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Abstract
The worldwide burden of fungal infection has been increasing due to the
expansion of the endemic borders, the host range of certain mycosis, and
the emergence of novel opportunistic, drug and multi-drug-resistant fungal
pathogens. Many deaths can be attributed to slow, inaccurate, or absent diagnos-
tic testing and a lack of timely administration of effective antifungal treatment.
Panfungal PCR followed by sequence identification has the practical advantage
of rapidly and accurately detecting slow-growing, unculturable and even rare,
unexpected or novel pathogens. We have developed and tested a robust and
flexible biosensing diagnostic strategy, consisting of panfungal rDNA amplifi-
cation, DNA hybridization, and magnetic labeling on a portable microfluidic
setup. We designed DNA-capture probes specific for Candida albicans, Can-
dida auris,Nakaseomyces glabratus, andCryptococcus neoformans, and evaluated
them for diagnostic sensitivity and specificity assessment, first in silico against
a dataset of 58 pathogenic species (1239 DNA sequences), and then in vitro
against the four species and 30 unsequenced clinical isolates of N. glabratus.
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On-chip, our assay performed with 95% accuracy, 91% sensitivity, and 98% speci-
ficity under a limit of detection of 600 single-stranded amplified ITS DNA
sequences. Our results demonstrate the diagnostic value of DNA-barcoding
and magnetoresistive biosensing, emphasizing the revolutionizing potential of
DNA-sequence-based technologies in clinical practice.

KEYWORDS
DNA biosensors, fungal infection diagnosis, hybridization probes, ITS probes, magnetic DNA
labeling, molecular diagnostics

1 INTRODUCTION

Pathogenic fungi are estimated to affect over a billion
people annually, taking over 3.5 million lives,1 while irre-
versibly compromising many others.2,3 The incidence of
fungal disease appears to be increasing, accompanied
by epidemiological shifts,4,5 and growing heterogeneity
of infecting species.6 Faced with an emerging crisis,
the available diagnostic and treatment arsenal remains
far insufficient. The lack of routine testing is justi-
fied by the low sensitivity, specificity, and availability of
current diagnostic methods. Additionally, according to
autopsy reports, invasive fungal infection has an esti-
mated chance of being diagnosed before death of only
50%.7
Fungal pathogen identification is highly informative

in guiding treatment, as different etiological agents have
different intrinsic and acquired drug resistance profiles.
Furthermore, accurate taxonomic identification opens
possibilities for a deeper understanding of fungal dis-
ease epidemiology – uncovering infection spread, their
prevalence in various populations, and the factors that
contribute to their transmission – enabling us to better
identify and protect at-risk groups.8 Several efforts have
pushed medical mycology toward a more modern diag-
nosis approach such as DNA barcoding. DNA barcoding
is the use of a short, universal genetic marker for species
identification, and the current barcode sequence for fun-
gal pathogens is the ribosomal internal transcribed spacer
(ITS). To date, at least 60 fungal pathogenic species have
been targeted by research groups in the development of ITS
DNA biosensing strategies for diagnostic purposes.9–14 To
date, over 4000 ITS sequences—belonging to 640 species—
are deposited in the ISHAMdatabase of human and animal
fungal pathogens.
The large number of species causing fungal disease

underlines the mainly opportunistic nature of these infec-

tions. Of greater concern is the expansion of certain
tropical and subtropical mycosis outside of their endemic
regions.15 Therefore, to address the fungal threat, in
addition to being accurate and timely, an ideal diag-
nostic method should be (1) comprehensive of the fun-
gal interspecies and intraspecies diversity, (2) flexible
enough for integration of novel and emerging pathogens
in the screening assays (3) portable—requiring minimal
instrumentation—and (4) automatable—requiring min-
imal expertise and avoiding laborious procedures. This
can only be achieved through multidisciplinary efforts
bringing mycology, molecular biology, and the different
branches of engineering.16 Thus, the goal of this work is to
evaluate the prospect of combining fungal DNAbarcoding,
hybridization-capture biosensing, magnetic labeling, and
magnetoresistive DNA detection in the design of fungal
diagnosis strategies.
In this work, we used 1239 sequences retrieved from

the ISHAM-ITS reference database, belonging to 58
pathogenic fungal species, first to assess the in silico tax-
onomic coverage of the universal panfungal primers, and
then to calculate the expected hybridization sensitivity (%
of isolates within a given species displaying ITS DNA com-
plementarity to a specific ITS probe) and specificity (% of
strains outside a species of interest without DNA comple-
mentarity to the referred species) values for 98 specific
fungal probes gathered from the literature. We devel-
oped specific hybridization probes for identification of the
major yeast pathogens Candida albicans, Candida auris,
Nakaseomyces gabratus, and Cryptococcus neoformans to
be coupled with giant magnetoresistance (GMR) biosen-
sors and implemented in a magnetoresistive detection
strategy on a portable and automatable platform. In this
work, we further optimized the magnetoresistive detec-
tion assay toward the detection of low amounts of fungal
DNA, obtaining a limit of detection of 600 sequences per
hybridization assay.
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2 MATERIALS ANDMETHODS

2.1 Construction of a multiple
alignment representing a large virtual pool
of clinical isolates

A list of ribosomal internal transcribed spacer (ITS) probes
developed for molecular identification of pathogenic fungi
and available in the literature (Table 1) was selected
for in silico evaluation of hybridization sensitivity and
specificity.
A multiple alignment of the ribosomal DNA ITS

sequences for 1239 strains belonging to all 58 fungal
pathogenic specieswith published ITS probes9–14 was com-
puted on the Unipro UGENE software using the MUSCLE
algorithm.
All ribosomal ITS sequences deposited in the ISHAM-

ITS database (Table S1), corresponding to clinical and
veterinary isolates of Alternaria alternata, Aspergillus
fumigatus, Aspergillus sydowii, Aspergillus versicolor, Can-
dida albicans, Candida auris, Candida chodatii, Candida
dubliniensis, Candida haemulloni, Candida inconspicua,
Candida intermedia, Candida membranifaciens, Candida
norvegica, Candida parapsilosis, Candida santamariae,
Candida tropicalis, Candida zeylanoides, Clavispora
lusitaniae, Cyberlindnera jadinii, Debaryomyces hansenii,
Diutina catenulate, Diutina rugosa, Kazachstania exigua,
Kazachstania pintolopesii, Meyerozyma guilliermondii,
Millerozyma farinose, Nakaseomyces glabratus, Pichia
fermentans, Pichia kudriavzei, Pichia membranifaciens,
Torulaspora delbrueckii, Wickerhamomyces anomalus,
Yarrowia lipolytica, Zygoascus hellenicus, Cladosporium
cladosporioides, Epidermophyton floccosum, Histoplasma
capsulatum, Kodamaea ohmeri, Lachancea fermentati,
Lodderomyces elongisporus, Microsporum audouinii,
Microsporum canis, Paracoccidioides brasiliensis, Peni-
cillium chrysogenum, Penicillium marneffei, Priceomyces
carsonii, Rhodotorula glutinis, Rhodotorula mucilaginosa,
Saccharomycopsis fibuligera, Scheffersomyces spartinae,
Sporothrix schenckii, Stachybotrys chartarum, Talaromyces
marneffei, Trichophyton mentagrophytes, Trichophyton
mentagrophytes, Trichophyton rubrum, Trichophyton
schoenleinii, Trichophyton tonsurans, Trichophyton verru-
cosum, Trichosporon asahii, and Trichophyton inkin were
downloaded on February 2024. ITS sequences for Crypto-
coccus albidus, Cryptococcus laurentii, and C. neoformans
were retrieved from the NCBI genome database.
The 1239 aligned ITS sequences were screened for the

presence of complementary regions to the considered
probes. Two levels of identity were evaluated: 100% and
90%. Each probe’s performance was evaluated based on its
ability to target specific fungal taxa and its potential cross-
hybridizationwith non-target species. The same alignment

and screeningmethodwas used to evaluate the coverage of
the pan-fungal primers designed by White et al.17

2.2 Biological and biochemical reagents

Panfungal primers flanking the ITS1 region (FW 5′-
biotin TCCGTAGGTGAACCTGCGG 3′ and RV 5′ GCT-
GCGTTCTTCATCGATGC 3′) and specific probes (N.
glabratus: 5′-thiol CTACTAAAAGAAATCTTGTGTTGAC-
TGAATTA 3′, C. auris: 5′-thiol TAGTTGAACTTAACGTT-
GGGTTAG 3′, C. albicans: 5′-thiol TAATAATCTGGT-
GTGACAAGTTGATAAA 3′, and C. Neoformans: 5′-thiol
TACATTCATTACATTTAGAAGTTTGTGTA 3′) were syn-
thesized by Stab Vida.
For DNA labeling, streptavidin-coated magnetic

nanoparticles nanomag-D—75%–80% (w/w) magnetite
in a dextran 40 kDa matrix, 250 nm diameter, magnetic
moment of ∼1.6 × 10−16 Am2 for a 1.2 kA/m magnetizing
field, and susceptibility of χ = 4—were purchased from
Micromod.
Tris EDTA (TE) buffer was prepared with KH2PO4

(0.1 mM), Tris (10 mM), EDTA (1 mM), and pH adjusted
usingHCl (1M) to 7.4. Phosphate buffer (PB) was prepared
from stock solutions of Na2HPO4 and NaH2PO4 at 0.2 M
and pH 7.2. PB-Tween20 was prepared by adding 0.02%
(v/v) of Tween 20 from Promega to the PB.

2.3 Strains and growth media

Laboratorial reference strains of N. glabratus, C. auris, C.
albicans, andC. neoformanswere used in the hybridization
and cross-hybridization assays (Table 2).
Clinical isolates provided by Santa Maria Hospital (Lis-

bon, Portugal) and São JoãoHospital (Porto, Portugal)were
used to further evaluate probe sensitivity. Note that 30
N. glabratus clinical isolates (Table S2) were selected out
of a larger collection of clinical specimens.18 Cells were
batch-cultured at 30◦C with orbital agitation (250 rpm) in
YPD growth media, with the following composition (per
liter): 20 g glucose (Merck), 20 g yeast extract (Difco), and
10 g peptone (Difco). Solid media contained 20 g/L agar
(Iberagar) besides the ingredients listed above.

2.4 DNA extraction and amplification
through asymmetric PCR

DNA was extracted through bead beating and centrifuga-
tion. Briefly, cell biomass was suspended in 200 µL of lysis
buffer (Tris 50 mM, EDTA 50 mM, NaCl 250 mM, SDS
0.3%), rapidly agitated in a 2-mL tube with 2-mm glass
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4 of 15 ZOLOTAREVA et al.

TABLE 1 Hybridization capture ITS probes retrieved from literature.

A. sydowii AGACTGCATCACTCTCAGGCATGAAGTTCA 2017 Libert
A. versicolor AGACTGCATCACTCTCAGGCATGAAGTTCA 2017 Libert
C. albicans ATTGCTTGCGG CGGTAACGT CC 1998 Elie

TTATCAACTTGTCACACCAGATTATTACT 2007 Leaw
TTGCGGCGGTAAGGTCCA 2023 Lin

C. auris CCACCGCGAAGATTGGTG Theill 2017
CGGTGGCGTTGCATTCA 2018 Arastehfar
TTTGTGAATGCAACGCCATCG Carolus 2021
GGTGGCGTTGCATTCACA 2023 Lin

C. chodatii AGCTCTTAGTTCAGTCCATTCGAAAAGT 2007 Leaw
C. dubliniensis AAGGCGGTCTCTGGCGTCGCCC 1998 Elie

AAACTTGTCACGAGATTATT 2007 Leaw
CTGGCGTCGCACATTTTA 2023 Lin

C. haemulloni CCGTTGGTGGATTTGTTTCTAA 1998 Elie
AATCAACCACCGTTAAGTTCAA 2007 Leaw
CCGTTGGTGGATTTGTTTCT Theill 2017

C. inconspicua AGAGAGCGAACTATAAAACGCGC 2007 Leaw
C. intermedia GTTGTCGCAATACGTTACTTCAACTTTATT 2007 Leaw
C. membranifaciens AACTGGGGCAGTAAATTTCTAGTAATTGG 2007 Leaw
C. norvegica ACGAGCGTCTGCTGGCTCCACA 1998 Elie

TAGCCGGAGACTACAACCAAACTAATTT 2007 Leaw
C. parapsilosis ACAAACTCCAAAACTTCTTCCA 1998 Elie

TTCCACTCATTGGTACAAACTCCAAAACTT 2007 Leaw
TTTGGTAGGCCTTCTATATGGGGCCT 2007 Leaw
TTAACTGCGACCCTTTTCTTTCTACACA 2007 Leaw
CCTATCCATTAGTTTATACTCCG 2023 Lin

C. santamariae GACCAGTAAAGTATTTG 2007 Leaw
C. tropicalis AACGCTTATTTTGCTAGTGGCC 1998 Elie

ACTCATTTTAAGCGACTTAG 2007 Leaw
AACGCTTATTTTGCTAGTGGCC 2023 Lin

C. zeylanoides GAGCAGTATAGTATTTG 2007 Leaw
C. lusitaniae CTCCGAAATATCAACCGCGCTG 1998 Elie

TCAAACACGTTTACAGCACGACATTTC 2007 Leaw
ACACTTTGCATTTGCGAAC 2023 Lin

C. jadinii ACTCGTTATTTTCCAGACAGAC 1998 Elie
CAACTCGTTATTTTCCAGACAGACT 2007 Leaw

D. hansenii GGCCAGAGGTTTACTGAA 2007 Leaw
D. catenulate AAAGTGATTGGTGTAGTATTACAGTTTACT 2007 Leaw
D. rugosa AG TTA AGC TTG TTA CAG ACT CA 1998 Elie

CGCGACCGTCTAAAACAGTTAAGCTTG 2007 Leaw
K. exigua GGTTGTTGCAGCTTATAGTTTTTGTGTAAT 2007 Leaw
K. pintolopesii ACGTCTTCGTAGTAGGTTCTGCCAATT 2007 Leaw
M. guilliermondii CCCGGCCTTACAACAACCAAAC 1998 Elie

GTGCTGTCGACCTCTCAATGT 2007 Leaw
GTCGGACTAGGCGTTTGCT 2023 Lin

M. farinose TTTACAGTAGATAAATGCCGTTTGACTCTT 2007 Leaw
(Continues)
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TABLE 1 (Continued)

N. glabratus TAGGTTTTACCAACTCGGTGTT 1998 Elie
TTTACCAACTCGGTGTTGATCT 1998 Elie
TGGGAGTGTGCGTGGATCTCTCTATTCCAA 2007 Leaw
TTCGTTTTAGGTGTTGGGCAGTA 2007 Leaw
GGAGCCGACAAAGACCTGG 2023 Lin

P. fermentans AAAGCGAGGGGCCTTCTGCGCG 1998 Elie
GCGAGGGGCCTTCTGCGCGAAC 1998 Elie

P. kudriavzei AGCGGACGACGTGTAAAGA 2023 Lin
GGCCCGAGCGAACTAGACTTTT 1998 Elie
TGTGGAATATAGCATATAGTCGACAAGAGA 2007 Leaw

P. membranifaciens AAGAAACGTTGCGGACGAAGCG 2007 Leaw
T. delbrueckii ATTTTTCTGGCTTGGATGACTTTGT 2007 Leaw
W. anomalus ATCAGCTAGGCAGGTTTAGAAG 1998 Elie

ATATTGACTTAGCAAGAGT 2007 Leaw
Y. lipolytica CTCAATGATTACGTCATTTCACC 2007 Leaw
Z. hellenicus TTAAGCACAATTTTCTGAAATACATTGGTG 2007 Leaw
C. cladosporioides CCGGGATGTTCATAACCCTTTGTTGTCC 2017 Libert
C. albidus CTAAAGACCGCTTTCTAATCCATTGATCT 2007 Leaw
C. laurentii ACCTCTGTGAACTGTGGACC 2007 Leaw
C. neoformans CCTATGGGGTAGTCTTCGG 2001 Lindsley

TTTTATTACCTGTTGGACTTGGATT 2007 Leaw
GTTGGACTTGGATTTGGGTGTT 2023 Lin

E. floccosum CCATAGGTGGTTCAGTCTGAGCGT 2007 Li
H. capsulatum ACCATCTCAACCTCCTTTTTCACACCAGG 2001 Lindsley
K. ohmeri GACGACAGTACTCTACAAAACGGTACC 2007 Leaw
L. fermentati TGAGTGGACGCTACAAAG 2007 Leaw
L. elongisporus AACCACTCCATTGTGCTTAATAAAAAGC 2007 Leaw
M. audouinii CGACCGTCCCCCCCCAATAAC 2007 Li
M. canis CCAACTCCCCAGTAACCACCCACC 2007 Li
P. brasiliensis CACTCATGGACCCCGG 2001 Lindsley
P. chrysogenum GCCTGTCCGAGCGTCATTTCTGCCCTCAAGC 2017 Libert
P. marneffei GACGCGCAGCTCTTTTTA 2001 Lindsley
P. carsonii TTGCTTTGGCTTGTCTCTAGA 2007 Leaw
R. glutinis TAGTGAATCTGGTGGTGCTTG 2007 Leaw
R. mucilaginosa TAATGATTGAAGAGGTGTTTGG 2007 Leaw
S. fibuligera GATTGAGTTTTCCATATATTTGCTTAAGGA 2007 Leaw
S. spartinae AATACAGCGCACTCGACAATCA 2007 Leaw
S. schenckii GGGTTGGTCACCACCATA 2001 Lindsley
S. chartarum CTGCGCCCGGATCCAGGCGCCCGCCGGAGA 2017 Libert
T. marneffei ATGGGGCTCTGTCACTCGCTC 2023 Lin
T. mentagrophytes GCCCCCGTCTTTGGGGGTGCG 2007 Li
T. mentagrophytes ATAGGGACCAACGTTCCGTCAGGG 2007 Li
T. rubrum GCAGCCAATYCAGCGCCCT 2007 Li

CAGACACCAAGAAAAAATTCTCTG 2007 Li
T. schoenleinii CGAATGGGCGCAACAAACCA 2007 Li
T. tonsurans TCCGGCTTTCTAGGCGA 2007 Li
T. verrucosum TAGGGATCAGCGTTCCATCA 2007 Li
T. asahii ATATCCACTTACACCTGT 2007 Leaw
T. inkin TTGACATTCATGTCTGG 2007 Leaw
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TABLE 2 Genotypes and ITS1 sequences of C. albicans, C. auris, N. glabratus, and C. neoformans type strains used in on-chip
hybridization and cross-hybridization assays.

Strain Genome assembly ITS1 sequence
C. albicans ATCC 18804 GCF_000182965.3 TCCGTAGGTGAACCTGCGGAAGGATCATTACTGATTTGCTTAA-

TTGCACCACATGTGTTTTTCTTTGAAACAAACTTGC-
TTTGGCGGTGGGCCCAGCCTGCCGCCAGAGGTCT-
AAACTTACAACCAATTTTTTATCAACTTGTCACACCAGATT-
ATTACTTAATAGTCAAAACTTTCAACAACGGATCTCTTGGTTC-
TCGCATCGATGAAGAACGCAGC

C. auris B11221 GCA_003013715.2 TCCGTAGGTGAACCTGCGGAAGGATCATTATTGATATTTTGCA-
TACACACTGATTTGGATTTTAAAACTAACCCAACGTTAAGTT-
CAACTAAACTATAAAGAAAACTTTCAACAACGGATCTCTTGGTT-
CTCGCATCGATGAAGAACGCAGC

N. glabratus ATCC 2001 GCA_010111755.1 TCCGTAGGTGAACCTGCGGAAGGATCATTAAAGAAATTTAA-
TTGATTTGTCTGAGCTCGGAGAGAGACATCTCTGGGGAGGACC-
AGTGTAGACACTCAGGAGGCTCCTAAAATATTTTCTCTGCTGTG-
AATGCTATTTCTCCTGCCTGCGCTTAAGTGCGCGGTTGGTGGG-
TGTTCTGCAGTGGGGGGAGGGAGCCGACAAAGACCTGGGAG-
TGTGCGTGGATCTCTCTATTCCAAAGGAGGTGTTTTATCACAC-
GACTCGACACTTTCTAATTACTACACACAGTGGAGTTT-
ACTTTACTACTATTCTTTTGTTCGTTGGGGGAACGCTCTCTTTC-
GGGGGGGAGTTCTCCCAGTGGATGCAAACACAAACAAATATT-
TTTTTAAACTAATTCAGTCAACACAAGATTTCTTTTAGT-
AGAAAACAACTTCAAAACTTTCAACAATGGATCTCTTGGTTC-
TCGCATCGATGAAGAACGCAGC

C. neoformans H99 GCA_011801205.1 TCCGTAGGTGAACCTGCGGAAGGATCAGTAGAGAATATTGGAC-
TTCGGTCCATTTATCTACCCATCTACACCTGTGAACTGTTTA-
TGTGCTTCGGCACGTTTTACACAAACTTCTAAATG-
TAATGAATGTAATCTTATTATAACAATAATAAAACTTTCAAC-
AACGGATCTCTTGGCTTCCACATCGATGAAGAACGCAGC

beads for 30 s, and incubated for 1 h at 65◦C. The lysate
was centrifuged for 15 min at 13,000 rpm, 4◦C to remove
cell debris, and the supernatantDNAwas precipitatedwith
1/10 NaCl and 2 volumes of ethanol, for 30 min at −20◦C.
The DNA pellet was washed with ethanol two times and
resuspended in nuclease-free water.
The genomic rDNA ITS region was amplified trough

asymmetric PCR using a 10:1 (FW/RV) primer ration. PCR
reactions were performed in a 50 µL final volume contain-
ing 50 ng template DNA, 5 µL reaction buffer, 2.5 µLMgCl2,
0.8 µL dNTPs (10 mM), 1 µL NZYTaq II DNA polymerase
(NZYtech), 1 µL of forward primer (10 µM), 1 µL of reverse
primer (1 µM), and nuclease-free water. A negative control
(no template control) was included in all amplifications.
The ITS-rDNA amplification was carried out with an ini-
tial denaturation at 95◦C for 2 min, followed by 55 cycles
of 94◦C for 30 s, 57◦C for 30 s, and 72◦C for 16 s, conclud-
ing with a final extension at 72◦C for 10 min. The final
concentration of single-stranded DNA was accessed with
a spectrophotometric method on NanoDrop One. Five
microliters of amplified target DNA from each reaction
tube was electrophoresed at 150 V in TAE buffer and a 1%
agarose gel stainedwith GreenSafe (NZYtech). Bands were
visualized using a gel imaging and documentation system.

2.5 Biochips

Each biochip features an array of 30 spin-valve sensors
coated with an oxide passivation layer, organized into six
sensing regions, each containing five active sensors. The
sensormicrofabrication is described in thework ofMartins
et al.19
For thiswork, the SV stack, Ta 2.0 nm/NiFe 2.5 nm/CoFe

2.8 nm/Cu 2.6 nm/CoFe 2.4 nm/MnIr 7.0 nm/Ta 5.0 nm,
was deposited in a 150 mm Si/SiO2 100 nm wafer. The sen-
sors are configured as two spin valves (active area: 80 × 2.6
µm2) electrically connected by aluminum leads. The mag-
netic response was characterized, with an average MR of
6.0% and a sensitivity of 1.3%/mT.

2.6 Magnetoresistive platform

Envisioning a point-of-care approach, the sensors
described above were used in conjunction with a portable
platform developed by Martins et al. combining an elec-
tronic set-up and amicrofluidic system for sample loading.
The detection platform has already been validated for
detecting cell-free nucleic acids,20 proteins,21 bacteria,22

 2688268x, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/V

IW
.20250015 by E

gas M
oniz - C

ooperativa D
e, W

iley O
nline L

ibrary on [08/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ZOLOTAREVA et al. 7 of 15

and nematodes.23 The platform comprises three different
parts: (1) a power supply/battery, (2) a control and acqui-
sition board bridging the device and the user interface,
and (3) a magnetic field generator/inductor. For real-time
monitoring, the biochip is inserted into the platform via a
designated slot, and the platform is connected to a com-
puter via USB. For the measurement setup and real-time
monitoring of the assays, a user interface software is
available. More detail on the platform electronics can be
found in Martins et al.24

2.7 On-chip hybridization, magnetic
labeling, and DNA detection

The probes designed for N. glabratus, C. auris, C. albicans,
and C. neoformans detection were diluted in TE buffer
to an empirically optimized concentration of 5 nM for C.
neoformans and 1 nM for the other species. The biochip’s
surface was cleaned and 0.5 µL of specific ITS probe probe
was manually spotted over the sensing area. Note that
0.5 µLBSA 1% (w/v)was spotted for background correction.
The immobilization of thiolated probes on the gold sensors
was carried in a humid chamber at 37◦C for 1 h. The func-
tionalized biochip was coupled with a PDMS microfluidic
channel, and inserted into the magnetoresistive platform,
connected to a computer running the data acquisition soft-
ware. Sensors were washed with PB to remove unbound
probes, loaded with 10 µL of amplified target ITS DNA
for 30 min of stationary hybridization, and washed again
to remove unbound targets. After a 2-min baseline volt-
age reading, labeling paramagnetic particles were injected
in the system and left for 10 min stationary binding. A
final round of washing removed unbound nanoparticles,
resulting in a final voltage less than or equal to the baseline.
Reagentswere loadedwith a syringe pump, at a flow rate

of 50 µL/min, and washed at a flow rate of 10 µL/min. The
sensors were biased applying a 1 mADC current. An exter-
nal AC magnetic field of 13.5 Oe at 211 Hz was applied to
magnetize the superparamagnetic labeling nanoparticles.

2.8 Evaluation of test sensitivity,
specificity, and limit of detection

As explained in Martins et al.,19 and according to the type
of assay used (Figure 1), the presence of the target analyte
will create a decrease in the measured resistance and con-
sequently in the measured voltage. Thus, for each sensor,
the final voltage measurement (post-sample introduction)
is subtracted from the baseline voltage measurement (pre-
sample introduction) and the difference is normalized to
the baseline. Sensors with low baseline (v < 𝑄1 − (0.5 ×

𝐼𝑄𝑅)) and low saturation signal (Δv%<𝑄1− (1.5 × 𝐼𝑄𝑅))
were removed. Each valuewas corrected against a negative
control.
Complementary DNA hybridization assays included the

results obtained from testing (1) N. glabratus ITS capture
probe against amplified N. glabratus ITS DNA, (2) C. auris
ITS capture probe against amplified C. auris ITS DNA, (3)
C. albicans ITS capture probe against amplified C. albicans
ITS DNA, and (4) C. neoformans ITS capture probe against
amplified C. neoformans ITS DNA. Non-complementary
or cross-hybridization assays were performed to assess the
specificity of each probe. The number of positive results
in complementary DNA assays (true positive), negative
results in non-complementary DNA assays (true negative),
positive results in non-complementary DNA assays (false
positive), and negative results in complementary DNA
assays (false negative) were used to infer test’s sensitivity
(true positives/(true positives+false positives) × 100) and
specificity (true negatives/(true negatives+false positives)
× 100). The equality of group variances was analyzed with
Welch ANOVA and ad hoc Tukey’s multiple comparisons
test. To determine the limit of detection, 1 µM, 1 nM, 1 pM,
and 1 fM of target N. glabratus ITS DNA were hybridized
to 1 nM of immobilized ITS probe, magnetically labeled
and detected as described in the previous section. The low-
est amount of detected DNA (1 fM) was evaluated against
1 nM of ITS capture probe on six chips, corresponding to
60 sensors, and compared to a blank control (absence of
DNA target) on-chip. The limit of detection analysis was
performed for N. glabratus ITS-DNA only.

3 RESULTS

3.1 Evaluation of fungal universal
primers and specific probes suitable for 58
fungal species, covering a variety of over
1000 strains

A total of 98 specific fungal ITS probes were retrieved from
nine research articles published from 1998 to 2023. The
set of probes covered 35 genera and 58 species (Figure 2)
with in silico hybridization sensitivity ranging from 0% to
100%, and specificity ranging from95% to 100%.Among the
published probes, 61% targeted Candida or yeast species
formerly included in the Candida genus, and 12% targeted
rare, cryptic, or usually non-pathogenic yeast. The average
probe sensitivity was 70% for Candida, 78% for respiratory
infection yeasts and moulds, 65% for dermatophytic fungi,
and 65% for cryptic pathogens.
ITS probes allowing for 100% hybridization sensitiv-

ity and specificity were identified for the major fun-
gal pathogens A. fumigatus, C. auris, C. dublinensis,
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F IGURE 1 Magnetoresistive biosensing assay. First, the biotinylated ssDNA generated through asymmetrical PCR (A) is hybridized to a
complementary DNA capture-probe (B) immobilized on the chips surface (C). A bias current is applied to generate a baseline signal (D).
Streptavidin-coated paramagnetic nano-particles are loaded (E) to generate a saturation signal (F). A final washing step (G) removes
non-complementary DNA and unbound nanoparticles. The retained paramagnetic particles generate a magnetoresistive signal (h), measured
by the difference between the final and the initial voltage signals. To perform the assays, the chip is inserted in the magnetoresistive platform,
coupled to a personal computer equipped with the data acquisition software and to a syringe pump for sample loading (I). The
magnetoresistive sensing regions are grouped in patches of five spin valves. The biochip sensors (J) are arranged in six sensing regions, each
one containing five active sensors covered with a gold layer, and surrounded by a gold frame.

C. parapsilosi, E. floccosum, and T. rubrum. Great disagree-
ment between strains deposited in the worldwide database
and identification probe was observed for the endemic
pathogens H. capsulatum and P. brasiliensis, and the rare
pathogens C. zeylanoides and Y. lipolytica. For the com-
monly isolated pathogenic yeast C. albicans, N. glabratus,
and D. hansenii, for which around 100 genomes are avail-
able, and for C. tropicalis, D. rugosa, and Cryptococcus
species, probes enabling accurate detection of 100% of the
strains were not identified in the literature.

The advantage of using ribosomal sequences for diag-
nostics is its simplicity and inclusiveness as one single
primer set could theroeticaly amplify the ribosomal genes
of virtually any microbial species. In 1990, White used the
highly conserved ribosomal regions to design sets of uni-
versal primers for PCR amplification of rDNA genes in
fungi.15 The adequacy of the primers flanking the highly
variable ITS1 regionwas tested against all ISHAMdatabase
sequences, for the 58 fungal species mentioned above.
Among these sequences, 34 harbor mismatches at the
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5 strains
25 strains 50 strains

100 strains

00

F IGURE 2 Literature probes review. Bubble plot illustrates the sensitivity (y-axis) of fungal barcode hybridization probes proposed from
1998 to 2023 (x-axis) against the number of clinical strains whose ITS sequence is available at ISHAM database (bubble size) and grouped in
pathogenic profile (color).

forward primer regions, including four highly mutated
C. albicans strains, namely, CBS2688, CBS5983, CBS4908,
and CBS2696, which display seven mismatches each. At
the reverse primer region, all P. kudriavzevii, P. fermen-
tans, and C. inconspicua strains share a point mutation
(A–G transition) at the 14th position, all C. norvegica
strains have a T–A transversion at the fourth position,
D. rugosa has a C–T transition at the seventh position,
and all Yarrowia lipolytica, Histoplasma capsulatium, P.
brasiliensis, and C. neoformans have a G–A transition at
the first position. Overall, the panfungal primers seem to
be capable of amplifying the ITS1 region of 98.5% of the
ISHAM database strains, including common and cryptic

pathogens, assuming 90% complementarity as threshold
for primer annealing.

3.2 Design and test of specific probes for
on-chip hybridization capture of four
pathogenic yeast species achieving >95%
accuracy

Specific hybridization probes for identification of N.
glabratus, C. auris, C. albicans, and C. neoformans were
designed using the UGENE software by screening for a 30-
basepair long region common to >95% of all strains within
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F IGURE 3 On-chip target-probe hybridization and cross-hybridization assays. Assays were performed for three strains of N. glabratus,
C. auris, C. albicans, and C. neoformans. Each hybridization chip harbors 30 magnetoresistive sensors, and each colored circle represents the
Δv% signal value measured by one sensor. Note that 96% of sensors generating a Δv% signal >3 corresponded to truly positive detection
events, and 95% of sensors generating a Δv% < 3 corresponded to truly negatives, leading to an estimated hybridization accuracy of 95%.
****p-value < 0.0001 (Tukey’s multiple comparisons test).

each species, imposing a 100% match search algorithm,
and exclusive to >95% of all strains within each species,
imposing 70% match search algorithm. The 30-basepair
long region nearest to the forward primer was selected,
and the length of the probes was adjusted to equalize the
melting temperature of the set (52.5◦C ± 0.5).
Evaluation of the novel data set against the ITS DNA

sequences from 1239 isolates, belonging to 58 species,
revealed an average in silico sensitivity of 99% when
searching for 100% complementarity and 100% when
searching for 90% complementarity, and an average in
silico specificity of 100%.
During on-chip assays, DNA hybridization was detected

with magnetoresistive sensors, through the fringe field

generated after paramagnetic DNA labeling. A positive
detection event produced, on average, a signal of 6.9 Δv%
for N. glabratus probe-target hybridization (with 95% of
hybridization events producing a Δv% > 3), 7.0 Δv% for C.
auris probe-target hybridization (95%> 1 Δv%), 8.5 Δv% for
C. albicans probe-target hybridization (95% > 2 Δv%), and
12.6 Δv% forC. neoformans probe-target hybridization (95%
> 7Δv%).Unspecific probe-target combinations resulted in
an average signal of 0.16 Δv% (90% < 1.5 Δv%) (Figure 3).
The difference between positive hybridization signal and
unspecific DNA binding was found significant, supported
by a p value < .0001 (Welch t-test).
To determine the classifier threshold for a positive result,

we analytically identified the signal value that minimizes
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TABLE 3 Comparison between the FDA-cleared methods and the emerging magnetoresistive technology.

Affirm VPIII YTL PNA FISH T2Candida On-chip
Target Candida species,

Gardnerella vaginalis,
Trichomonas vaginalis

Candida, Nakaseomyces,
and Pichia

C. albicans, C. tropicalis,
C. parapsilosis, P.
kudriavzevii, and N
glabratus

C. albicans, C. auris, N.
glabratus, and C.
neoformans

Sample type Vaginal fluid specimens Positive blood Whole blood Cell culture
NA labeling Enzymatic Fluorescent Magnetic Magnetic
Resolution Genus (Candida) Genus Species level Species level
Specificity 99% 98% 91% 98%
Sensitivity 83% 97% 94% 91%
Limit of detection 104 cells/mL 105 cells/mL 1 cell/mL 600 ssDNA strands
Pre-processing Integrated NA Integrated Benchtop
Requirements BD Affirm VPIII

Processor
Fluorescence
microscope

T2Dx Instrument Magnetoresistive
platform

Device cost € 28,000 NA 140,000 2000
Device wight 3.6 kg NA 145 kg <1 kg
Cost per assay € ∼60 ∼80 ∼200 20

erroneous outcomes (false positives and false negatives)
based on individual sensor outputs. Above a 3.0 Δv% signal
threshold, the estimated accuracy was of 95%, estimated
on-chip sensitivity (true positive rate)was 91%, and on-chip
specificity (true negative rate) was 98%.
Our results are comparable to the FDA-cleared nucleic

acid yeast diagnostic methods such as the PNA-FISH yeast
traffic light (with 97% sensitivity and 98% specificity),25 the
affirm VPIII (with 83% sensitivity and 99% specificity),26
and the T2Candida (with 91% sensitivity and 94%
specificity).27
Affirm VPIII, PNA-FISH yeast traffic light, and Candida

T2 diagnostic tests are performed directly on the clinical
sample. Affirm VPIII identifies only C. albicans, differen-
tiating candidiasis from bacteriosis, although with some
cross-reactivity with Cryptococcus. PNA-FISH yeast traffic
light targets rRNA, differentiating yeast at a genus level
(Candida, Nakaseomyces, and Pichia). The Candida T2
diagnostic test can identify and differentiate at a species
level C. albicans, C. tropicalis, C. parapsilosis, P. kudriavze-
vii, and N. glabratus, on the T2Dx Instrument, integrating
a built-in thermocycling module for pan-Candida amplifi-
cation and weighting 145 kg. A summarized comparison
between the FDA-cleared methods and the emerging
magnetoresistive technology is provided in Table 3.
Emphasizing miniaturization and portability, our on-

chip DNA-hybridization assays were performed on a
microfluidic channel, within a volume of 1 µL. Magnetore-
sistive detection of specific DNA sequences was achieved
at room temperature and on a portable instrument. The
feasibility of integrating upstream DNA extraction and
amplification modules while retaining compactness is

within the future perspectives.16 For the time of this
work, what separates the magnetoresistive fungal barcod-
ing diagnostic assay from the clinical reality and from
point-of-care applications is the reliance on an exter-
nal thermocycling device. However, various approaches
for miniaturized DNA amplification have already been
demonstrated,14,28 and we expect to integrate such a
solution into our system in the near future.

3.3 Assessing sensitivity based on the
testing of 30 unsequenced N. glabratus
clinical isolates

To further interrogate the clinical value of the devised
biosensing diagnostic strategy, DNA extracted from 30
clinical isolates was subjected to panfungal ITS amplifi-
cation and on-chip identification. Each strain was tested
for hybridization on one magnetoresistive chip harbor-
ing 10(±3) sensors. For each strain, the average Δv% of
10(±3) measurements was considered. The average Δv%
signal for all strains was 7.2%. All 30 isolates were success-
fully detected, with each strain achieving an average Δv%
detection signal superior to the threshold defined in the
previous section (Section 3.2) for the most accurate species
differentiation (>3Δv%) (Figure 4).
Complementing the in silico probe accuracy analysis

performed against 1239 strains (Section 3.1), the on-chip
hybridization results further validate the sensitivity of
the devised probing strategy for identifying N. glabratus,
a drug-resistant5 pathogen with remarkably high muta-
genic rates.29 These results prove the robustness and
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F IGURE 4 Sensitivity and limit of detection. (A) Sensitivity of the on-chip hybridization detection assay, demonstrated by positive
signal (Δv%, x-axis) obtained upon hybridization assays with all the 20 clinical strains tested (red circles) against N. glabratus specific ITS
probe. (B) Femtomolar detection limit was demonstrated by positive signal (Δv%, y axis) obtained on 10 hybridization assays with target ITS
DNA diluted to 1 fM (600 sequences/µL), compared to a blank control. Each circle mark corresponds to the average normalized Δv% signal (10
giant magnetoresistance [GMR] sensors) for each performed hybridization assay.

comprehensiveness of the assay for intraspecific pathogen
diversity.

3.4 Assessing the limit of detection of
the constructed biochips

For magnetoresistive DNA detection, femtomolar lim-
its of detection (LOD) were proposed in previous works
with synthetic DNA.19 In experiments with bacterial DNA
detection, higher limits were demonstrated,22 and with
viral DNA sequences,30 an LOD of ∼600,000 molecules
per 1 µL assay (picomolar) was achieved. In this work, N.
glabratus ITS DNA was serially diluted to a concentration
of 1 fM and hybridized on-chip against 1 nM of specific ITS
probe. The average Δv% hybridization signal was 7.9 when
target DNA was present, and 0.9 when DNA was absent.
The limit of blank (LOB = μblank + 1.645⋅σblank) was

2.6%, and thus femtomolar level of detection was achieved
in accordancewith theWHOguidelines, with a confidence
level >95%.
The proposed on-chip DNA-hybridization assays were

performed on a microfluidic channel, within a volume
of 1 µL, coupled to a compact magnetoresistive detection
system24 connected to a portable computer. It requires
previously extracted and amplified DNA. Theoretically,
assuming 100% efficiency, 1 single strand of ITS DNA (ITS
ssDNA), subjected to five exponential PCR cycles and five
linear (asymmetrical) PCR cycles, would generate 1100 ITS
ssDNA strands for on-chip hybridization. These results

promise the generation of a detection signal after 1 h of
assay (15 min PCR, 30 min hybridization, 5 min label-
ing, and 10 min washing), greatly improving the 2–21 days
turnaround time associated with the current gold standard
culture-based methods.
Although our experimental work does not address the

upstream sample processing procedures such as pathogen
capture, lysis, and amplification, our DNA detection
results are compared to FDA-cleared probe-hybridization-
based yeast diagnostic tests, which offer limits of detection
of 105 cells/mL (PNA-FISH yeast traffic light), 104 cells/mL
(Affirm VPIII), and 1 cell/mL (Candida T2 panel), if
associated with a prior step of cell capture. Indeed, the
greatest challenge for broad implementation of sequence-
based infectious disease diagnostic methods in clinical
reality is the small number of pathogen cells in human
samples.16 For instance, one pathogenic cell must be
detected in several microliters of bodily fluid and effi-
ciently guided into a 25-µL PCR tube, so its DNA can
be extracted and amplified. Therefore, to improve limits
of detection, molecular methods need to integrate solu-
tions such as immunomagnetic labeling and separation31
or microfluidic pathogen-trapping architectures32–34 for
sample pre-processing.

4 DISCUSSION

Themost acknowledged genomic sequences for molecular
identification of fungi—and any other organism—are the
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ribosomal RNA (rRNA) genes. Using ribosomal sequences
allows for diagnostics simplicity and inclusiveness, being
an amplification of the ribosomal genes of virtually any
microbial species theoretically possible with one primer
set. For downstream panfungal PCR product identifica-
tion, the gold standard in DNA barcoding is sequencing.
ITS sequencing has played a pivotal role in the discovery
of previously undescribed fungal pathogens and in bet-
ter understanding fungal epidemiology. There are several
documented cases where amplification and sequencing
of the ITS region have been instrumental in diagnosing
fungal infectionswhen othermethods failed.35–37 Sequenc-
ing, however, is often expensive and time-consuming.
Hybridization capture, on the other hand, is cost-effective,
easy to implement in portable biosensor solutions, and has
the potential to be equally accurate.
For analyte detection, biosensors usually rely on fluo-

rescent labeling, which traditionally requires sophisticated
equipment but can also be miniaturized and combined
with microfluidics,38 enzymatic labeling, which allows
for naked-eye readouts,14,39 label-free systems that signif-
icantly simplify the biosensing workflow,40 and metallic
labeling, known for its specificity, particularly useful in
single nucleotide polymorphism detection. In this work,
GMR-based sensors were chosen for hybridization signal
detection due to their (1) high sensitivity for small changes
in magnetic fields; (2) small detection fields, enabling
multiplexed assays in a small area, (3) absence of intrin-
sic ferromagnetism in biological samples, which results
in reduced background noise, (4) robustness against
interferences from environmental factors such as solvent
concentration and pH, and (5) integration and miniatur-
ization potential for large-scale integration technologies at
reduced cost (in this case, €20 for assay).
In this work, the combination of four highly promis-

ing technologies: DNA barcoding, hybridization-capture,
magnetic labeling, andGMRdetection, resulted in a highly
sensitive and specific biosensing assay with promising
potential for point-of-care diagnostics. The assay consists
of two pipetting steps – one for sample loading and one
for sample labeling – on a portable electronic platform,
with 30-minwaiting time for sample hybridization, 10-min
waiting time for sample labeling, and 10 min for washing.
To demonstrate the efficiency and accuracy of the

hybridization-barcoding diagnostic strategy, four yeast
pathogens classified in the World Health Organization’s
fungal priority group as top-ranking were addressed. The
herein-demonstrated diagnostic system was able to detect
and differentiate C. albicans, C. auris, N. glabratus, and
C. neoformans with 95% accuracy. These results are of
high clinical value, as each of these pathogens has its own
infection strategy and therapeutic demands. For instance,

C. albicans, the most common cause of fungal infec-
tion, may be treated with fluconazole, while isolates of
C. auris, N. glabratus, and C. neoformans display acquired
resistance to azole drugs. The front-line treatment for
the emerging multidrug-resistant species C. auris and N.
glabratus is micafungin and caspofungin, respectively, and
the front-line treatment for the high-mortality pathogenC.
neoformans is amphotericin B. Furthermore, the biosens-
ing assay was designed to maximize flexibility and ease of
multiplexed target species inclusion. Conducting the pro-
posed bioinformatic analysis to avoid cross-hybridization
and reference strain bias, followed by probe design and
hybridization assay, would make it possible to identify
and accurately differentiate as many as all the 640 fungal
species deposited in the international medical mycology
ISHAM database.
To further interrogate the clinical value of the devised

biosensing diagnostic assay, 30 unsequenced clinical spec-
imens of N. glabratus had their DNA identified on-
chip. This type of assay was prioritized on N. glabratus
because of this species’ high intraspecific diversity and
mutagenic rate.29,41 These results, combined with the
low limit of detection and the small reaction volumes,
pave the way for the broader application of biosensing
technologies in infectious disease control and toward a
more ethical and pragmatic infectious disease diagnosis
culture.
The current challenges in timely and accurate diagnosis

of fungal infections are mostly imposed by the vast diver-
sity of potentially pathogenic fungal species and strains,
and the small number of cells in human samples. Follow-
ing this work, future perspectives of critical importance
for revolutionizing fungal diagnosis include the increase
in on-chip detection multiplexity for taxonomic coverage
of all fungal pathogens, and the implementation of on-
chip DNA amplification strategies for a truly portable and
decentralized, point-of-care diagnostic solution. The sen-
sitivity and limit of detection of the molecular diagnostic
assay are mostly determined by the upstream sample pre-
processing workflow—which can occur at the bench-top
or be integrated within the DNA detection system—and
includes cell capture, DNA extraction, and purification
preceding the amplification. Nevertheless, integration of
electrically assisted mass transfer to guide the analyte
toward the sensing region or even magnetically assisted
hybridization could further decrease the limit of detection
and time to result.
The presented results represent a milestone in the envi-

sioned modernization of medical mycology by thoroughly
evaluating currently existing technologies and proving the
feasibility of accurate, timely, scalable, and far-reaching
fungal infection molecular–diagnostic assays.
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