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a  b s  t r a  c t

Aspergillus fumigatus is an opportunistic saprobe fungus that accounts for 90% of cases of

pulmonary aspergillosis in immunosuppressed patients and is known for its  angiotropism.

When it reaches the respiratory tract, A. fumigatus interacts with structural components and

blood  vessels of the lungs, such as  elastin. To understand the  effect of this structural com-

ponent, we examined the effect of elastin on the production and development of the biofilm

of  A.  fumigatus. In  RPMI containing 10  mg/mL of elastin, a  significant increase (absorbance

p  <  0.0001; dry  weight p < 0.0001) in the production of biofilm was observed in comparison to

when RPMI was used alone, reaching a  maximum growth of 18.8 mg (dry  weight) of biofilm in

72  h. In addition, elastin stimulates the production (p = 0.0042) of extracellular matrix (ECM)

and  decreases (p = 0.005) the  hydrophobicity during the  development of the biofilm. These

results suggest that elastin plays an important role in the  growth of A. fumigatus and that it

participates in the formation of thick biofilm.

©  2018 Sociedade Brasileira de Microbiologia. Published by Elsevier Editora Ltda. This is

an  open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Introduction

Aspergillus fumigatus is  an  opportunistic saprobe fungus

that accounts for 90% of pulmonary aspergillosis cases in

immunosuppressed patients. This disease can exhibit various

clinical forms, mainly consisting of allergic bronchopul-
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monary aspergillosis, aspergilloma, and invasive aspergillosis

(IA), which are important causes of morbidity and mortality

ranging from 70  to 90%.1,2

In aspergilloma and IA, A. fumigatus behaves as a  mul-

ticellular community surrounded by an extracellular matrix

(ECM), which is characteristic of a biofilm3,4 and may  explain,

together with histological evidence, the  resistance to antifun-

gal agents when these clinical forms are treated.5,6

The development of this fungus within the lungs and the

angiotropism7,8 allow this microorganism to  be  in direct con-

tact with elastin, one of the main structural components of the
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lungs and blood vessels, which is fundamental for their physi-

ology. Correlation between elastase production by A.  fumigatus

and the development of IA  has been observed.9

It has recently been demonstrated the influence of host

factors such as serum components, as  fetuin A,10 and extracel-

lular DNA11 in the promotion of growth of A. fumigatus biofilm;

however, no studies have investigated the influence of lung

tissue constituents on the promotion of biofilm development.

In this perspective, the aim of this work was to  determine

the influence of elastin in the growth and development of the

biofilm of A. fumigatus.

Materials  and  methods

Fungal  strain  and  growth  conditions

Based on data obtained from previous analysis of virulence

factors such as biofilm and gliotoxin production, and ability to

cause pulmonary aspergillosis in  mice (unpublished data), we

selected two  isolates of A. fumigatus,  URM5992 (environmen-

tal origin) and URM6575 (clinical sample), from the Culture

Collection University Recife Mycology (URM) of the Federal

University of Pernambuco (Universidade Federal de Pernam-

buco – UFPE), Recife, Pernambuco (PE), Brazil, were used. The

isolates were maintained at 28 ◦C in malt extract agar.

Growth  conditions  and  inoculum  standardization

A. fumigatus isolates were grown on Sabouraud dextrose agar

at 37 ◦C for 72 h.  The conidia were collected by washing the

surface of the culture with 5 mL  of phosphate buffer saline

(PBS), pH 7.2,  supplemented with 0.025% (v/v) Tween 20. The

inoculum was adjusted to 1 × 105 cells in RPMI 1640 (Sigma-

Aldrich Corporation, USA) and buffered to pH 7.0 with 0.165 M

MOPS (Sigma-Aldrich Corporation, USA) for the production of

biofilm in 96-well plates.12 For quantification of the dry weight,

another inoculum was  adjusted to 3.75 × 104 cells/cm2.10

Production  of  A.  fumigatus  biofilm

A. fumigatus biofilm were produced in flat-bottom 96-well

polystyrene plates. Then, 200 �L  of the standardized cell sus-

pension of each A. fumigatus isolate was  added separately in

MOPS-RPMI 1640 (Sigma-Aldrich Corporation, USA) or MOPS-

RPMI 1640 containing elastin (RPMI/Elastin) (Sigma-Aldrich

Corporation, USA) at concentration of 10  mg/mL  for each time

(24, 48, and 72  h). Plates were incubated at 37 ◦C. For each time

interval, the culture medium was  removed from the  wells, and

the cells were washed three times with PBS, pH  7.2, to remove

all non-adherent cells.12

To quantify the dry weight of the biofilm, 3 mL  suspensions

of each isolate were placed separately in 6-well polystyrene

plates with MOPS-RPMI 1640 or RPMI/Elastin (10 mg/mL), incu-

bation times, and temperatures listed above.10

Biofilm  quantification

Biofilm was quantified using the  technique developed by

O’Toole and Kolter13 and subsequently modified by Mowat

et  al.12 The plates were dried, and 100 �L of 0.5% (w/v) crystal

violet solution was added for 5 min. The solution was removed

by thorough washing under running water. Biofilms were

unstained by adding 100 �L  of 95% ethanol to each well for

1 min. The ethanol was transferred to another microtiter plate

(96-well), and the absorbance was measured at 570 nm (A570)

using a  VarioskanFlash fluorescence meter with SkanItTM 2.4.5

RE software (Thermo Fisher Scientific, USA).

Quantification  of  the  biofilm  biomass  (dry  weight)

After the predetermined time, the biofilm was removed by

scraping and filtered through paper filters (Miracloth/22 �m,

Merck, Germany), which were then dried to a  constant

weight.10

Quantification  of  the  ECM

The biofilm formed in RPMI and RPMI/Elastin (10 mg/mL) for

48  h at 37 ◦C were stained by the addition of 100 �L  of a solu-

tion of 25 �g/mL Alexa Fluor 488 (CAAF; Life Technologies,

Germany) in PBS, followed by incubation for 45  min  at 37 ◦C

and stirring at 250 rpm. The biofilm was washed three times

with PBS.11 The fluorescence intensity was measured using

a VarioskanFlash fluorescence meter with SkanItTM 2.4.5 RE

software (Thermo Fisher Scientific, USA) at excitation and

emission wavelengths of 485 nm and 520 nm,  respectively.

CAAF stock solutions of 5 mg/mL  were stored at −20 ◦C and

thawed immediately before use.

Quantification  of  biofilm  hydrophobicity

A  microsphere adhesion assay with fluorescent orange

sulfate-modified latex microspheres (0.806 �m, Sigma-Aldrich

Corporation, USA) was  used to  test biofilm hydrophobicity.

The biofilm in  RPMI alone and RPMI/Elastin (10 mg/mL) were

washed with 0.1 M KNO3, pH 6.5, and then mixed with an

equal volume of the microsphere solution (109/mL). Subse-

quently, the mixture was  stirred for 30 s and extensively

washed with the  same solution.3 The amount of fluorescence

emitted resulting from the adherence of the microspheres to

the hyphae was measured with a  VarioskanFlash fluorescence

meter with SkanItTM 2.4.5 RE software (Thermo Fisher Scien-

tific, USA) at excitation and emission wavelengths of 520 nm

and 540 nm,  respectively.

Biofilm  microscopy

For microscopic analysis, the biofilm was  grown on cover-

slips (22 mm  × 22 mm)  in RPMI and RPMI/Elastin (10 mg/mL)

at 37 ◦C for 48 h in 6-well polystyrene plates. The coverslips

were removed, and the biofilm was analyzed.

To visualize the structure of the biofilm, 100 �L of

Calcofluor White
®

(Sigma-Aldrich Corporation, USA) and exci-

tation/emission filters of 346/433 nm were used to obtain a

blue color. The ECM quantification and hydrophobicity assays

were conducted as described above for the quantification of

fluorescence.
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The images were obtained using a  Leica DMI 4000B fluo-

rescence microscope and Leica Microsystems LAS AF software

(Germany).

Analysis  of  biofilm  structure  by  scanning  electron

microscopy  (SEM)

The A. fumigatus biofilms for electron microscopy were devel-

oped as described in the  previous biofilm formation section,

in 6-well polystyrene plates at 37 ◦C  during 48  h were used

for this experiment. For  the SEM, the samples were processed

as described by González-Ramírez et al.14 Briefly, the biofilms

were washed with PBS and fixed with 2% Glutaraldehyde (Elec-

tron Microscopy Sciences
®

,  Washington PA, USA) for 2 h.  Then,

the biofilms were post-fixed with 1% Osmium Tetroxide (Elec-

tron Microscopy Sciences
®

,  Washington PA, USA) for 2  h. The

bottoms of the 6- polystyrene plates were cut with a hot punch,

and the intact biofilm was  obtained. The samples were dehy-

drated with ethanol at 10, 20, 30, 40, 50, 60, 70, 80 and 90% for

10 min  and with absolute alcohol for 20 min. Then, the biofilms

were placed into a critical point dryer and were coated with

ionized gold for 400 s at 15.0 kV. The SEM images were obtained

using a Shimadzu-SS550 microscope with tungsten filament

(Kyoto, Japan).

Statistical  analysis  and  data  presentation

All data represent the mean and standard deviation of six

replicates of each isolate. The graphical representation and

statistical analysis of experimental data were performed by

analysis of variance (ANOVA) and/or Tukey’s test for multiple

comparisons using the GraphPad Prism 5 software (GraphPad

Software, Inc., California, USA). p values less than 0.05 were

considered statistically significant.

Results

Biofilm  growth  in  the  presence  of  elastin

The biofilm formation by A. fumigatus (URM5992 and URM6573)

was assessed in microplate assay using crystal violet stain-

ing and dry weight. The addition of elastin (10 mg/mL) to the

medium promoted significant biofilm growth (p < 0.0001) in  all

evaluated time points (Fig. 1A and B). No difference in biofilm

production was observed between the isolates (p  = 0.1447).

Regardless of the source, both strains were able to produce

biofilm.

As expected, the addition of elastin led to  increased

biomass after 48 h,  when compared to biofilm in RPMI medium

alone (9.4 mg), reaching 18.8 mg  at 72  h. These data strongly

suggest the influence of elastin on A. fumigatus biofilm growth

and development.

Biofilm stability was assessed by shear mechanical force

by serially pipetting the biofilms with PBS during the wash-

ing procedure (results not shown). We observed during the

first 24 h of growth, the biofilm appeared consistent, but it did

not strongly adhere to the plates. After 48 h,  the  structure was

stable and adherent.

Morphologically, bundles of parallel hyphae (Fig. 1E  and

F) as  well  as an  interlaced arrangement, acting possibly

to strengthen and stabilize the structure as a whole, were

observed at 48 h. In addition, we observed circular arrange-

ments (Fig. 1E  and F), indicating the possible formation of

channels for air  circulation.

Increased  of  ECM  provided  by  the  elastin

Elastin (10 mg/mL) increased the  amount of ECM produced

by A.  fumigatus (p = 0.0042) (Fig. 2)  when compared to RPMI

medium alone. This increase becomes the biofilm of A. fumiga-

tus strains to be more  cohesive, as  shown photomicrographs

(Fig. 3A  and B). In addition, we observed strong staining by

CAAF in amorphous materials around the ends of the  hyphae

(Fig. 3C and D). These results indicate strongly that pulmonary

constituent stimulates A. fumigatus to develop evasion mech-

anism to  host defenses.

Modification  of  hydrophobicity  of  the  mycelium  by the

elastin

We found different hydrophobic properties in the biofilm of

A. fumigatus. The mycelium grown in the  biofilm in RPMI

was more  hydrophobic than observed in RPMI supplemented

with elastin (10 mg/mL) (Fig. 4movefigure2). The hydropho-

bicity was assessed in  hydrophobicity assay of the  mycelium

surface with fluorescent orange sulfate-modified latex micro-

spheres (0.806 �m, Sigma-Aldrich Corporation, USA).

In this assay, a  large number of microspheres adhered to

the biofilm grown in RPMI alone (Fig. 5A  and B), while in

the presence of elastin, the hydrophobicity was decreased

(p = 0.005) (Fig. 5C and D). What is interesting in  this data is

that different than we  expected, the hydrophobicity decreased

while ECM production increased.

Our finding revealed that the  presence of host components,

such as  elastin, is capable of altering the behavior of A. fumi-

gatus, as shown here for hydrophobicity.

Discussion

Biofilms are multicellular communities of microorganisms

surrounded by an ECM. Growth in communities confers

advantages to fungi, including the ease of colonization of the

substrate, protection from environmental aggression, resis-

tance to physical and chemical stress, metabolic cooperation,

and regulation of gene expression.3,6

Several reports have shown that adding new components

to RPMI 1640 medium produces conditions that mimic  the host

organism during infection.4,11,15

As  far as we know, this is the  first report of biofilm produc-

tion by A. fumigatus on the presence of elastin. In this study,

the presence of elastin in  the RPMI medium led to increased

biomass in 100% after 48 h, when compared to biofilm in  RPMI

medium alone. The increase biofilm when added elastin to the

growth medium, suggests the influence of lung constituents

on the promotion of biofilm development of A. fumigatus.

Recently, has been demonstrated the influence of other host

factors, such as  serum components, such as  fetuin A,10 and
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Fig. 1 – Influence of elastin on the growth of A. fumigatus biofilm. The graphics represent the mean values with SDs of the

biofilm production of both isolates of A. fumigatus measured by absorbance with 0.5% crystal violet (A) and (B) the dry

weight. A significant increase in the presence of 10 mg/mL  of elastin (gray bars) compared to RPMI alone (black bars) was

observed for all time periods (**p < 0.01; ****p < 0.0001; ANOVA); (C) A. fumigatus URM6575 biofilm grown in RPMI is shown

after 48 h at 37 ◦C under light in microscopy and (D) stained with Calcofluor White
®

(E) and in  RPMI supplemented with

10 mg/mL  of elastin under microscopy and (F) stained with Calcofluor White
®

.  An increased amount of biofilm was

produced in the presence of elastin (10 mg/mL). Circular arrangements (yellow arrow) and parallel bundles of hyphae (black

arrow) are shown. Scale bar, 50 �m.

extracellular DNA11 on promoting the growth of A. fumigatus

biofilm.

No difference was  observed in biofilm production between

the isolates (p = 0.1447). Both isolates of A.  fumigatus were able

to produce biofilm independent of their substrate of origin

(clinical or environmental). This result is  consistent with those

of González-Ramírez et  al.14 who did not observe difference

in development and biofilm production between clinical and

environmental isolates of A.  fumigatus.

We  obtained maximum dry weight at 72 h of 18.8 mg is

more  than twice the maximum value (8.3 mg)  obtained for

Seidler et al.4 during the same time period of co-culture with

bronchial epithelial cells, using the A. fumigatus ATCC 9197

strain. While the biofilm of A. fumigatus (IFM 49896 strain)

demonstrated by Toyotome et al.10 in presence of serum

protein fetuin A  reached an average mass of 30 mg.  Indi-

cating that other host constituents may  be necessary for

biofilm development in A.  fumigatus.  In addition, the biofilm
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Fig. 2 – Influence of elastin on extracellular matrix (ECM) of

A. fumigatus biofilm. The means and SDs show that the

amount of ECM produced in the presence of elastin (gray

bars) was significantly greater (p = 0.0042), than that

produced in RPMI alone (black bars). The difference

between isolates of clinical (URM6573) and environmental

(URM5992) origin was highly significant (p < 0.001, ANOVA).

**p < 0.01; ****p  < 0.0001.

production variation observed in  these studies may be related

to the  biofilm-forming capacity of each organism, vary-

ing according to  the isolates used, as known for group A

Streptococcus.16

The observed increase in  biofilm production can be

attributed to several factors, firstly the elastin be an abundant

protein in lung tissue and blood vessel walls, likely serving

as an important source of nutrients for biofilm production.9

Elastase activity must be  highlighted among all the factors

supposedly related to pathogenicity in this mold, because

not only elastin can serve as a  source of nitrogen for the

fungus, but also its degradation could allow pathogen inva-

sion through host tissues.17,18 This activity has also been

described in other important pulmonary pathogens, such as

Pseudomonas aeruginosa.19

Moreover, the elastin could be able to promote modula-

tion of genes involved in the  regulation of biological processes,

which may  be related to the establishment of deep infections,

like has been demonstrated to Trichophyton rubrum.17

Previous studies evaluating biofilm growth kinetics

observed increase for biofilm produced over time,3,12 which is

in good agreement with the results of the present study.

Regarding morphology, the hyphae arrangement in the

biofilm of A. fumigatus observed is similar to that found

by Seidler et al.,4 where parallel-packed hyphae strengthen

the structure in  one direction while crossing hyphae further

stabilize the structure. In addition, the  presence of circular

A
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0 µm 25 0 µm 25

SE17x 20004.015.0kV

AccV Probe Mag WD Det 5um

SE17x 20004.015.0kV

B

DC

Fig. 3 – Enhanced production extracellular matrix (ECM) of A. fumigatus biofilm. Photomicrographs taken by  scanning

electron microscopy analysis of A. fumigatus URM6575 biofilm in RPMI (A) and RPMI with elastin (B) show increased

production of ECM in the presence of elastin (yellow arrow). Magnification of 2000×.  A. fumigatus URM6575 biofilm grown in

RPMI supplemented with 10 mg/mL  of elastin (C)  under light microscopy and stained with concanavalin A-Alexa Fluor 488
®

(D) show greater amounts of ECM at the ends of the hyphae (white arrow). Scale bar,  50 �m.
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Fig. 4 – Influence of elastin on the hydrophobicity of A.

fumigatus biofilm. The hydrophobicity in the presence of

elastin (gray bars) was significantly lower (p = 0.005) than

that in RPMI alone (black bars). The difference between the

clinical (URM6573) and environmental (URM5992) isolates

was highly significant (p < 0.0001, ANOVA). **p < 0.01;

****p <  0.0001.

arrangements, also observed by Beauvais et  al.3 suggests the

possible formation of channels for air circulation, which could

be the origin of the oxidation mechanisms responsible for the

production of melanin, a known constituent of the ECM.3,20

As expected, the  increase of biofilm was  followed by

increase amount of ECM, this result is consistent with those

of Seidler et al.4 who  observed the increase in  the amount of

ECM is related to the greater amount of biofilm.

This matrix is an essential component for the develop-

ment of biofilm because it glues together the hyphae and fixes

them to the surface.3 In addition, it provides protection against

external factors, such as the action of the host immune cells

and antifungal agents.20–22

In this study, we  used CAAF to stain the polysaccharides

and SEM to  analyze the ECM. In agreement with previous

studies,3,4,10 we found the ECM as a  matrix diffused between

the hyphae and surrounds them, where it apparently glues

together the hyphal threads of the network.3

Consistent with early observations,3,4,11 the ECM was also

more  evident ending flow tubes, suggesting it not only covers

and protects the structure as a whole but also connects the

ends of the hyphae to each other.11

The presence of carbohydrate, evidenced by CAAF stain

of �-mannopyranosyl and �-glucopyranosyl residues of the

polysaccharides, suggests its availability in the ECM is a  result

of need to provide nutrition to the hyphae that make up the

biofilm structure, especially those that are most distant from

the nutrient source.12

Our findings consist of a  multicellular complex structure

and highly organized, with polysaccharides in the cell wall

and surrounding the  hyphae in the biofilm like reported by

early studies.3,4,12,22

This is the first study to observe an increase in ECM

production in A. fumigatus biofilm in the presence of a pul-

monary and blood vessels constituent, the  elastin. This finding

suggests the development of biofilm of A. fumigatus is strongly

influenced by factors present in the host because the ECM is

also present in aspergilloma and provides greater stability to

the hyphae network.20 In addition, it is hypothesized that ECM

plays a  significant role in antifungal resistance by adsorbing

antifungal drug molecules and preventing their diffusion.4,23

A  possible explanation for this might be the greater avail-

ability of nutrients, which probably led to higher growth with

increased production of ECM. Previously was demonstrated

the fundamental role of elastase on tissue invasion, suggest-

ing A. fumigatus opens breaches in the pulmonary barriers,

secreting these proteases, which are  related to pathogenicity

this fungus.24

Another possible explanation for this is that the increase

in ECM production observed in  this study may  be related to

the stimulation of the pulmonary environment, which causes

A. fumigatus to develop strategies to survive the host. This

matrix contains toxins, such as gliotoxin, which is capable

of inducing apoptosis in macrophages, polymorphonuclear

leukocytes and dendritic cells, as  well as melanin, the  pig-

ment that protects the fungus against oxidative stress.3,15,25,26

Thus, as suggested, the lung environment appears to select

the isolates that are best adapted.27,28

In terms of hydrophobicity, we used an assay with sulfate-

modified latex microspheres, because they have a low density

of negative charges, and more  than 90%  of their surface is

available for hydrophobic interactions.29

Adhesion is the first step in colonization of a substrate by

a fungus, which occurs through various interactions between

conidia and the  substrate surface.30 Despite the importance

of the adhesion, little is  known about this process.31 Sev-

eral studies have focused primarily on the  fungal cell wall,

emphasizing proteins, especially the hydrophobins, which

are  responsible for the high hydrophobicity of conidia and

hyphae walls. These proteins stabilize the adhesion of spores

to  hydrophobic surfaces, both natural and artificial, possibly

generating morphogenetic signals.30,32.

In A. fumigatus have been demonstrated hydrophobins

are  responsible for the hydrophobic characteristic of the

ECM.3,33,34 Bruns et al.15 and Gibbons et al.35 showed up-

regulation of hydrophobins genes of A. fumigatus in biofilm

condition, suggesting that several hydrophobins are  expressed

in  the A. fumigatus ECM.

This is the first study to report a change in the hydropho-

bicity of A. fumigatus biofilm when elastin, a  factor present in

the host, is added to growth medium. Environmental condi-

tions such as temperature, nutrient supply, and humidity,36 as

well as the culturing conditions, i.e., solid or liquid media and

biofilm conditions, can affect hydrophobicity.3,37,38

Contrary to expectations, this study finds a significant

decrease on hydrophobicity when elastin is added to RPMI

medium, even though their presence has caused an increase

in the ECM.

This inconsistency may  be due to the role played by

hydrophobins in completing the life cycle of these fungi,

causing the surface to be hydrophobic and resistant to humid-

ity, thereby facilitating the dispersion of spores through the

air.39,40 Thus, after established a  community in the lung envi-

ronment, A. fumigatus,  most likely, does not need to  expend

energy for production of dispersing proteins.
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Fig. 5 – Decreased hydrophobicity of A. fumigatus biofilm. A. fumigatus URM5992 (environmental origin) biofilm after 48 h at

37 ◦C. (A and B)  Biofilm Grown in  RPMI without elastin under light microscopy and stained with latex beads, respectively. (C

and D) biofilm grown in RPMI with elastin – 10 mg/mL  under light microscopy and stained with latex beads, respectively.

Scale bar, 50  �m.

However, other roles have been attributed to hydrophobins,

as demonstrated by RodAp, which hamper immune recogni-

tion; and its absence is associated with a reduction of virulence

in this fungus.41–43 These findings reinforce the  need for fur-

ther studies to elucidate the biological roles of hydrophobins,

especially in the  context of the host-parasite relationship

because several host factors may act together, in addition to

elastin, to induce the  expression of these proteins in vivo.

In conclusion, this study demonstrated that elastin influ-

ences biofilm development of A. fumigatus.  The results

showed that the ECM production was strongly increased while

the hydrophobicity of the biofilm decreased. The present

study confirms previous findings and contributes additional

evidence that suggests pulmonary constituents can also influ-

ence biofilm development of A.  fumigatus.

However, additional experiments should be necessary to

allow for increased understanding of the role of host con-

stituents for development of A. fumigatus biofilm.
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