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aracterization of toxic Aspergillus
spore-specific DNA aptamer using spore-SELEX

Jin-Woo Seo,a Jee Young Kim,a Da Hee Kim,a Jeong-Joo Oh,a Young Jun Kim b

and Gyu-Hyeok Kim *a

As airborne spores of toxic Aspergillus species cause mild symptoms to invasive fungal infections, their

indoor concentration should be controlled through real-time management. Aptamer-based biosensors

could provide economical and simple solutions for point-of-care. In this study, we isolated aptamers

binding to the spores of three representative toxic Aspergillus species (A. fumigatus, A. flavus, and A.

niger) for the first time, using cell-SELEX (systematic evolution of ligands through exponential

enrichment). Among the aptamer candidates, Asp-3 showed a broad and high binding affinity for the

Aspergillus spores. Considering the low binding affinity with proteinase-treated spores, we speculated

that the Asp-3 binding sites could be possibly associated with cell surface proteins. The high Asp-3

specificity was confirmed by comparing the binding affinity between the Aspergillus target species and

other common indoor fungal species. Moreover, we also established quantitative linear relationships

between Asp-3 and the spore concentration of each Aspergillus species. Therefore, the selected Asp-3

aptamer, conjugated with detection sensors, could be an effective biorecognition element for the spores

of three toxic Aspergillus species.
1. Introduction

As modern people spend most of their time indoors, long-term
exposure to indoor air signicantly affects health.1 Among the
various indoor contaminants, molds, especially airborne fungal
spores, are signicant fungal aerosol contaminants.2–5 Low
concentrations of indoor fungal spores are barely associated
with ill health. However, elevated fungal spore concentrations
could adversely affect health, especially upper-respiratory
allergic reactions induced by fungal cell wall materials.3–6

Such undesirable indoor air conditions could lead not only to
mild symptoms but also invasive fungal infections (IFIs).7,8 In
immunocompromised individuals, the inhalation of patho-
genic fungal spores could induce respiratory IFIs. In severe
cases, fungi spread to each part of the body, which may even
cause death.9 Among fungi, the genus Aspergillus is one of the
most commonly observed indoor species.7,8 Aspergillus spp.
superbly adapt their spores to airborne dissemination, and each
fruiting body could generate approximately 10 000 spores.10

Previous studies have reported that inhaling airborne Asper-
gillus spores can directly cause lung infection.8,10,11 For example,
A. fumigatus, with small size (3–5 mm) spores, could penetrate
deeply into the host lung due to the hydrophobic protein-coat
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layer of its spores.7 In addition, aspergillosis, the most
common fungal disease caused by Aspergillus spp., could lead to
a mortality rate of over 50% among the immunocompromised
patients, even with proper diagnosis and treatment.11,12 Due to
these risks, Aspergillus spp. spores are in the focus of scientic
attention.10 A rapid diagnostic assay could be considered
a reasonable solution as the direct evaluation of the spores
could establish proper guidelines to effectively manage Asper-
gillus airborne spores.13

Air sampling is a commonly used method in various diag-
nostic assays to assess indoor fungal spore contamination.13

These conventional laboratory-based methods for air sample
diagnosis assays rely on a culture of sampled fungi.14,15

Although culture-based methods are advantageous for sample
maintenance to facilitate the in-depth identication of fungi,
they are time-consuming and laborious, and it is hard to culti-
vate all collected microorganisms using such methods, which
requires equipment with specialized laboratories.16 Apart from
the culture-based methods, studies of advanced analytical
techniques combined with commercial air samplers have been
recently conducted. For instance, quantitative polymerase chain
reaction (qPCR) and Luminex xMAP techniques were combined
with an air sampler and used for the identication of fungi in
the air.17,18 However, even with such advanced supersensitive
sensor-based methods, there still remain few drawbacks, such
as high equipment cost and need for highly skilled personnel,
making it hard to use such approaches as effective “point-of-
care” management systems.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra09571k&domain=pdf&date_stamp=2021-01-11
http://orcid.org/0000-0002-5125-3433
http://orcid.org/0000-0002-2681-6652
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09571k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011005


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 2
/2

6/
20

26
 3

:5
0:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Alternatively, aptamers, single-stranded oligonucleotide
(DNA or RNA) molecules that bind to other molecules with
high affinity and specicity, are becoming attractive elements
for various types of sensors due to their high stability, low
production cost, and ease of modication compared to other
biorecognition elements (e.g., enzymes, antibodies, and lec-
tin).19–21 These advantages allow the easy generation of target-
specic aptamers in vitro, under the same conditions as those
used for detection, which is a clear advantage compared to
other sensor elements.22,23 Therefore, sensors aptamer-based
could be used as “lab-on-a-chip” tools without specialized
personnel and establishing a full laboratory system.24

The procedure for selecting a target-specic aptamer, the
systematic evolution of ligands through exponential enrich-
ment (SELEX), was developed, in 1990, by Gold and Szos-
tak.25,26 Over the years, various SELEX methods have been
developed to suit the needs of the researchers. Among these
variations, cell-SELEX is a promising method for the identi-
cation of aptamers on the cell membrane surface without prior
knowledge of the target.27 Several aptamers have been selected
using cell-SELEX that are conjugated to optical, mechanical,
and electrochemical biosensors to overcome the problems of
traditional pathogen detection methods.28,29 However, no
aptamers isolated from fungal spore cell-SELEX have been
reported, whereas fungal element-targeting aptamers, such as
fungal toxins and cell wall components, have been
explored.28,30,31
Fig. 1 Schematic illustration of strategies exploited for selecting aptame
random ssDNA library, 4 cycles of 3 rounds (total 12 rounds) sequential p
Negative selections with non-specific spore mixtures were performed a

© 2021 The Author(s). Published by the Royal Society of Chemistry
In this study, based on cell-SELEX, we performed spore-
SELEX to isolate broadly reactive aptamers binding to the
spores of three representative Aspergillus species (A. fumigatus,
A. avus, and A. niger), generating large amounts of airborne
fungal spores that subsequently cause allergic reactions and
even IFIs.7,8 Aer 12 rounds of SELEX, we successfully isolated
Aspergillus spore-specic aptamer candidates. Asp-3 was
selected post-SELEX as the most efficient aptamer. Thereaer,
we evaluated the Asp-3 binding affinity and specicity to the
spores of the three toxic Aspergillus target species. This study
provides basic information on aptamer binding to fungal spores
for the development of highly sensitive biosensors, offering
a solution for indoor air quality management.
2. Results and discussion
2.1. Spore-SELEX against spores of three Aspergillus spp.

Spore-SELEX was conducted to isolate Aspergillus spore-specic
aptamers. Spore-SELEX is used to isolate aptamers with a broad
affinity for various microorganisms, by performing cell-SELEX
at different targets of interest in each round of aptamer selec-
tion.32 Fig. 1 illustrates the spore-SELEX procedure performed
in this study. Starting with a random single-stranded DNA
(ssDNA) library, 12 rounds (3 � 4 cycles, each consisting of
three Aspergillus species SELEX procedure in regular sequence)
of positive selection were performed with each spore suspen-
sion of A. fumigatus, A. avus, and A. niger. Moreover, two steps
rs binding to the spores of three toxic Aspergillus species. Starting from
ositive selections (A. fumigatus, A. flavus, and A. niger) were performed.
t rounds 4 and 7 to eliminate non-specific aptamers.

RSC Adv., 2021, 11, 2608–2615 | 2609
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Fig. 2 Elution yield of ssDNA at each round of the spore-SELEX
procedure. Before rounds 4 and 7, NS (negative selection) was per-
formed to removed non-specific aptamers.
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of negative selection were conducted just before rounds 4 and 7
with non-specic spore suspensions of Alternaria alternata,
Cladosporium cladosporioides, and Penicillium chrysogenum,
respectively.

The elution yields (%) of each round during the spore-
SELEX are illustrated in Fig. 2. This elution yield (%) showed
a gradual increase from the 1st to the 4th cycle during the
SELEX procedure. The nal yield of the 4th cycle was saturated
near 70–80%. These results suggest that repetitive SELEX
cycles reduce the amount of unnecessary nucleotides and
enable us to obtain a broad affinity for aptamers against the
spores of the three toxic Aspergillus species. The saturation of
the elution yield at the 4th cycle was likely caused by the
bottleneck effect from decreasing the variety of the aptamer
candidates and consequently the saturation of the binding
sites, indicating that 4 cycles were optimal for the SELEX
procedure with no need for further rounds. In addition, the
reduction of the elution yield at round 4 (48.1–34.0%) and
round 7 (69.0–61.0%) showed that the negative selection was
successfully applied to remove non-specically bound
aptamers from the aptamer candidates and enhance the target
Table 1 Sequenced ssDNA from 4th cycle of spore-SELEX procedure

ID Random region

Asp-1 ttaggtttaaagggcgagaataatttaaagattta
Asp-2 ggtgctctgtcggtgggcttgatggtattgtgctt
Asp-3 cgtttgggcggtatgagttcgggggtataccgcag
Asp-4 atgtttttgtctttttggcttacaggaatgggtgt
Asp-5 tgcctctaagttggtgtcctcggattcctagtgat
Asp-6 tcgtgctcttagtgagaaagggctgcggctacagc
Asp-7 cggggtgagactcttgaaaggaacgaggtccatag
Asp-8 tgcctctaggttggtgtcctcggattcctagtgat

2610 | RSC Adv., 2021, 11, 2608–2615
specicity of the selected aptamer. Finally, the aptamer pool
obtained aer round 12 was selected and identied using TA
cloning and subsequent DNA sequencing.

A total of 20 clones were sequenced and 8 different
sequences (71-nt) were obtained (Table 1). From 8 different
sequences, Asp-3, Asp-5, Asp-6, Asp-7, and Asp-8 were chosen as
aptamer candidates, based on their Gibbs free energy and the
number of copies. The ve aptamer candidates had the lowest
Gibbs free energy, among which Asp-3 and Asp-5 had a number
of copies of at least 2. The 2D structure and Gibbs free energy of
the ve aptamer candidates are illustrated in Fig. 3A. All ve
aptamer candidates showed more than three bulb-like hairpin
structures.
2.2. Post-SELEX of aptamer candidates

The post-SELEX experiment was conducted to select the most
efficient binding aptamers to the spores of the three Aspergillus
species. Fig. 3B shows the uorescence intensity of each spore-
bound aptamer candidate, Asp-3 displaying the highest binding
affinity. The average uorescence intensity of the spore-bound
Asp-3 and Asp-8 aptamers were 10 and 8 times higher than
those of the random ssDNA library, respectively. The Asp-7
aptamer showed noticeable binding affinity only against A.
fumigatus and A. niger, which was unsuitable for simultaneous
detection of the spores of the three Aspergillus species. The
binding affinity of Asp-5 and Asp-6 was not as high as those of
Asp-3 and Asp-8, possibly due to their binding with fungal
elements, such as secondary metabolites, other than spores.
Based on its broad and high binding affinity, aptamer Asp-3 was
nally designated as the most efficient binding aptamer to the
spores of the three Aspergillus species, and further analysis was
conducted for its characterization.
2.3. Asp-3 binding assay and binding site identication on
the spores

Binding saturation curves were plotted to calculate the Asp-3
dissociation constant (Kd) to the spores of the three Aspergillus
species. The binding saturation curves were tted using the
following formula:

Michaelis–Menten equation: F ¼ Bmax � C/(Kd + C), (1)
Number of copies
Gibbs free energy
(kcal mol�1)

1 �6.65
1 �7.47
2 �11.86
1 �6.67
12 �11.38
1 �8.34
1 �15.37
1 �10.23

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Selection of nucleotides binding to the spores of three toxic Aspergillus species from the enriched pool after the 4th toggle (A) secondary
structure and Gibbs free energy (DG, kcal mol�1) predictions of five aptamer candidates based on the NUPACK software analysis (B) binding
affinity of five aptamer candidates to the spores of three toxic Aspergillus species based on fluorescence intensity.

Fig. 4 Binding saturation curves of the Asp-3 aptamer to the spores of three toxic Aspergillus species based on fluorescence intensity.
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where F, Bmax, and C (nM) are the uorescence intensity,
maximum uorescence intensity of binding, and aptamer
concentration, respectively.

The calculated Asp-3 Kd was 80.12 � 7.01, 35.17 � 12.11, and
101.19 � 25.41 nM to the spores of A. fumigatus, A. avus, and A.
niger, respectively (Fig. 4). Among the spores, the Asp-3 binding
affinities were in the following order: A. avus, A. fumigatus, and
A. niger. Overall, these Kd values are comparable to those of
isolated aptamers to fungal elements in the cell wall. Aptamers
with an affinity for fungal cell wall components, such as (1/3)-
b-D-glucan, showed Kd between 79.76 nM and 103.7 nM.33 Since
cell-SELEX is a method for identifying new biomarkers on the
cell membrane surface, these comparable binding affinities
show that Asp-3 could recognize surface molecules on the
spores with high affinity.

In order to identify the Asp-3 target molecules, the spores of
each Aspergillus species were treated with two types of protein-
ases. Fig. 5 shows proteinase-treated and -untreated spore-
bound Asp-3 uorescence intensity of the three toxic
© 2021 The Author(s). Published by the Royal Society of Chemistry
Aspergillus species. The intensities of trypsin- and proteinase K-
treated spores were signicantly lower than those of the
untreated spores of all three Aspergillus species. These results
indicate that each type of the Aspergillus spores shares similar
binding sites and is most likely a spore surface protein. For
reference, outer layers of Aspergillus spores are mainly
composed of hydrophobic proteins called hydrophobins.34 As
many Aspergillus species display various types of putative
hydrophobins on their spore surfaces, the SELEX-isolated
aptamer might target the major types of Aspergillus
hydrophobins.34,35
2.4. Asp-3 specicity evaluation

Spore mixtures of the three fungal species (Al. alternata, C.
cladosporioides, and P. chrysogenum) were used as negative
selection samples for the SELEX as the selected aptamers
should be non-specic to other common indoor fungi for
application to environmental samples.36 To conrm the speci-
city of the Asp-3 aptamer, the binding affinity of Asp-3 was
RSC Adv., 2021, 11, 2608–2615 | 2611
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Fig. 6 Binding affinity of Asp-3 aptamer to the spores of three toxic
Aspergillus species and three common indoor fungal species, Al.
alternata, C. cladosporioides, and P. chrysogenum based on fluores-
cence intensity.

Fig. 7 Quantitative analysis of the spores of three toxic Aspergillus spec

Fig. 5 Effect of trypsin and proteinase K treatments on the binding
affinity of Asp-3 aptamer to the spores of three toxic Aspergillus
species based on fluorescence intensity.

2612 | RSC Adv., 2021, 11, 2608–2615
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evaluated with each spore suspension of common fungal
species. Fig. 6 shows the uorescent intensity of Asp-3 binding
to spores of three common indoor fungi and three toxic Asper-
gillus spp. Signicant differences in uorescence intensity were
observed between spores of target Aspergillus species and other
fungal species. The average intensities of Asp-3 binding with
Aspergillus spores were 16 times higher than those of other
fungal spores. These results indicate a successful spore-SELEX
procedure and the noticeable specicity of Asp-3, suggesting
a potential application of Asp-3 in detecting specic Aspergillus
species in an indoor environment.
2.5. Asp-3-based quantication of the spore concentration

The quantication of the spores of the three Aspergillus species
was conrmed using Asp-3. Fig. 7 shows the normalized signals
((F� F0)/F0) of Asp-3 bound to different concentrations (5� 105,
106, 1.5 � 106, 2 � 106, 5 � 106, 1 � 107 spores per mL) of
Aspergillus target spores. The normalized signals were visibly
proportional to the concentration of the target spores. Then,
these data points were tted to a linear relationship, using the
following formulas:

A. fumigatus: f(x) ¼ 3.40 � 10�5x (R2 ¼ 0.95), (2)

A. flavus: f(x) ¼ 5.66 � 10�5x (R2 ¼ 0.97), (3)

and A. niger: f(x) ¼ 2.12 � 10�5x (R2 ¼ 0.98), (4)

where f(x) and x (spores per mL) are the normalized signal and
spore concentrations of the target Aspergillus species,
respectively.

The coefficients of the tted model determinations were
higher than 0.95, indicating that the models were highly accu-
rate in quantifying each Aspergillus spore concentration.
Further research is necessary to apply the selected aptamer
(Asp-3) for monitoring of airborne spores of Aspergillus species
via combining it with various sensing platforms such as gold
nanoparticles, paper strips, and surface plasmon resonance.36–38
3. Conclusion

In summary, the spore-SELEX method was successfully used to
isolate Asp-3, an aptamer with broad and high binding affinity
ies using Asp-3 based on fluorescence intensity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for the spores of three toxic Aspergillus species. Each Kd against
A. fumigatus, A. avus, and A. niger were 80.12, 35.17, and
101.19 nM, respectively. The Asp-3 binding sites on the spore
surface were possibly associated with cell surface proteins. The
high Asp-3 specicity was conrmed by comparing the binding
affinity between the target Aspergillus and other fungal species.
The quantitative linear relationships between Asp-3 and the
Aspergillus spore concentrations were also established. There-
fore, this identied aptamer, Asp-3, could be a potential
candidate conjugated with sensors to detect the spores of three
toxic Aspergillus species.

4. Materials and methods
4.1. Materials

Phosphate-buffered saline (PBS, pH ¼ 7.0), bovine serum
albumin (BSA), MgCl2, NaOH, EDTA, and trypsin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Potato Dextrose Agar
(PDA) was purchased from BD (MD, USA). Tween® 80 was
purchased from Junsi Chemical (Tokyo, Japan). Distilled water
(DNase-free), salmon sperm DNA, and streptavidin-coupled
magnetic beads were purchased from Invitrogen Corporation
(Karlsruhe, Germany). The AccuPrep Gel Purication kit,
proteinase K, and the 50� Tris-acetate-EDTA (TAE) buffer were
purchased from Bioneer (Daejeon, Korea). The PCR premix was
purchased from Cellsafe (Gyeonggi, Korea). The random single-
strand DNA (ssDNA) library and primers used in Aspergillus
spore-SELEX were chemically synthesized by Integrated DNA
Technologies (Coralville, IA, USA). The library sequence combi-
nation of 71-nucleotides (nt) is composed of a 35-nt randomized
region anked by primers (50-ATCCAGAGTGACGCAGCA-[N]35-
TGGACACGGTGGCTTAGT-30) on both sides. The fungal spore-
bound probes obtained from the SELEX process were PCR-
amplied using the following primers: forward primer (50-ATC-
CAGAGTGACGCAGCA-30) and biotinylated reverse primer (50-
biotin-ACTAAGCCACCGTGTCCA-30).27

4.2. Fungal strains

A. avus var. columnaris (KCTC 6603), A. fumigatus (KCTC 6145),
A. niger (KCTC 6960), and Al. alternata (KCTC 26781), as well as
C. cladosporioides (KCTC 26799) and P. chrysogenum (KCTC
6444), were obtained from the Korean Collection for Type
Culture (KCTC, Jeongeup-si, Korea). All fungal strains were
cultured on nutrient agar (39.0 g of PDA in 1 L of distilled water)
at 30 �C under aerobic conditions. A spore suspension of each
fungal species was prepared by scraping spores from the fungal
medium using 0.02% Tween® 80 surfactant and washed three
times with PBS, then resuspended (106 spores per mL) before
subsequent use for the experiments.

4.3. Spore-SELEX process

A total of 12 rounds consisting of 4 cycles of 3 rounds sequential
positive selection (A. fumigatus, A. avus, and A. niger) was per-
formed. Negative selection with non-specic spore mixtures (Al.
alternata, C. cladosporioides, and P. chrysogenum), was per-
formed at rounds 4 and 7 (Fig. 1).32 Each round of SELEX
© 2021 The Author(s). Published by the Royal Society of Chemistry
consisted of three steps as follows: binding and elution, PCR
amplication, and ssDNA recovery.

In the rst round of selection, the initial random ssDNA
library (100 pmol) was mixed in the binding buffer (PBS con-
taining 1.4 mM MgCl2, 1 mg mL�1 BSA, and 1 mg mL�1 salmon
sperm DNA) and heated at 95 �C for 5 min, followed by ice-
cooling for proper folding of the aptamer structures.39,40 The
random ssDNA aptamer pool, mixed in the binding buffer, was
incubated with 1 mL of Aspergillus spore suspension. The
mixture was incubated at 21 �C for 30 min with gentle shaking
in order to allow the successful binding of the spores and the
ssDNA. The unbound ssDNA that remained in the supernatant
was discarded by washing with 1 mL of PBS three times and
once with distilled water aer centrifugation at 4618g for 5 min.
To elute the Aspergillus spore-bound ssDNA, spore pellets were
resuspended in 100 mL of distilled water and heated at 95 �C for
10 min to detach the ssDNA from the spores and then imme-
diately placed on ice for 10 min. The eluted ssDNA in the
supernatant was recovered using centrifugation (4618g) for
5 min, and then puried using overnight ethanol precipitation.
Aer purication, the ssDNA was resuspended in 100 mL of
distilled water and the elution yield was calculated by
comparing the amount of ssDNA before and aer binding to the
Aspergillus spores using a Nanodrop spectrophotometer (Colibri
LB 915, JC Bio, Seoul, Korea). In order to obtain an aptamer of
high specicity, we gradually increased the selection pressure
by decreasing the input amount of ssDNA. The negative selec-
tion was performed immediately aer the 1st and 2nd cycles to
ensure aptamer specicity to the candidates. For negative
selection, the aptamer pool from the previous round was added
to a non-specic cell mixture (1 mL of Al. alternata, C. clado-
sporioides, and P. chrysogenum spore suspensions (1 � 106

spores per mL)) and incubated at 21 �C for 30 min with gentle
shaking. The non-specic cell-bound ssDNA was then dis-
carded, while unbound ssDNA in the supernatant was used for
the next round of positive selection.

PCR was performed to amplify the recovered ssDNA from the
above-mentioned procedure by using a pair of forward and
modied reverse primers, as well as a PCR premix. The PCR
conditions were as follows: an initial step of denaturation for
150 s at 95 �C, followed by 10 cycles of denaturation at 95 �C for
30 s, annealing at 56.3 �C for 30 s, extension at 72 �C for 30 s,
and nal extension for 3 min at 72 �C. Aer amplication, the
concentration and size of the PCR amplicons were conrmed by
gel electrophoresis on a 2% agarose gel in TAE buffer at 100 V
for 20 min and subsequent purication using the gel purica-
tion kit according to the manufacturer's recommendation.

The ssDNA was recovered from double-stranded DNA
(dsDNA) PCR amplicons using streptavidin-coupled magnetic
beads. The PCR amplicons were incubated in the streptavidin-
coated magnetic bead-containing solution for 30 min at 21 �C.
Aer 30 min of incubation, the beads were subjected to
magnetic separation and washed three times with PBS. Then,
the beads were incubated in 500 mL of NaOH (200 mM) for
10 min at 21 �C. The supernatant was then recovered, followed
by concentration and purication using 3 K centrifugal lters
(Merck, Burlington, MA). The recovered ssDNA was quantied
RSC Adv., 2021, 11, 2608–2615 | 2613
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using a Nanodrop spectrophotometer and used for the next
round of SELEX. Aer the binding and elution steps of the last
round, the recovered ssDNA was amplied using a pair of
forward and non-modied reverse primers and puried as
mentioned previously. The puried PCR amplicons of the last
round were then cloned and sequenced by Macrogen (Seoul,
Korea).

4.4. Cloning and post-SELEX

A total of 8 different sequences were obtained by analyzing 20
clones. Five aptamer candidates (Asp-3, Asp-5, Asp-6, Asp-7, and
Asp-8) were chosen as post-SELEX candidates because of their
potential high affinity based on their multiple overlapping
sequences and Gibbs free energy. The secondary structures of
the selected sequences were predicted with the Gibbs free
energy minimization algorithm using the nucleic acid package
(NUPACK) soware, then grouped according to their similari-
ties.41 In order to further conrm their binding affinities, ve
aptamer candidates were labeled with 6-carboxyuorescein
(FAM) at their 50 end and synthesized (Integrated DNA Tech-
nologies). An aliquot of 500 nM of the ve aptamer candidates
was dissolved in 100 mL of binding buffer mixed with 1 mL of
the three Aspergillus spore suspensions (1 � 106 spores per mL),
and incubated for 30 min with gentle shaking at 21 �C. The
supernatants were then discarded by washing with 1 mL of PBS
three times aer centrifugation at 4618g for 5 min. Aer
washing, spore pellets were resuspended in 100 mL of distilled
water and heated at 95 �C for 10min to detach the aptamer from
the spores, then ice-cooled for 10 min. The eluted aptamers
were recovered in the supernatant using centrifugation (4618g).
The mixtures were then moved to a 96-well black microplate
(SPL, Gyeonggi, Korea) to measure their uorescence intensities
using a SpectraMax i3 Multi-Mode Platform (Molecular Devices,
San Jose, CA) under 490 and 530 nm excitation and emission
wavelengths, respectively.

4.5. Measurement of the disassociation constant (Kd)

We performed the characterization of the selected Asp-3
aptamer on the spores of the three Aspergillus species using
the same methods and conditions for the binding and elution
steps as described previously. Tomeasure the Kd of Asp-3 for the
three Aspergillus target spores, 1 mL of each spore suspension of
the three Aspergillus (1� 106 spores per mL) species and various
concentrations (0, 50, 100, 250, 500, and 1000 nM) of the Asp-3
aptamer were mixed in the binding buffer and incubated for
30 min with gentle shaking at 21 �C. Aer incubation, we
washed and eluted the samples, then measured the uores-
cence intensity of the mixtures as described above. The Kd of
Asp-3 for each Aspergillus spore sample was calculated accord-
ing to nonlinear regression analysis. The Kd measurement was
performed in triplicates.

4.6. Identication of selected aptamer binding sites on the
spores

To verify the Asp-3 binding site on the three Aspergillus target
spores, 1 mL of spore suspension of each Aspergillus (1 � 106
2614 | RSC Adv., 2021, 11, 2608–2615
spore per mL) sample was incubated with 0.05% of trypsin/
0.53 mM EDTA and 0.1 mg mL�1 of proteinase K for 3 min at
37 �C.42 Aer washing, the treated spores were incubated with
1 mM of Asp-3 dissolved in 100 mL of binding buffer for 30 min
at 21 �C, followed by washing and elution. Finally, the uores-
cence intensity of the mixture was measured in triplicates as
described above.
4.7. Specicity assay

In order to measure Asp-3 sensitivity and specicity, its binding
affinity to positive (A. fumigatus, A. avus, and A. niger) and
negative (Al. alternata, C. cladosporioides, and P. chrysogenum)
selection strains was evaluated. The spore suspension of each
fungal species (1� 106 spores per mL) was tested using 1 mM of
Asp-3 dissolved in 100 mL of binding buffer. This mixture was
then incubated for 30 min with gentle shaking at 21 �C. Aer
incubation, washing, and elution, the uorescence intensity of
the mixtures was measured as described above.
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