. <LOD
Sample 3 n.d. <LOD
Sample 4 n.d. <LOD
Sample 5 n.d. <LOD
Sample 6 n.d. <LOD
Sample 7 n.d. <LOD
Sample 8 125 <LOD
Sample 9 n.d. <LOD
Sample 10 1.51 <LOD
Sample 11 1.25 <LOD
Sample 12 2.34 <LOD
Sample 13 3.42 <LOD
Sample 14 n.d. <LOD
Sample 15 4.32 2.85
Sample 16 3.44 <LOD

Portable device 4UPLC-FLR

Sample 17 n.d. n.d.
Sample 18 n.d. n.d.
Sample 19 <LOD n.d.
Sample 20 213 n.d.

“LOD electrochemical portable device = 0.84 ppb."LOD HPLC = 2.5 ppb.‘n.d. = not detected.*LOQ UPLC-FLR = 1 ppb.

Table 3.
Detection of AFBI in grain corn sample on the portable reader and its validation study using instrumentation
methods (HPLC and UPLC-FLR).

Of the 20 samples, ten samples were not contaminated by AFB1 as determined by the
portable reader. Nine samples were detected with low AFB1 concentrations lower
than the MRL permitted (5 ppb). Sample 15 recorded 4.42 ppb of AFB1 and was
confirmed by the HPLC with 2.85 ppb. The discrepancies detection for validation with
the UPLC-FLR method could be attributed to different sampling batches and duration
of time for both experiments conducted, which affect the moisture content in the
samples.

In general, the strategies of biosensor miniaturization for point-of-care using the
modified SPCEs on the portable reader are successful without compromising the
sensitivity and accuracy of the biosensor system. The portable reader offers a
straightforward and direct application of AFB1 and OTA detection in grain corn with
simple sample extraction as opposed to conventional methods. Furthermore, biosen-
sor with portable reader allows the test to be performed rapidly on-site without the
need to bring back the samples to the laboratory where the transportation and logistics
factors may also contribute to the discrepancies in the analyzed results. The portable
reader and miniaturized biosensor system described here can be used for mobile lab
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applications. Although the studies presented here highlighted mainly grain corn,
nevertheless the application of this developed system can be widened to other food
commodities, particularly peanuts and rice for AFB1; and grains and coffee for OTA,
to name a few. Moving forward, another point to be considered is the development of
multi-mycotoxins detection on a dual or multiple working electrode [46].

6. Conclusions

A portable electrochemical device integrated with IoT system has been successfully
designed for rapid and in-situ detection of Aspergillus spp. mycotoxins. Polyclonal
antibody against AFB1 and OTA that were produced and purified in-house showed
excellent sensitivity and selectivity toward the targeted mycotoxins. The antibodies
are then further utilized and immobilized on modified SPCEs for the development of
immunosensor system for mycotoxins detection. Using grain corn as matrix sample
model, electrochemical measurements achieved by DPV for AFB1 and OTA standard
curves development on the portable IoT device are superior to the ELISA method and
laboratory electrochemical workstation. Good linearity was obtained in working range
of 0-10 ppb (MRL 5 ppb) with excellent LOD and LOQ values. In-situ analysis of AB1
has been successfully conducted at a local cornfield in Perlis, northern Malaysia, using
the portable device integrated with IoT as point-of-care tool. Analysis of 20 samples
with the portable reader correlated well with HPLC and UPLC-FLR methods. In
general, biosensors posed major advantages over the conventional method for myco-
toxins detection in terms of assay duration, detection limit, and portability. With IoT
integration and web server that can store data logs and pinpoint sampling locations,
the portable device posed an excellent tool for mycotoxins routine monitoring in near
future.
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The Menace of Aflatoxin:
Understanding the Effects of
Contamination by Aspergillus
Species on Crops and Human Health
and Advancements in Managing
These Toxic Metabolites
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Abstract

Food security and safety are essential global issues that require collaboration from
governments, private industry, and individuals to ensure there is enough safe and
nutritious food to meet the needs of a growing population. The three main elements
impacting food security and safety are the availability of food, access to safe food, and
the utilization of food for a healthy life. Aflatoxins, harmful mycotoxins produced
by certain fungi, damage a significant proportion of the world’s food supply, which
is a factor in food insecurity. Effective strategies to prevent and manage aflatoxin
contamination in crops include promoting sustainable and diversified agricultural
practices, improving crop management, post-harvest handling and storage, and strict
regulation and monitoring of food quality and safety. To date, there have been 20 dif-
ferent types of aflatoxins identified, with By, By, Gy, and G, being the most prevalent
and dangerous. To mitigate the impact of aflatoxins, it is important to understand the
mechanisms of contamination, the impact of aflatoxins, and the management strate-
gies that can be employed to reduce contamination. An updated review on aflatoxin
contamination, its impact and management strategies can provide valuable informa-
tion for researchers, policymakers, and food safety professionals.

Keywords: food safety, aflatoxins, aflatoxin contamination, Aspergillus spp.,
toxic metabolites
1. Introduction

Food security and safety are indeed global issues that are becoming increasingly
important as the world’s population continues to grow. Food security refers to the
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ability of individuals and communities to access sufficient, safe, and nutritious food
to meet their dietary needs and preferences. With a growing population, it is essential
to ensure that there is enough food available to meet the nutritional requirements

of everyone. Food safety, on the other hand, refers to the measures taken to ensure
that food is free from harmful contaminants and pathogens that could cause illness
or disease. This includes everything from ensuring that food is properly stored and
handled to conducting regular inspections of food processing facilities and enforcing
strict food safety regulations. Ensuring both food security and food safety requires a
coordinated effort from governments, private industry, and individuals. This includes
investing in sustainable agriculture and food production practices, supporting local
food systems, and promoting nutrition education and awareness. Ultimately, ensur-
ing food security and safety is critical for the health and well-being of individuals
and communities around the world, and it will require ongoing commitment and
collaboration from all stakeholders to achieve this goal. Food security and safety are
among the top priorities in today’s world with a growing population. These issues

are primarily influenced by three critical elements: (1) sufficient food availability,

(2) accessibility to safe food, and (3) utilization of food with regard to its quality,
nutritional value, and cultural significance for a healthy lifestyle. Having enough food
is essential to ensure individuals have access to enough sustenance to meet their daily
energy requirements and maintain good health. However, food security goes beyond
mere availability and encompasses the quality and safety of the food as well. Access
to safe food is also a concern, particularly for those who may not have access due to
poverty, limited resources, or unavailability [1]. In some areas, food may become con-
taminated due to improper storage, handling, or transportation practices, making it
necessary to implement measures to ensure proper food handling and storage. Finally,
utilizing food in terms of quality, nutrition, and cultural significance is important for
a healthy life. Food provides necessary nutrients for growth and body maintenance,
and also has a significant cultural and social impact [2]. A balanced and varied diet

is necessary to maintain good health and prevent chronic diseases. In conclusion,
addressing these crucial elements of food security and safety is imperative for the
overall well-being of the global population. If any of these components fail, it results
in food insecurity and malnutrition that has a detrimental impact on human health
and the social and economic well-being of society. Furthermore, contamination

of food and feed by mycotoxins is a significant contributor to the problem of food
insecurity [3]. Aflatoxins are a type of mycotoxin primarily produced by the fungi
Aspergillus flavus and A. parasiticus and have been extensively studied [4]. In addi-
tion to the human and animal health risks associated with aflatoxin contamination,

it can also have significant economic impacts. Aflatoxin-contaminated crops may

be rejected by food processors and retailers, resulting in reduced market value and
financial losses for farmers. In some cases, crops may need to be destroyed entirely,
which can result in even greater economic losses. The contamination of a diverse
range of foods and feeds with AF can lead to economic losses, and various factors
such as season, post-harvest and management practices, food type, and geographic
location can contribute to this contamination [5]. This review serves as a valuable
resource for researchers as it provides crucial information that can be used to devise
effective mitigating strategies.

According to the Centers for Disease Control and Prevention (CDC), mycotoxin
exposure is a chronic issue affecting an estimated 4.5 billion people [6]. However, a
recent study suggests that the global occurrence of mycotoxin contamination in crops
is between 60 and 80% [7].
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2. Aflatoxin-producing species of Aspergillus and their diversity

Aflatoxins, which are primarily produced by Aspergillus flavus and A. parasiticus,
are the mycotoxins known to be produced by species of Aspergillus. However, other
species such as A. nomius, A. pseudotamarii, A. parvisclerotigenus, and A. bombycis
from section Flavi, A. ochraceoroseus and A. rambellii from section Ochraceovosei, as
well as Emericella astellata and Epipleoneura venezuelensis from the Nidulatans, have
also been identified as producers of aflatoxins [8]. There are multiple types of aflatox-
ins that have been documented, and their presence in crops and food is a major global
concern, particularly for crops of economic significance (Figure 1). Aflatoxins are
toxic compounds produced by certain species of fungi, including Aspergillus flavus
and A. parasiticus [10].

The genus Aspergillus is comprised of four subgenera and a total of 339 species
[11]. The Aspergillus genus is a diverse group of fungi, which includes over 200 species
[12]. The agriculturally important species of Aspergillus that produce aflatoxin belong
to the Flavi section [13]. A. flavus and A. parasiticus are known to contaminate a
variety of crops including maize, peanuts, cottonseed, tree nuts, and spices, among
others [14]. There are two different types of A. flavus, a fungus that creates aflatoxins,
based on the size of their sclerotia: L and S morphotypes. The L morphotype produces
many spores and a range of aflatoxin levels, but only a few large sclerotia (>400 pm).
The S morphotype produces fewer spores, but consistently high levels of aflatoxins,
and many small sclerotia (<400 pm) [15].

3. Classification and types of aflatoxins

The names of these aflatoxins are derived from their property of absorbing and
emitting light at distinct wavelengths. Aflatoxins B; and B, fluoresce blue when
subjected to ultraviolet light with a wavelength of 425 nm, while aflatoxins G; and G,
fluoresce green when exposed to ultraviolet light with a wavelength of 540 nm [5].
Aflatoxins are difuranocoumarins that can be divided into two categories based on
their chemical structure: the difurocoumarocyclopentenone series, which includes
AFB,, AFB,, AFB,A, AFM,, AFM,, AFM,A, and aflatoxicol; and the difurocouma-
rolactone series, which includes AFG;, AFG,, AFG,A, AFGM;, AFGM,, AFGM,A, and

Afiatoxin can e C )
be found in ground- s
nuts

Figure 1.
Contamination of aflatoxins in a wide range of regional crops and food commodities [9].
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AFB; [16]. More than 20 distinct types of aflatoxins have been identified to date [17].
However, the most commonly and widely known aflatoxins are aflatoxins By, By, Gy,
Gy, M;, M,, aflatoxicol, and aflatoxin Q; [18].

4. Environmental conditions favoring aflatoxin production on crops

The growth of these fungi is commonly observed in warm and humid conditions,
which are prevalent in tropical and subtropical regions [19]. They are commonly
found on crops such as corn, peanuts, cottonseed, and tree nuts, which are stored
in warm and humid conditions for extended periods of time. This provides an ideal
environment for the growth and spread of aflatoxin-producing fungi, leading to
contamination of these crops and the potential health hazards and economic losses
that come with it [20].

5. The carcinogenic properties of aflatoxins By, B,, G;, and G,

Of all the types of aflatoxins, aflatoxins By, B,, G, and G, have received the most
extensive research attention and are the most commonly found, and they have been
shown to have the most significant impact on human and animal health [21, 22].
These are considered to be more important due to their widespread prevalence in food
[5]. Aflatoxins By, B,, Gy, and G; are four major types of aflatoxins that are classified
as Group 1 carcinogens. Among them, the most toxic and commonly found in crops
is aflatoxin B; (AFB;) [23]. Moreover, aflatoxin B; can bind to DNA and modify its
structure, resulting in genotoxic effects [24]. Different species of Aspergillus fungi
produce different types of aflatoxins. Aflatoxins By, By, Gy, and G, are produced by
Aspergillus bombycis, A. nomius, A. parasiticus, A. parvisclerotigenus, A. pseudocaela-
tus, A. minisclerotigenes, and A. avachidicola. However, species such as A. flavus, A.
ochraceoroseus, and A. rambellii only produce aflatoxin B, and B,, while others such
as Aspergillus pseudonomius, A. pseudotamarii, Emericella astellata, E. olivicola, and
Epipleoneura venezuelensis produce only aflatoxin B, [25]. The occurrence of afla-
toxins was observed in the following decreasing order: AFG, > AFG; > AFB, > AFB,
where: AFG;: Aflatoxin G;, AFG,: Aflatoxin G,, AFB;: Aflatoxin B;, AFB,: Aflatoxin
B,. Note that the “>“sign indicates “greater than” and is used to show the decreasing
order of occurrence, with AFG2 being the most prevalent and AFB; being the least
prevalent with concentration ranges of 0.78 + 0.04-234.73 + 3.8 pg/kg, 0.47 + 0.03-
21.6 + 0.33 pg/kg, 1.01 + 0.05-13.75 + 1.2 pg/kg, and 0.66 + 0.06-5.51 + 0.26 pg/
kg, respectively. Of the 100 samples analyzed for total aflatoxins (total AFs), 68
(68%) exceeded the limits set by the EC, with concentration ranges of 4.98 + 0.6
445.01 £ 8.9 pg/kg. Similarly, 58 (58%) of the samples exceeded the limits set by GSA,
with concentration ranges of 12.12 + 1.4-445.01 + 8.9 pg/kg [26].

6. Understanding the health effects of aflatoxin exposure

Aflatoxin contamination is a significant public health concern, particularly
in developing countries where food safety regulations may be less stringent and
where poverty and malnutrition can exacerbate the health effects of exposure [27].
The European Commission and the U.S. Food and Drug Administration have set a
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maximum limit of 20 ppb (parts per billion) of aflatoxins in food and feed products
for human and animal consumption to help prevent these health hazards and eco-
nomic losses. Aflatoxins are both carcinogenic and mutagenic in nature and can result
in aflatoxicosis in humans and animals [5]. Recently, a form of pulmonary aspergil-
losis has been linked to the coronavirus disease (COVID-19). It has been established
that patients with compromised immune systems are more likely to experience severe
cases of COVID-19 when complicated by pulmonary aspergillosis. To date, there have
been 20 reported cases of COVID-19 associated pulmonary aspergillosis (CAPA)
worldwide [28]. Recently, a correlation between the coronavirus disease (COVID-19)
and pulmonary aspergillosis has also been reported, with 20 cases of coronavirus
disease-associated pulmonary aspergillosis (CAPA) recorded globally. It is noted that
the severity of COVID-19 symptoms is increased in immunocompromised patients
with pulmonary aspergillosis [29]. Given their widespread presence, around 4.5
billion people worldwide are estimated to be exposed to aflatoxin contamination
[30]. The adverse effects of aflatoxins on living organisms have led to the setting of a
maximum limit of 20 ppb (parts per billion) for aflatoxins in food and feed products
intended for human and animal consumption by both the European Commission and
the U.S. Food and Drug Administration [31]. The adverse health effects of aflatoxin
contamination can include acute toxicity, immune suppression, liver damage, and an
increased risk of developing liver cancer. Aflatoxin contamination can have a range
of adverse health effects in both humans and animals, and these effects can vary
depending on the level and duration of exposure. The most significant health effects
of aflatoxin contamination include the following.

6.1 The adverse health effects of aflatoxin contamination and the importance of
prevention and control measures

High levels of aflatoxin exposure can cause acute toxicity, which can resultin a
range of symptoms, such as vomiting, abdominal pain, convulsions, coma, and even
death ([32] Available from: https://www.ncbi.nlm.nih.gov/books/NBK557781/).
These symptoms occur due to the liver’s inability to detoxify aflatoxins effectively,
leading to a buildup of toxic metabolites in the body. When consumed, aflatoxins
are primarily metabolized in the liver, where they can cause damage to liver cells and
impair liver function. The liver is responsible for breaking down and eliminating
many toxins, including aflatoxins, from the body. However, in cases of high-level
exposure, the liver may not be able to metabolize and eliminate the aflatoxins effec-
tively, leading to a buildup of toxic metabolites in the body [33]. The severity of
the symptoms of acute toxicity depends on several factors, including the level and
duration of aflatoxin exposure, as well as the individual’s age, nutritional status, and
overall health. Young children and people with weakened immune systems or liver
disease are particularly vulnerable to the adverse effects of aflatoxin exposure, as their
bodies may not be able to detoxify the aflatoxins effectively. In addition, malnutri-
tion can exacerbate the health effects of aflatoxin exposure, as it can weaken the
body’s ability to fight off infections and other health problems. This can lead to an
increased risk of complications and death in cases of acute aflatoxin toxicity. Overall,
the adverse health effects of aflatoxin contamination, including acute toxicity, can
have significant impacts on public health and food safety, particularly in developing
countries where food safety regulations may be less stringent, and where poverty and
malnutrition can exacerbate the health effects of exposure. Implementing appropriate
prevention and control measures, regular monitoring and testing, and appropriate
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food safety regulations, as well as promoting public awareness and education about
the risks of aflatoxin exposure, are critical to preventing the adverse health effects of
aflatoxin contamination.

6.2 Aflatoxin exposure and the increased risk of infections and diseases

Aflatoxins are known to have immunosuppressive effects, which means that they
can impair the body’s immune system and its ability to fight off infections and other
diseases. A weakened immune system can increase the risk of various health problems,
including bacterial and viral infections, as well as chronic illnesses such as cancer. The
immunosuppressive effects of aflatoxins can occur through various mechanisms, includ-
ing the disruption of immune cell function and the impairment of cytokine production.
Aflatoxins have been shown to reduce the production of cytokines, which are proteins
that regulate the immune response and play a critical role in fighting infections and dis-
eases. In addition, aflatoxins can damage the liver, which can impair its ability to produce
proteins that are important for immune function. The immunosuppressive effects of
aflatoxins are particularly concerning for individuals who are already immunocompro-
mised, such as those with HIV/AIDS, cancer, or other chronic illnesses. For these indi-
viduals, exposure to aflatoxins can further weaken their immune system, making them
more susceptible to infections and other health problems. Coulombe [34] described
the various routes of exposure to mycotoxins, such as ingestion, inhalation, and dermal
contact. He discussed the factors that can influence the toxic effects of mycotoxins, such
as dose, duration of exposure, and the age and health status of the individual.

6.3 Aflatoxins as carcinogens: understanding the link to liver cancer

Aflatoxins are toxic compounds that are primarily metabolized by the liver. When
ingested, they are absorbed from the gastrointestinal tract and transported to the
liver, where they are metabolized into a range of byproducts, some of which are
highly reactive and can cause damage to liver cells. The liver plays a critical role in the
detoxification of aflatoxins and other harmful substances, but when exposed to high
levels of aflatoxins, the liver can become overwhelmed, and its ability to metabolize
and eliminate the toxins can be impaired. This can lead to the accumulation of
aflatoxin metabolites in the liver and other tissues, which can cause liver damage
and even liver failure. Liver damage caused by aflatoxin exposure can manifest in
various ways, including acute and chronic forms. Acute liver damage caused by
aflatoxin exposure is characterized by rapid onset and is associated with symptoms
such as jaundice, abdominal pain, and liver failure. Chronic liver damage caused by
aflatoxin exposure, on the other hand, is associated with long-term exposure to lower
levels of the toxin and can result in the development of liver cirrhosis or liver cancer.
Individuals who are at higher risk of liver damage caused by aflatoxin exposure
include those who consume a diet high in aflatoxin-contaminated foods, as well as
those who have pre-existing liver disease or other risk factors that compromise liver
function [35].

HCC is a primary liver cancer that arises from the hepatocytes, which are the main
functional cells of the liver. HCC is a major global health problem, and its incidence
has been increasing in many countries worldwide. The risk factors for HCC, which
include chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV),
alcohol consumption, obesity, and exposure to aflatoxin. The prevalence of these risk
factors varies in different regions of the world and among different populations [36].
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Chronic exposure to aflatoxins has been shown to increase the risk of developing liver
cancer, a type of cancer that affects the liver [30]. Aflatoxins are naturally occurring
toxins produced by certain molds, primarily Aspergillus flavus and Aspergillus parasiti-
cus, which can contaminate food and feed crops, particularly those that are stored in
warm and humid conditions. When contaminated crops are consumed by humans or
animals, aflatoxins can enter the bloodstream and be transported to the liver, where
they can cause DNA mutations and other cellular damage that can lead to the develop-
ment of cancerous cells.

Aflatoxins are classified as Group 1 carcinogens by the International Agency for
Research on Cancer (IARC), which means that there is sufficient evidence to suggest
that they are carcinogenic to humans. Aflatoxin exposure is a significant risk factor
for liver cancer in areas where food and feed contamination are common, such as sub-
Saharan Africa, Southeast Asia, and parts of South America. The liver is the primary
organ responsible for detoxifying aflatoxins, but chronic exposure to high levels of
aflatoxins can overwhelm the liver’s capacity to metabolize and eliminate the toxins,
leading to the accumulation of DNA-damaging metabolites and increased risk of liver
cancer [37]. The risk of developing liver cancer from aflatoxin exposure is further
increased in individuals with pre-existing liver disease, such as viral hepatitis B or C,
as well as those who consume alcohol or have a weakened immune system. Aflatoxins
are highly toxic and carcinogenic to both humans and animals, and exposure to these
toxins can lead to liver damage, immune system suppression, and even death in severe
cases. As a result, there are ongoing global efforts to better understand the genetics,
biochemistry, and regulation of aflatoxin biosynthesis, as well as the taxonomy, biol-
ogy, toxicology, and evolution of aflatoxigenic fungi.

Some of the key areas of research in this field include identifying the genes and
pathways involved in aflatoxin biosynthesis [38], developing new methods for detect-
ing and quantifying these toxins, and exploring potential strategies for preventing or
reducing aflatoxin contamination in crops. By gaining a better understanding of these
factors, researchers hope to develop new tools and approaches for mitigating the risk
of aflatoxin exposure and protecting public health.

7. Understanding the genetics and biochemistry of aflatoxin biosynthesis:
implications for food safety and public health

Identifying the genes and pathways involved in aflatoxin biosynthesis is an
important area of research for several reasons. First, it can help us to better under-
stand the mechanisms by which aflatoxins are produced by fungi, which can in turn
inform strategies for preventing or reducing their production. Second, it can help
us to develop new tools for detecting and quantifying aflatoxins in crops and food
products, which is essential for ensuring food safety. Over the years, researchers have
made significant progress in identifying the genes and pathways involved in aflatoxin
biosynthesis. This work has been facilitated by advances in genomics and bioinfor-
matics, which have enabled researchers to sequence and analyze the genomes of
aflatoxin-producing fungi. Some of the key genes and pathways involved in aflatoxin
biosynthesis include the following:

1. The aflatoxin biosynthetic gene cluster (AF cluster): This cluster contains
around 25 genes that are involved in the biosynthesis of different intermediates
in the aflatoxin pathway [39]. The cluster is regulated by a complex network of
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transcription factors that respond to environmental signals, such as temperature
[40], pH [41], and nutrient availability [42, 43].

2. Polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS)
enzymes: These enzymes are responsible for assembling the complex carbon
skeletons of the aflatoxin molecules. There are several PKS and NRPS enzymes
involved in the biosynthesis of aflatoxins, each of which produces a different
intermediate in the pathway [44]. The genes encoding these enzymes are often
clustered in fungal genomes and are regulated by complex networks of tran-
scription factors, which can respond to environmental cues such as temperature,
pH, nutrient availability, and stress. Additionally, the production of mycotoxins
can be influenced by the interactions between fungi and their hosts, as well as by
the presence of other microorganisms in the same environment [45].

3. Cytochrome P450 monooxygenases: Cytochrome P450 enzymes are a family of
heme-containing enzymes that play a crucial role in the metabolism of xenobiot-
ics, including drugs and environmental pollutants. Cytochrome P450 enzymes
are highly variable and have evolved to meet the demands of different organisms
and environments. These enzymes are responsible for oxidizing the intermedi-
ates produced by the PKS and NRPS enzymes, which creates the different types
of aflatoxins [46].

By studying the function of these genes and their products, researchers can gain
a deeper understanding of how aflatoxins are produced and regulated in fungi,
and develop new approaches for preventing or reducing their production. Payne &
Brown [47] highlights the importance of understanding the genetic and physiological
mechanisms of aflatoxin biosynthesis in developing effective strategies for controlling
its production and minimizing its impact on human and animal health.

8. Advances in methods for detecting and quantifying aflatoxins in crops
and food products: implications for food safety

Monitoring and controlling aflatoxin contamination in food products is crucial to
ensure food safety and protect public health. By establishing reliable testing methods
and implementing prevention strategies, we can minimize the risk of exposure to
aflatoxins and mitigate their adverse health effects [48]. Developing new methods for
detecting and quantifying aflatoxins is essential for ensuring food safety and protect-
ing public health. Traditional methods for detecting aflatoxins include thin-layer
chromatography (TLC) [49] and high-performance liquid chromatography (HPLC),
which are effective but time-consuming and labor-intensive [50]. In recent years,
several new methods have been developed for detecting and quantifying aflatoxins in
crops and food products. Some of these methods include the following:

8.1 Immunoassays

Immunoassays are based on the use of antibodies that specifically recognize and
bind to aflatoxins. Inmunoassays can be performed using a range of formats [51],
including ELISA (enzyme-linked immunosorbent assay) [52, 53], lateral flow tests
[54], and fluorescent assays [55].
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8.2 Mass spectrometry

Mass spectrometry is a powerful analytical technique that can detect and quantify
the presence of aflatoxins with high sensitivity and specificity. Mass spectrometry can
be coupled with different separation techniques, such as liquid chromatography (LC)
or gas chromatography (GC), to achieve high levels of separation and detection [56].

8.3 Biosensors

Biosensors are devices that use biological components, such as enzymes or
antibodies, to detect and quantify the presence of aflatoxins in food samples [57].
Biosensors can be based on different transduction principles, such as electrochemical,
optical, or piezoelectric transduction [58].

8.4 DNA-based methods

DNA-based methods use DNA probes or PCR (polymerase chain reaction) to
detect the presence of aflatoxin-producing fungi in crops or food products. DNA-
based methods can be faster and more sensitive than traditional methods, but they
require specialized equipment and expertise [59].

By developing new methods for detecting and quantifying aflatoxins, researchers
can improve our ability to monitor and control the presence of these toxins in food
products, and ensure that they meet regulatory standards for food safety.

9. Aflatoxin prevention for food safety

Exploring potential strategies for preventing or reducing aflatoxin contamination
in crops is critical for ensuring food safety and protecting public health. Some of the
key strategies that researchers are investigating in this area include the following:

9.1 Breeding for resistance against aflatoxin contamination

Breeding groundnut varieties with stable resistance to aflatoxin contamination
is a sustainable and effective approach to reducing the problem. However, this poses
challenges to breeders due to the limited availability of improved germplasm and the
significant genotype-by-environment (GxE) interaction for aflatoxin contamination.
The limited germplasm restricts the range of genetic variability that breeders can work
with, making it difficult to identify suitable parental lines for breeding. Additionally,
the significant GXE interaction means that the performance of a genotype in one
environment cannot be used to predict its performance in another environment,
making it hard to select for resistance across diverse environments. Overcoming
these challenges will require breeders to utilize innovative breeding techniques, such
as marker-assisted selection, genomic selection, and multi-environment testing, to
identify and incorporate favorable alleles for resistance across diverse environments
[60, 61]. To combat this problem, researchers have been working on developing crops
that are resistant to aflatoxin contamination. Aflatoxin biosynthesis in Aspergillus spp.
is regulated by oxidative stress responses, which are induced by environmental stresses
such as drought and heat stress. Host-derived reactive oxygen species (ROS) may play
arole in cross-kingdom communication between host plants and A. flavus.
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9.1.1 Application of RNA interference (RNAi) technology

Recent advances in plant breeding technology have enabled the study and appli-
cation of metabolomic, proteomic, and transcriptomic knowledge in productive
breeding populations [62]. Researchers are exploring ways to engineer crops that are
resistant to aflatoxin-producing fungi or that produce antifungal compounds that
can inhibit the growth of these fungi. However, there have been some promising
advancements in engineering aflatoxin-resistant crops. One approach is to use RNA
interference (RNAi) technology to silence genes in the fungi responsible for aflatoxin
production [63, 64]. Another approach is to introduce genes from other organisms,
such as bacteria or plants, that can break down aflatoxins [65]. Breeders now have
more options for their improvement programs as there are a greater number of maize
breeding lines that demonstrate resistance to both A. flavus infection and aflatoxin
accumulation. The majority of these resistant lines have a tropical background, but
newer lines have been created through crosses and backcrosses between tropical and
temperate germplasm [66]. The GEM project has been instrumental in developing
many of these lines through breeding crosses and hybrids [67]. Genomic regions that
offer a consistent increase in resistance to aflatoxin or A. flavus induced ear rot in
resistant maize lines have been identified through various studies, including several
QTL and one meta-QTL analysis. Each of these QTL typically accounts for 5-20% of
the observed variation in resistance. However, it is possible that the effects of some of
these QTL may have been overestimated due to the Beavis effect [68].

9.1.2 The introduction of genes from other ovganisms

Another approach is to use genetic engineering to introduce genes that can
enhance plant defense mechanisms against fungi, such as the expression of antifungal
proteins or enzymes [69]. For example, researchers have successfully introduced
genes from a wild peanut species into commercial peanut cultivars to increase their
resistance to aflatoxin-producing fungi [70]. Overall, while there are still many chal-
lenges to overcome in developing aflatoxin-resistant crops, there is promising prog-
ress being made. The development of such crops could have significant benefits in
improving food safety, reducing health risks, and increasing food security, especially
in developing countries where aflatoxin contamination is a major problem.

10. Crop management practices

Aflatoxin contamination is strongly influenced by environmental factors, such
as temperature, humidity, and rainfall, as well as cultural practices, such as planting
density, irrigation, and fertilization. Researchers are exploring ways to optimize these
factors to reduce the risk of aflatoxin contamination in crops. To prevent the adverse
health effects of aflatoxin contamination, it is important to implement appropriate
prevention and control measures.

10.1 Preharvest amendments

Preharvest amendments are treatments or additives applied to crops or soil before
harvest in order to improve crop quality, yield, or post-harvest performance. The use of
preharvest amendments is common in agricultural practices, as they can help to address
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arange of issues affecting crop production and quality. For example, preharvest amend-
ments may be used to control pests and diseases, improve soil fertility and nutrient
availability, enhance plant growth and development, or reduce post-harvest losses and
spoilage. However, it is important to carefully consider the potential risks and benefits
associated with the use of preharvest amendments, as some may have negative impacts
on the environment or human health. In addition, regulations governing the use of
preharvest amendments may vary depending on the crop, location, and other factors.

10.1.1 The role of high-quality seeds in preventing aflatoxin contamination in
agriculture

Using high-quality seeds is an important part of preventing aflatoxin contamination
in food production. High-quality seeds are typically produced using good agricultural
practices, such as careful selection and handling of parent plants, testing for disease
and pests, and appropriate storage and transport conditions. By using high-quality
seeds, farmers can ensure that their crops are healthy and better able to resist fungal
infections that can lead to aflatoxin contamination. This is because healthy plants are
better able to defend themselves against pathogens and are less likely to develop the
kinds of stress conditions that can make them more susceptible to fungal infections.

10.1.2 Managing aflatoxin contamination in groundnuts through soil amendments

Ijaz et al. [71] proposed the use of soil amendments has been as a potential strategy
for managing aflatoxin contamination in groundnuts. Several studies have inves-
tigated the effects of different soil amendments on aflatoxin levels in groundnuts,
including organic amendments such as poultry manure, vermicompost, and green
manure, as well as Inorganic amendments such as lime and sulfur. Overall, the results
of these studies have been mixed, with some studies reporting significant reductions
in aflatoxin levels following the application of soil amendments, while others have
found little to no effect. The effectiveness of soil amendments in reducing aflatoxin
levels may depend on a variety of factors, including the type and amount of amend-
ment used, the timing and frequency of application, and the local environmental
conditions. Despite the inconsistent results, the use of soil amendments may still be
a promising approach for managing aflatoxin contamination in groundnuts, particu-
larly in areas where other strategies, such as chemical fungicides, are not available
or feasible. However, more research is needed to better understand the mechanisms
underlying the effects of soil amendments on aflatoxin contamination, as well as to
optimize their use in different agricultural settings.

10.1.3 The importance of crop rotation in preventing aflatoxin contamination

Proper crop rotation is an important practice that can help reduce the risk of afla-
toxin contamination in agriculture. This is because crop rotation helps to interrupt the
life cycle of the fungi that produce aflatoxins, which can help prevent the buildup of
fungal spores and reduce the risk of contamination in subsequent crops. Crop rotation
involves planting different crops in a field over successive growing seasons. This helps
to break the cycle of plant-specific pests and diseases, which can build up in the soil
over time and infect subsequent crops. By alternating crops, farmers can help to disrupt
the life cycle of these pests and diseases, which can help to reduce their populations and
limit their impact on subsequent crops. In the case of aflatoxin contamination, crop

167



Aspergillus and Aspergillosis — Advances in Genomics, Drug Development, Diagnosis and Treatment

rotation can help to reduce the buildup of fungal spores in the soil. This is because the
fungi that produce aflatoxins typically infect specific crops, such as corn and peanuts.
By rotating these crops with other types of crops, such as legumes, cereals, or grasses,
farmers can help to reduce the buildup of fungal spores in the soil, which can in turn
reduce the risk of contamination in subsequent crops [72-74].

10.1.4 Preventing aflatoxin contamination through effective Pest control measures

Aflatoxigenic fungi can grow on crops both in the field and during storage, and their
growth is often facilitated by the presence of pests and insects. Pests such as insects
and rodents can damage crops, creating entry points for fungi that produce aflatoxins.
Proper pest control measures can help prevent crop damage and reduce the risk of fungal
infections. Effective pest control measures can include the use of chemical or biological
pesticides, crop sanitation practices, and appropriate storage and transport practices.
Integrated pest management (IPM) is a holistic approach to pest control that uses a com-
bination of techniques to minimize the use of pesticides while still effectively managing
pests. IPM can be an effective approach to preventing aflatoxin contamination while also
minimizing the use of potentially harmful chemicals in food production [75].

10.1.5 Biological control of aflatoxins
10.1.5.1 Using non-toxigenic strains of Aspergillus spp.

Biological control of aflatoxin using non-toxigenic strains of Aspergillus spp. has
shown promising results in both laboratory and field studies. These non-toxigenic
strains can outcompete and displace the toxigenic strains, reducing the overall levels
of aflatoxin contamination in crops [3]. The use of non-toxigenic strains for biological
control of aflatoxin is considered to be a safe and environmentally friendly approach.
These strains are naturally occurring and do not produce harmful toxins, making
them ideal for use in agricultural settings [76]. Several non-toxigenic strains of
Aspergillus spp. have been identified and tested for their ability to control aflatoxin
contamination in crops, including Aspergillus flavus AF36 and Aspergillus parasiticus
NRRL 2999. Studies have shown that these strains can significantly reduce the levels
of aflatoxin contamination in crops, including maize, peanuts, and tree nuts. PCR
assays can be used to distinguish between genetically similar toxigenic and atoxigenic
isolates of A. flavus [77]. Specifically, atoxigenic isolates with deletions within the
aflatoxin gene cluster can be readily identified using this method. While the use of
non-toxigenic strains for biological control of aflatoxin is still in the early stages
of development, it shows great potential as a strategy for reducing aflatoxin con-
tamination in crops and improving food safety. Further research is needed to better
understand the effectiveness of this approach in different agricultural settings and to
develop practical methods for implementing it on a large scale [78].

10.1.5.2 Effectiveness of Trichoderma species and cattle dung as soil amendment in
reducing aflatoxin contamination in groundnut

A study conducted recently aimed to investigate the effect of using Trichoderma
species in combination with cattle dung as a soil amendment on the yield and prehar-
vest aflatoxin contamination of groundnut. The researchers found that the applica-
tion of Trichoderma species, in combination with cattle dung, significantly improved
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the yield of groundnut and reduced preharvest aflatoxin contamination. Moreover,
the study also showed that the application of Trichoderma species and cattle dung
improved soil fertility and increased the availability of nutrients in the soil. The study
suggests that the use of Trichoderma species in combination with cattle dung can be
an effective strategy to improve crop productivity and reduce aflatoxin contamination
in groundnut cultivation [79].

10.2 Post-harvest management

Post-harvest management plays a crucial role in reducing aflatoxin contamination
in crops. Aflatoxins are a group of mycotoxins produced by the fungus Aspergillus fla-
vus and Aspergillus parasiticus that can contaminate crops during preharvest, harvest,
and post-harvest stages. Here are some post-harvest management practices that can
help reduce aflatoxin contamination:

10.2.1 Mitigating aflatoxin contamination through appropriate storage and drying
conditions

Proper storage and drying conditions are critical to mitigating the risk of aflatoxin
contamination in food production. After harvest, crops should be stored in dry, cool,
and well-ventilated facilities to prevent the growth of fungi that can produce afla-
toxins. Crops dried to the appropriate moisture content prevent fungal growth and
minimize the risk of contamination. Proper drying conditions may vary depending
on the type of crop and the local climate, but generally involve careful monitoring
of temperature, humidity, and airflow. Drying can be done using a variety of meth-
ods, such as natural drying in the sun or with fans and heaters, or using specialized
equipment such as dryers and dehumidifiers. Proper storage and drying practices can
significantly reduce the risk of aflatoxin contamination in food production and help
ensure the safety and quality of food products [80]. Mousavi Khaneghah et al., [81]
emphasizes the importance of understanding and addressing the risks associated with
aflatoxin contamination in cereals. While the production of these toxins is a natural
occurrence, there are several factors that can contribute to increased contamination,
such as improper storage and handling practices.

11. Conclusion

Food security is crucial for human health and socioeconomic stability, but
mycotoxins produced by fungi can contaminate crops, leading to health problems
and economic losses. Aflatoxin is a mycotoxin that commonly contaminates crops
such as corn, peanuts, and cottonseed, and can cause serious health consequences.
Preventing and managing aflatoxin contamination requires effective strategies such as
improved crop management practices, post-harvest handling and storage, and strict
regulation and monitoring of food quality and safety. There are several strategies that
researchers are exploring to prevent or reduce aflatoxin contamination in crops. Some
of these strategies include the following:

Good agricultural practices: One of the primary ways to prevent aflatoxin con-
tamination is to implement good agricultural practices, such as crop rotation, proper
irrigation, and the use of high-quality seeds. These practices can help minimize the
growth of Aspergillus fungi, which are responsible for producing aflatoxins.
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Biological control: Researchers are also investigating the use of biological control
agents, such as non-aflatoxigenic strains of Aspergillus fungi or other microorganisms,
to reduce the growth of aflatoxin-producing fungi. This strategy involves introducing
these microorganisms into the soil or onto crops to compete with and displace the
aflatoxin-producing strains.

Chemical control: Chemical control methods, such as the use of fungicides or
insecticides, can also be effective in preventing aflatoxin contamination. However,
these methods can be costly and may have negative environmental impacts.

Post-harvest interventions: Another strategy for reducing aflatoxin contamina-
tion is to implement post-harvest interventions, such as proper drying and storage
techniques, to prevent the growth of Aspergillus fungi and minimize aflatoxin
production.

Genetic modification: Researchers are also investigating the use of genetic
modification to develop crops that are more resistant to aflatoxin contamination. This
strategy involves modifying the genetic makeup of crops to enhance their ability to
resist Aspergillus fungi and reduce the production of aflatoxins. Breeding groundnut
varieties with stable resistance to aflatoxin contamination is a sustainable approach
but poses challenges due to limited germplasm and significant genotype-by-environ-
ment interaction. Overcoming these challenges will require breeders to utilize innova-
tive breeding techniques and strategies, through collaborative efforts among breeders,
geneticists, and agronomists.

In summary, preventing the adverse health effects of aflatoxin contamination
requires a multi-pronged approach that involves implementing appropriate preven-
tion and control measures, regular monitoring and testing, and appropriate food
safety regulations, as well as promoting public awareness and education about the
risks of aflatoxin exposure. In addition to safeguarding the health of consumers, such
practices can enhance the quality and market value of their produce. Overall, a com-
bination of these strategies may be necessary to effectively prevent or reduce aflatoxin
contamination in crops and ensure food safety.
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Chapter 10

Whey Protein Fermentation with
Aspergillus niger: Source of
Antioxidant Peptides

Marcela Patricia Gomez Rojas
and Oscar Marino Mosquera Martinez

Abstract

Aspergillus niger is a filamentous fungus that through its proteolytic activity, as a
result of its proteases, hydrolyzes whey proteins into smaller peptides. These peptides
are characterized by antioxidant properties due to the presence of specific amino
acids, such as histidine, tyrosine, tryptophan, cysteine, and methionine, which have
been shown to have antioxidant effects. Considering the above, peptide extracts
derived from the fermentation of a lactic serum substrate with Aspergillus niger were
obtained, which were partially purified by precipitation with ZnSO,/acetone; subse-
quently, the antioxidant capacity was evaluated by spectrophotometric techniques as
2,2-azinobis-3ethyl benzothiazole-6-sulfonic acid (ABTS™"), diphenylpicrylhydrazyl
(DPPH"), in 96-well microplates, these analyses showed that these extracts have an
antioxidant activity higher than 50%; likewise, the amount of thiol groups (-SH) was
determined to be higher than 29 nmol/pL and the superoxide dismutase activity
(SOD) with values above 0.010 SOD units/mL. For this reason, it is proposed that
they can be studied in the future as substances within a food supplementation or in the
therapeutic field.

Keywords: Aspergillus niger, proteolytic activity, antioxidant activity, fermentation,
whey

1. Introduction

Peptides are low molecular weight protein fragments, consisting of ~2 to 20 amino
acid residues [1-3], some of which exhibit physiological effects, beneficial to humans,
which is why they are called bioactive peptides [4]. These are obtained mainly by
hydrolysis of precursor proteins during fermentation processes with exogenous
enzymes [5] from plant, bacterial or fungal sources [6], or through their expression
and secretion during metabolic processes [7].

Fungal sources have aroused special interest because they exhibit a number of
exogenous enzymes with applicability at pharmacological and industrial level [8];
among the most widely used fungal species is the genus Aspergillus, whose species
Aspergillus oryzae [9], Aspergillus flavipes and Aspergillus niger [10], when used as an
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enzymatic source gave way to obtain peptides with antihypertensive [11], antioxidant
[12], antidiabetic [13], antimicrobial [9], and antioxidant [14] bioactivities, among
others.

Likewise, among the sources of precursor proteins used as substrates by fungal enzy-
matic sources are various kinds of milk and their derivatives [15], gelatin [11], grains such
as lentils [13] and soy [16], and even eggs [17]. It should be noted that of these protein
sources, milk is the most consumed worldwide [18] and its proteins have different
biological and nutritional properties [19], and make it a source of bioactive peptides,
which are released from precursor proteins, such as a-lactalbumin (a-LA), p-lactoglobulin
(B-LG), caseins (CN), immunoglobulins (Ig), lactoferrin (LF), peptide-protein fractions,
phosphoglycoproteins and minor serum proteins (transferrin and serum albumin) [20],
during processes already mentioned such as fermentation, chemical hydrolysis or enzy-
matic hydrolysis [21].

Products derived from fermentation processes have been relevant in people’s diets
because their nutritional properties are enhanced, thanks to the fact that microorgan-
isms synthesize vitamins, minerals, and bioactive peptides [22, 23], among others,
which are beneficial to human health. This is why the evaluation of fermentation
processes such as milk fermentation with Aspergillus niger arouses interest.

On the other hand, worldwide interest has increased in topics related to conditions
caused by oxidative stress since this is related to the development and onset of various
human diseases [24, 25], including atherosclerosis [26], Alzheimer’s disease [27] and
cancer [28], among others.

To analyze the previous problem, a solution was found by evaluating the antioxi-
dant activity through the DPPH", ABTS"" methodologies, evaluation of thiol groups,
and evaluation of superoxide dismutase activity; all these analyses were performed by
spectrophotometric techniques in 96-well plates, in the presence of peptide extracts
obtained during the fermentation of lactic serum with Aspergillus niger.

2. Methodology
2.1 Obtaining the inoculum

The inoculum of A. niger CMPUJHO002, provided by the collection of microorgan-
isms of the Universidad Pontifica Javeriana, was obtained by spiking on potato dex-
trose agar (PDA) at 37°C for 7 days. After its use, it was preserved by the method of
spore suspension in glycerol of the laboratory of the biotechnology research group —
natural products of the Universidad Tecnologica de Pereira (GB-PN, UTP).

2.2 Lactic fermentation

To obtain the peptide extracts, the methodology proposed by Channe & Shewale
[29] was used, where lactic serum (enriched and prepared medium) was prepared and
sterilized (Table 1), as a substrate for A. niger, in a 1 L Erlenmeyer, covered with
vinipelt plastic. Fermentation was carried out over a period of 8 days, with 400 mL of
substrate and 1.6 cm” of inoculum of A. niger grown on PDA agar after 7 days of
growth at 37°C. The fermentation process was carried out with the following condi-
tions pH 4.5, temperature 30°C, and an agitation of 71.76 & 1.25 rpm, leaving a
headspace of 60%. This assay was assembled in quadruplicate, coding each extract
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Component Concentration
Meat peptone 20 g/L
Starch 20 g/L
Glucose 5g/L
Powdered milk 10 g/L
CaCl2.2H20 1g/L
MgS04.7H20 0.3 g/L
FeSO4.7H20 5mg/L
MnSO4.1H20 1.56 mg/L
ZnS04.7H20 5.34 mg/L
COCI2.6H20 2 mg/L
Table 1.

Composition of lactic whey fermentation medium enviched with Aspergillus niger taken from Channe ¢
Shewale [29].

with an F indicating fermentation and a letter D followed by a number indicating the
day it was collected.

2.3 Partial purification of peptide extracts

The extracts collected daily were added 10% trichloroacetic acid [30], in equal
proportion with respect to the sample (1, 1), in order to precipitate the large proteins
and eliminate contaminants, then the precipitation of low molecular weight proteins
was carried out by adding 50 mM ZnSO4/Acetone 80% to the sample in a ratio of
0.25:0.25:0.5 with respect to the sample, then it was placed in a refrigerator at 2°C for
24 hours for subsequent centrifugation at 5000 rpm at 3°C [31].

2.4 Antioxidant activity against DPPH radicals

A solution of DPPH" 20 mg/L in methanol was prepared, and 100 pL of this
solution was added to each of the wells containing 25 pL of the extract to be evaluated;
it was left to react for 30 minutes in darkness and after this time the absorbance was
read at 517 nm [25] using the Thermo Scientific™ Multiskan™ GO Microplate Spec-
trophotometer. This analysis was carried out in quadruplicate.

2.5 ABTS " antioxidant activity

A solution of ABTS 3.5 mM and potassium persulfate 1.25 mM dissolved in H20
was prepared (this mixture was made at least 12 hours before its use), after this time
the absorbance of the ABT'Sm + solution was adjusted to 0.7+/—0.02 units at 732 nm
with ethanol; 194 pL of this solution was transferred to the well containing 6 pL of the
extract to be evaluated, and it was left to react for 30 minutes in darkness to read its
absorbance at 732 nm, in the Thermo Scientific™ Multiskan™ GO Microplate
Spectrophotometer. This analysis was carried out in quadruplicate [32].
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From the absorbances obtained, the percentage of antioxidant activity is deter-
mined with the following equation described by Perez and coworkers [25, 32].

Acontrol (=) — (Aextmct — Awhite extmct)

%Antioxidant Activity = x100 (1)

Amntml

Where,

Aextract: Absorbance of the extracts.

Ablanco extracto: Absorbance of the blank of the extracts.
Acontrol (—): Absorbance of the negative control.

2.6 Content analysis of thiol groups (-SH)

For the quantification of thiols, the reaction of the samples with Ellmann’s reagent
(DNTB (5,5’-Dithiobis(2-nitrobenzoic acid)) was carried out, taking 95 pL of sample
with 30 pL of Na2HPO4 buffer, 0.5 M pH 7.0, with 125 pL. DNTB at 10 nM incubating
for 15 minutes and reading their absorbances at 412 nm, on Thermo Scientific™
Multiskan™ GO Microplate Spectrophotometer equipment; the calibration curve was
prepared at different concentrations using glutathione enzyme, Na2HPO4 buffer
and sulfoanilic acid 20%(m/v), 125 pL of each standard was taken and analyzing as
samples [33].

2.7 Quantification of the enzyme superoxide dismutase (SOD)

The method used for the determination of superoxide dismutase was based on the
protocol carried out by Betancur and Mosquera [33], where a hydroxylamine calibra-
tion curve is constructed that interacts with a xanthine/xanthine oxidase system as a
source of generation of a superoxide anion flux that oxidizes hydroxylamine to nitrite
for a subsequent measurement of nitrite concentration by UV/visible spectrometry.

To perform the analysis, sample preparation was done with the addition of 150 pL
KH2PO4 buffer, pH 7.8, 40 pL of deionized water, 15 pL of xanthine, 15 pL hydroxyl-
amine hydrochloride 1 mM, and 75 pL xanthine oxidase (0.2 mg protein/mL); the
standards for the curve were prepared with phosphate buffer, water, xanthine, xan-
thine oxidase, hydroxylamine chloride, and the enzyme (SOD), and the system was
left to react for 20 minutes in the dark, Then the reaction was stopped in an ice bath to
add 100 pL of 19 mM sulfanilic acid and 7 mM a-naphthylamine, after which 100 pL
of sample or standard was added, incubated for 20 minutes and its absorbance was
measured at 529 nm in the Thermo Scientific™ Multiskan™ GO Microplate
Spectrophotometer.

2.8 Protein profile of peptide extracts by denaturing electrophoresis

Electrophoresis was carried out according to Bio-Rad guidelines under denaturing
conditions. Separation gels were 15% SDS-polyacrylamide (30% bis-acrylamide, 1.5 M
Tris-HCI pH 8.8, 10% ammonium persulfate, 0.04% tetramethylethylenediamine
(TEMED), 10% SDS, and distilled water to final volume) and 5% SDS-polyacrylamide
stacking gels (30% bis-acrylamide, 1 M Tris-HCl pH 6.8, 10% ammonium persulfate,
0.1% TEMED, 10% sodium dodecyl sulfate (SDS), and distilled water. The solutions
were cast in mini protean (Bio-Rad) with the addition of ammonium persulfate and
TEMED to polymerize the gels (1 mm thick).
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The gels were loaded with 5% concentration samples, which were diluted in 1:1
reducing buffer (Tris HCI (63 mM), glycerol (10%), SDS (2%), bromophenol blue
(0.0025%) pH 6.8), heated at 85°C for 2 to 5 minutes; the electrophoresis was
performed at room temperature (24 and 27°C) using a constant current of 35 mA at
120 V for approximately 5 h. Once the run was completed, the gels were washed two
times with deionized water and stained with a 0.1% Coomassie brilliant blue R-250
solution with 40% methanol and 10% acetic acid for 12 h with gentle agitation and
then destained 2 times for 20 minutes with a 25% ethanol and 8% acetic acid
solution [34].

2.9 Statistical analysis

For the statistical treatment of the data obtained for antioxidant and antibacterial
activity, a one-way ANOVA analysis by replicates with a confidence level of 95% was
carried out. All statistical analysis was carried out using GraphPad Prism 8.4.3
software.

3. Results and discussion
3.1 Antioxidant evaluation by means of the DPPH-radical

The DPPH- decolorization methodology carried out allowed establishing that the
extracts evaluated have an antioxidant capacity that inhibits the DPPH radical by
more than 50%; however, these values are lower than the percentage of antioxidant
capacity of the hydroquinone positive control (Figure 1). Likewise, these results are
lower, compared to other similar works, where the antioxidant activity on DPPH-
presented by peptides derived from proteases of Aspergillus oryzae and Aspergillus
flavipes species in milk, exceeded ~90% [9], through the same method, since the
method of obtaining the peptides was carried out from the already purified fungal
proteases, which leads to their obtaining in a targeted manner, without competition
from other enzymes and without the generation of secondary reactions due to the use
of the complete metabolism of the microorganism [35].

The results are attributed to the activity coming from the phenolic compounds,
which are mainly responsible for the antioxidant activity, being one of the reasons
why it is not a recommended technique for samples of biological origin [36], which is
why the evaluation of ABTS— + cation radical decolorization was carried out as a
complementary technique to contrast the results.

3.2 ABTS * antioxidant evaluation

In this method, the evaluation of antioxidant activity exceeds 90% in almost all
cases and can be considered a good antioxidant because the activity significantly
exceeds the positive control with equal concentration (1000 ppm) (Figure 2).

Although oxidative stress is generated when the oxide-reduction homeostasis state of
the cell becomes unbalanced because the antioxidant and prooxidant counterparts are
altered. Aerobic organisms activate their defense mechanisms such as the secretion and
action of glutathione, which is a tripeptide, composed of glutamate, cysteine, and glycine,
that is used at the biological level for the regulation of this oxidation, which is why it is
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Figure 1.

One-way ANOVA of the determination of antioxidant activity (%AA) by DPPH of fermentations (F) 1, 2, 3,
and 4 with their respective days (D) 1, 2, 3, 4, 5, 6, and 7. A) Fermentation 1, b) fermentation 2, c) fermentation
3, and d) fermentation 4. Equal symbol (a; b; c) indicates that there are no significant differences, and equal sign
indicates that there are significant differences (P < 0.05).

considered the universal antioxidant, in fact, it has been attributed that the proper func-
tioning of most other antioxidants is due to the presence of glutathione [37].

Therefore, in addition to the biological activities proposed, the determination of
thiols (-SH) in the different peptide extracts was also carried out through the con-
struction of a calibration curve as shown in Figure 3.

This analysis provided the plot eq. Y = 0.03769X + 0.02248, with an r” of 0.9927
and a p < 0.05, to determine the concentration of glutathione conferring antioxidant
activity to the peptides present in each sample, as synthesized in Table 2.

To complement the results obtained on the antioxidant potential of peptide
extracts, the evaluation of superoxide dismutases (SOD), whose main function is the
defense of aerobic organisms such as yeasts and filamentous fungi, such as Aspergillus
oryzae, was carried out, where through transcriptomic analysis the expression of
enzymes, such as catalase, glutathione peroxidase, and superoxide dismutase, has
been demonstrated to regulate the concentration of oxidizing agents, such as oxygen
free radicals, especially superoxide anion radicals [9]. The results obtained from the
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Figure 2.

One-way ANOVA ABTS " of fermentations (F) 1, 2, 3, and 4 with their vespective days (D) 1, 2, 3, 4, 5, 6, and
7. A) Fermentation 1, b) fermentation 2, c) fermentation 3, and d) fermentation 4. Equal symbol (a; b; c)
indicates no difference means, and equal sign indicates significant differences (p < 0.05).
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Figure 3.
Calibration curve for thiol (-SH) quantification.
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Concentration (nmol/pL)

Dia F1 F2 F3 F4

0 39.877 £ 0.109 38.763 + 0.297 38/763 £+ 0.074 38.505 + 0.126

1 30.983 £ 0.040 38.0571 4+ 0.082 -a 41.432 + 0.068
2 -a -a 30.382 + 0.051 33.705 £ 0.135

3 32.749 £ 0.053 30.382 + 0.022 31.294 £ 0.091 30.375 £+ 0.096

4 33.576 = 0.020 31.294 £ 0.055 30.880 £+ 0.063 32.475 £ 0.152

5 35.919 + 0.133 30.880 £ 0.0178 31.033 £ 0.044 32.695 + 0.098

6 31.034 £ 0.059 31.033 £ 0.047 29.549 £+ 0.049 32.056 + 0.0027
7 30.870 &+ 0.054 29.549 £+ 0.056 38.763 £ 0.126 32.308 + 0.077

- a Missing data ave the vesult of sample loss in storage or low extraction yield.

Table 2.
SH concentration (mmol/uL) of the different peptide extracts.

radical uptake assessment using the superoxide dismutase model are given in
Figure 4.

It has been identified that the antioxidant capacity of milk and its derivatives are
mainly due to sulfur-rich amino acids such as tyrosine and cysteine, vitamins A and E,
carotenoids, and enzyme systems such as the enzyme superoxide dismutase (SOD),
which are useful so that superoxide radicals (O2-), hydroxyl radicals, and peroxide
radicals can be inhibited [9].

This analysis provided the equation of the graph Y = 0.3146X - 0.2602 with an r*
equal to 0.9933 and a p < 0.05; to determine the concentration of SOD units present
in each sample, as synthesized in Table 3, which has the corresponding calculations of
the transformation from -log (SOD units) to SOD units.

This analysis revealed the presence of peptides with SOD-type antioxidant charac-
ter; although a difference in this concentration is evident in the different fermenta-
tions, the reason for these differences cannot be discerned without other analyses,

0.5+
0.4
0.3
0.2+

0.1+

Absorbance

0.0 1 I I 1 1
0.5 1.0 1.5 20 25

-log (units SOD)

-0.1-

Figure 4.
Calibration curve for SOD determination, —log (SOD units) vs. absorbance.
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Concentration (unidades SOD/mL)

Day F1 F2 F3 F4

0 0.020 + 0.010 0.030 + 0.01 0.032 £+ 0.005 0.024 + 0.005
1 0.020 £+ 0.020 0.023 £ 0.004 -a 0.035 £ 0.013
2 -a -a 0.022 &+ 0.016 0.022 £ 0.002
3 0.021 £+ 0.003 0.021 + 0.004 0.027 £+ 0.004 0.028 + 0.017
4 0.017 £ 0.007 0.010 £+ 0.005 0.010 £ 0.039 0.027 £ 0.011
5 0.019 + 0.006 0.010 £ 0.004 0.010 &+ 0.016 0.032 £+ 0.017
6 0.026 + 0.008 0.010 £ 0.011 0.013 £ 0.02 0.038 + 0.003
7 0.078 + 0.004 0.042 £ 0.003 0.011 £ 0.005 0.027 £ 0.014

-a Missing data ave the vesult of sample loss in storage or low extraction yield.

Table 3.
Concentrations in SOD units of the different peptide extracts.

which is why the analysis support is required as a characterization of the peptide
extracts.

However, taking into account reports by other authors on the antioxidant activity
of raw bovine milk with respect to SOD concentration of 0.92 to 3 units/mL and low
concentrations of -SH [38, 39], a decrease is evidenced by the elimination of proteins
of higher molecular weight removed during partial purification, that is, concentrated
proteins of low molecular weight are good antioxidant agents.

3.3 Analysis of the peptide profile of the extracts by SDS-page electrophoresis

Figure 5 shows the peptide profile exhibited by the peptides obtained, where
several fragments of molecular weight above 10 KDa are evident, which led to think
that there are still precursor proteins within the extracts; these proteins have already
been reported in other studies [40] with their molecular weights as expressed in
Table 4; therefore, the purification process was not effective in eliminating these high
molecular weight proteins.

Likewise, although the technique used does not allow the characterization of pep-
tides of molecular weights lower than 10 KDa, it was the only one that allowed the

Figure 5.
Electrophorvesis, Tris-glycine-SDS for polyacrylamide gel electrophoresis.
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Protein Molecular Reported activities References
weight
(KDA)

Lactoferrin +80-76 Antiviral, antibacterianas, antivirales, antifingicas, [41-44]

antiinflamatorias, antioxidantes e inmunomoduladoras

BSA +66 Antioxidante, antitumoral e inhibidora de la enzima [45]
convertidora de angiotensina (ECA)

Caseins’ +19-30 Antioxidante y antimicrobiana [46]

f- Lactoglubulin +18 Antioxidante [47]

a- Lactoalbumina +14 Antimicrobiana [48]

“The hydvolyzates of these proteins exhibit the following activity.

Table 4.
Molecular weights in KDa of some important proteins in bovine milk.

visualization of bands of protein origin because techniques, such as SDS-triscin [7],
did not allow the visualization of bands, as well as silver staining, the result of the
electrophoresis can be seen in Figure 5; although theoretically it is known that the
protein concentration in a sample should be greater than 0.5 mg/mL [34], the samples
analyzed have a variable composition and of different concentrations.

4, Conclusions

Antioxidant bioactive peptides have become a very valuable tool in both the food
and pharmacological industries due to their ability to act as antioxidants, and thus
combat oxidative stress in the human body. These peptides can be obtained from
proteins by fermentation processes with microorganisms and enzymes.

In this case, Aspergillus niger was used as an enzymatic source to obtain antioxidant
peptides from lactic serum. The results obtained indicate that the extracts obtained
from this fermentation process have a promising antioxidant activity, which makes
them a very interesting nutraceutical substrate.

Importantly, the antioxidant activity of these extracts can be attributed to the
presence of thiol groups and positive SOD activity. The ability to catalyze the
dismutation of superoxide anion into hydrogen peroxide and molecular oxygen is a
very important characteristic of these extracts as it confers them a greater capacity to
combat oxidative stress in the human body.

Therefore, the results obtained indicate that the use of Aspergillus niger as an
enzymatic source for obtaining antioxidant peptides from lactic serum is a very
valuable tool in the food and pharmacological industry. These extracts have promising
antioxidant activity and are a very interesting source of nutrients to combat oxidative
stress in the human body.
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