
Oligonucleotide-capped nanoporous anodic alumina biosensor as diagnostic
tool for rapid and accurate detection of Candida auris in clinical samples
Luis Pla a,b,c, Sara Santiago-Felipe a,b,c, María Ángeles Tormo-Mas d, Alba Ruiz-Gaitán d, Javier Pemán

d,e, Eulogio Valentín d,f, Félix Sancenóna,b,c,g, Elena Aznar a,b,c,g and Ramón Martínez-Máñez a,b,c,g

aInstituto Interuniversitario de Investigación de Reconocimiento Molecular y Desarrollo Tecnológico, Universitat Politècnica de València,
Universitat de València Valencia, Spain; bCIBER de Bioingeniería, Biomateriales y Nanomedicina (CIBER-BBN), Madrid, Spain; cUnidad Mixta
de Investigación en Nanomedicina y Sensores, Universitat Politècnica de València, Instituto de Investigación Sanitaria La Fe (IISLAFE),
Valencia, Spain; dGrupo de Investigación Infección Grave, Instituto de Investigación Sanitaria La Fe (IISLAFE), Hospital Universitari i
Politècnic La Fe, Valencia, Spain; eServicio de Microbiología, Hospital Universitari i Politècnic La Fe, Valencia, Spain; fGMCA Research Unit,
Departamento de Microbiología y Ecología, Universitat de Valencia, Valencia, Spain; gUnidad Mixta UPV-CIPF de Investigación en
Mecanismos de Enfermedades y Nanomedicina, Universitat Politècnica de València, Centro de Investigación Príncipe Felipe, Valencia,
Spain

ABSTRACT
Candida auris has arisen as an important multidrug-resistant fungus because of several nosocomial outbreaks and
elevated rates of mortality. Accurate and rapid diagnosis of C. auris is highly desired; nevertheless, current methods
often present severe limitations and produce misidentification. Herein a sensitive, selective, and time-competitive
biosensor based on oligonucleotide-gated nanomaterials for effective detection of C. auris is presented. In the
proposed design, a nanoporous anodic alumina scaffold is filled with the fluorescent indicator rhodamine B and the
pores blocked with different oligonucleotides capable of specifically recognize C. auris genomic DNA. Gate opening
modulation and cargo delivery is controlled by successful DNA recognition. C. auris is detected at a concentration as
low as 6 CFU/mL allowing obtaining a diagnostic result in clinical samples in one hour with no prior DNA extraction
or amplification steps.
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Introduction

Candida auris has emerged as a major pathogen due to
the serious invasive infections it causes, and the var-
ious nosocomial outbreaks reported from different
geographical locations since its first description in
2009 [1,2]. C. aurismay cause some deep-seated infec-
tions and fungemia in risky population and approxi-
mately 50% of the isolated strains show resistance to,
at least, two different classes of antifungal drugs.
Besides, it may remain on surfaces for weeks and has
high capacity of dissemination, which is unusual in
other Candida species. The required time for
C. auris acquisition is proposed to be less than 4 h
in patients admitted to intensive care units (ICU),
and skin colonization of patients can persist for
months, favouring patient-to-patient transmission
[3]. Also, it is worth mentioning that C. auris cannot
be properly identified by commercial methods based
on phenotypic techniques and it is frequently misiden-
tified with phylogenetically related species, hindering

right diagnosis and adequate treatment [4]. Given
these difficulties, developing accurate, sensitive, and
rapid detection methods for C. auris is vital to control
the spread of the pathogen, treat infected patients
quickly and appropriately, and prevent the appearance
of new outbreaks.

As stated above, traditional methods for C. auris
detection, based on morphological differentiation
and biochemical tests, have resulted inappropriate
for accurate recognition of this fungus in clinical lab-
oratories as it is usually misidentified as Rhodotorula
glutinis, Candida haemoulonii, Saccharomyces cerevi-
siae, or Candida sake [5]. Currently, more advanced
identification techniques such matrix-assisted laser
desorption ionization-time of flight mass spec-
trometry (MALDI-TOF MS) have emerged as alterna-
tive methods for correct C. auris identification. Else,
molecular methods founded on sequencing and/or
amplifying certain regions of the genome have been
highly effective to discriminate C. auris from other
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intimately correlated species such as Candida lusita-
niae, Candida haemulonii, and Candida pseudohae-
mulonii [4,6]. However, although these techniques
usually show high sensitivity and specificity, they
involve the use of expensive and specialized equip-
ment, as well as experienced personnel, which limits
their widespread application for clinical diagnosis.

During the last decade, biosensors technology has
demonstrated an enormous potential for the detection
of microorganisms in clinical applications [7,8].
Specifically, nanomaterials have resulted crucial for
the development of some of such biosensors providing
fast and accurate responses [9]. On that regard, the
design of new hybrid bioorganic–inorganic materials
allows to combine in a single entity the potential of
nanomaterials with the recognition, selectivity and
sensitivity properties of biomolecules[10]. Among
nanomaterials utilized for the design of sensors, nano-
porous anodic alumina (NAA) has become a suitable
support due to its extraordinary features such as bio-
compatibility, the possibility to easily tune their sur-
face and high loading capacity. Thanks to the
aluminium oxide chemistry, it is possible to easily
graft diverse (bio)molecules in the external surface
of NAA acting as “molecular gates” [11]. When the
support is loaded with an indicator and the modu-
lation of its delivery is selectively triggered by a specific
target, these materials become powerful sensing and
diagnostic tools [12–15]. Nucleic acids (DNA, RNA
or aptamers) are excellent examples of biomolecules
able to act as molecular gates with extraordinary appli-
cations [16–18]. On that regard, several works com-
bine the use of DNA with mesoporous supports to
develop gated-nanodevices for applications in micro-
organism identification. For example, Bayramoglu
et al. developed an oligonucleotide-functionalized
gated nanosystem for the detection of Salmonella in
milk samples [19]. Likewise, in a recent work, Ucak
et al. achieved the recognition and inhibition of Sta-
phylococcus aureus strains using teicoplanin encapsu-
lated in an aptamer-gated PLGA nanoparticles [20].
In this field, we have developed an oligonucleotide-
capped mesoporous support for Mycoplasma fermen-
tans bacteria detection in cell culture media with a
limit of detection of 20 DNA genome copies µL–1

[21]. More recently, we have successfully implemented
gated systems for detecting Candida albicans in differ-
ent human fluids, demonstrating the enormous poten-
tial that gated materials have in clinical settings [22].

In our proposed systems to detect C. auris, NAA
supports are firstly loaded with the fluorescent repor-
ter dye rhodamine B and then, capped with diverse
oligonucleotide sequences that specifically hybridize
with different regions of the C. auris genome. Oligo-
nucleotides were selected from unique cell wall GPI-
protein genes to obtain specific sequences that have

no homology with sequences present in other species
and they are just specific for C. auris improving the
accuracy of the species identification [23]. The cap-
ping oligonucleotide blocks the pores and inhibits
dye release. In the presence of C. auris genomic
DNA, the capping oligonucleotide is displaced (due
to favourable oligonucleotide-DNA hybridization),
uncapping the pores and allowing dye delivery. A
rapid response is observed from one of the gated
NAA materials prepared, allowing an accurate
C. auris detection in one hour with no prior DNA
extraction or amplification steps in real clinical
blood culture samples from infected patients, as well
as in serum samples from healthy volunteers seeded
with C. auris strains from different countries.

Methods

Oligonucleotides design

The design of the DNA probes was performed by in
silico analysis of the translated reference genome of
C. auris gene strain 6684, available in the NCBI data-
base, to identify the C. auris-specific ORFs corre-
sponding to the GPI cell wall proteins unique to
C. auris (for additional information regarding the
methodology employed on this subject, see reference
[23]).

The specific sequences chosen to cap de pores were
O1: 5′-TTT TGG GGG GTA CGC AAG GCG AAT
CTA CCC GGG GGG TTT T-3′; O2: 5′-TTT TGG
GGG GTC GCC ATT TTC TTT GTG GCG GGG
GGG TTT T-3′; and O3: 5′-TTT TGG GGG GGC
AGC ACT CGT GAG AGA ACT GGG GGG TTT
T-3′. O1 and O2 contain a specific sequence which
correspond to systematic ORF name QG37_01915
and O3 to systematic ORF name QG37_05701. Oligo-
nucleotides were acquired from Invitrogen by Thermo
Fisher Scientific (Madrid, Spain).

Synthesis of solids

To synthesize solid S1, 8 independent NAA supports
of 2 mm of diameter were submerged in a rhodamine
B solution in CH3CN (18.6 mg, 1 mm, 8 mL), which
was mixed for 24 h to facilitate the loading of pores.
Then surface functionalization was accomplished by
the addition of (3-aminopropyl)triethoxysilane
(1.32 mmol, 328 μL) and stirring the mixture during
6 h. Finally, the material was washed with a little
amount of acetonitrile and dried overnight at room
temperature.

To obtain the sensing solids S2–S4, S1 was
immersed in a solution of the corresponding aptamer
sequence (O1–O3) in hybridization buffer (20 mM
Tris-HCl, 37.5 mM MgCl2, pH 7.5). Optimization of
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capping conditions were carried out for each of the
resulting gated materials to achieve the best perform-
ances. Amounts of capping oligonucleotide were
15 μL of O1 (100 μM), 20 μL of O2 (100 μM) and
15 μL of O3 (100 μM). Final volume of reaction was
stablished in 500 μL of hybridization buffer and mix-
tures were agitated at 37 °C for 60 min. Lastly, the
obtained materials were rinsed with hybridization
buffer to eliminate the unbounded oligonucleotide.

Cargo quantification

To calculate the amount of the rhodamine B that can
be loaded in the pores, a pair of independent supports
of each solid S2–S4 were submerged in 1 mL of
hybridization buffer. Then, one of them was stirred
at 90 °C during 60 min to force the opening of the
pores and the maximum cargo release, and the other
was maintained in agitation at 25 °C during 60 min
as a control. The delivered fluorophore was measured
at 575 nm (λexc = 555 nm), and the quantification of
final released dye was undertaken using a calibration
curve with different concentrations of rhodamine
B. The experiment was done by triplicate.

Detection protocol

The ability of the materials to detect C. auris was
assessed by the fluorescence emission response of the
reporter rhodamine B diffused from the inner meso-
porous structure in the presence and in the absence
of C. auris genomic DNA. For that, two independent
supports of each material S2–S4 were separately sub-
merged in 900 µL of hybridization buffer each.
Extracted DNA was pre-heated at 95 °C for 5 min
and immediately cooled into an ice bath during
3 min to denature into single strains. Then, 100 μL
of dehybridized DNA (1 ng μL−1) were added to one
of the supports of each pair of solid S2–S4 whereas
100 µL of hybridization buffer were transferred to
the other. All solutions were stirred at 37 °C and ali-
quots were collected periodically. Released rhodamine
B was detected by fluorescence spectroscopy at
575 nm (λexc = 555 nm).

Quantification curve of genomic DNA

The response of the solids S2–S4 to different concen-
trations of C. auris genomic DNA was studied. For
that, seven independent supports of each material
S2–S4 were submerged in a solution containing
100 µL of 10-fold dilutions of dehybridized DNA (1–
10−6 ng μL−1) and volume was completed until 1 mL
with hybridization buffer. Solutions were stirred at
37 °C and released rhodamine B was determined at
575 nm (λexc = 555 nm) after 60 min.

Amplification Assay

In order to calculate the amplification of the signal,
two individual S4 solids were submerged in 900 μL
of hybridization buffer. Then, 100 µL of dehybridized
DNA (1 ng μL−1) was added to one of them and
100 µL of hybridization buffer was added to the
other. Both solutions were stirred at 37 °C during
60 min and the delivered fluorophore was observed
at 575 nm (λexc = 555 nm). Quantification of finally
released dye was undertaken using a calibration
curve with different concentrations of rhodamine B,
to then directly correlate with the concentration of
genomic DNA from C. auris that opened the system.

Selectivity

To evaluate de selectivity of the system, dye release
experiments were carried out by adding to seven inde-
pendent supports of each material S2–S4 100 μL of
dehybridized DNA (1 ng μL−1) from other Candida
species (C. albicans, C. glabrata, C. parapsilosis,
C. tropicalis, C. pseudohaemulonii, C. haemulonii,
C. intermedia, and C. lusitaniae). In the same exper-
iment, 100 µL of DNA from C. auris at 1 ng μL−1

was used as a positive control and 100 µL of hybridiz-
ation buffer as a negative control. The final volume
was completed to 1 mL with hybridization buffer
and mixed for 60 min at 37 °C. Delivered rhodamine
B was determined by fluorescence (λexc = 555 nm,
λem = 585 nm).

Detection of C. auris in real competitive media

The potential use of the sensing material S4 to detect
different concentrations of C. auris in more realistic
samples was tested. Thus, C. auris cells were cultured
in YPD agar medium (Difco®) at 37 °C to prepare a
final 0.5 McFarland solution (106 CFU mL−1). Then,
human blood from healthy donors was collected in a
“gel-and-clot activator tube” for serum separation
and then was artificially inoculated with different con-
centrations of C. auris (104–0 CFU mL−1). In a next
step, serum was obtained by centrifugation of blood
clots at 3000g for 10 min. Finally, 500 µL of each
serum were added to five independent S4 supports
submerged in 500 µL of hybridization buffer. After
60 min at 37 °C, the delivered rhodamine B was deter-
mined according to the obtained fluorescence emis-
sion at 575 nm (λexc = 555 nm).

In other experiment, the ability of the S4 nanosen-
sor to identify C. auris strains from different countries
was evaluated. For that, fourteen serums from healthy
donors were artificially inoculated with a concen-
tration of 102 CFU mL−1 of C. auris strains from
eight different geographical locations (Korea, Japan,
India, Venezuela, Kuwait, Oman, Colombia and
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Spain). In a next step, 14 independent S4 supports
were submerged in 500 µL of each serum and 500 µL
of hybridization buffer was added to each one. After
60 min at 37 °C, the delivered rhodamine B was deter-
mined according the obtained fluorescence emission
at 575 nm (λexc = 555 nm).

Validation in real clinical samples

The performance of the solid S4 was evaluated for its
application in the recognition of C. auris in real clini-
cal samples. For that, 22 blood culture samples from
infected (17 samples) and non-infected (5 samples)
patients from Hospital Universitari i Politècnic La Fe
were tested by adding 500 µL of the blood culture
and 500 µL of hybridization buffer to each indepen-
dent S4 support. Finally, the diffused rhodamine B
was determined after 60 min at 37 °C by measuring
fluorescence emission at 575 nm (λexc = 555 nm)

Results and discussion

Synthesis and characterization of gated NAA

In our proposed system, pores of NAA were filled with
the fluorescent reporter rhodamine B and the outer
surface was chemically modified by the attachment
of (3-aminopropyl)triethoxysilane, to give support
S1. Finally, oligonucleotides O1–O3 were used to
cap the pores through strong electrostatic and hydro-
gen bonding interactions between protonated

aminopropyl moieties on the NAA surface and the
negatively charged oligonucleotides. This resulted in
the preparation of the capped supports S2–S4, respect-
ively. As stated above, C. auris genomic DNA is
expected to selectively induce the aperture of the
pores, allowing the release of the encapsulated fluoro-
phore (Figure 1).

The raw NAA material and S1, S2, S3 and S4 were
characterized by FESEM and EDX analyses (see sup-
plementary material for details). Commercially avail-
able NAA supports are composed of anodic
aluminium oxide films grown on a 0.1 mm thick alu-
minium layer with a pore density of 9 × 1011 cm−2.
Pores entrance has a funnel-like shape which pro-
gressively shifts from a larger size (20–30 nm) at the
top of the funnel to a 5 nm size at the end. This tran-
sition reaches a profundity of ca. 15 nm, and below
this depth, the pore configuration becomes uniform
along 10 µm. FESEM images of the starting NAA
scaffold confirmed the porous structure. Moreover,
images of S2–S4 evidence the presence of a dense
organic layer which cap the pores and attributed
to the presence of the capping oligonucleotides
(Figure S-1).

The successive steps in the preparation of the final
gated materials (i.e. S2, S3 and S4) were followed by
energy dispersive X-ray spectroscopy (Table S-1). As
a result of dye loading on the pores and anchoring
of 3-aminopropyl groups on the NAA surface, solid
S1 shows a high carbon content (C/Al 1.06) and the
presence of nitrogen (N/Al 0.33). During the

Figure 1. Schematic representation of the gated NAA support and the selective uncapping and dye delivery in the presence of
C. auris genomic DNA.
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preparation of S2–S4, some dye is lost before the oli-
gonucleotides are able to cap the pores. As a result, the
C/Al ratio decreases and there is a slight increase in
nitrogen content attributed to the oligonucleotide.
The presence of the oligonucleotides is also demon-
strated in S2–S4 by the detection of phosphorus that
is neither observed in the starting NAA nor in the
S1 support. In addition, from extraction experiments,
the concentration of rhodamine B in the final
materials was calculated to be ca. 4 mg/g NAA.

Release assays

Rhodamine B delivery kinetics from solids S2–S4 was
studied to confirm the specific opening of the gated
materials in the presence of C. auris genomic DNA.
To carry out this study, two independent gated sup-
ports of each solid (i.e. S2–S4) were separately sub-
merged in hybridization buffer. Then, 100 μL of
previously denatured genomic DNA (1 ng μL−1)
were added to one of the solutions and 100 µL of
buffer was added to the other. To quantify the amount
of the delivered dye from the pores to the aqueous
phase, the fluorescence of the supernatant solution
was measured at predetermined times (see sup-
plementary material for details). As an example,
Figure 2 shows the rhodamine B delivery profile
from solid S4 in the absence and presence of
C. auris genomic DNA. S4 in hybridization buffer
delivers a very low amount of dye (less than 10% of
the maximum dye delivered), which indicates a tight
pore closure (Figure 2, curve a). On the contrary,
when C. auris genomic DNA is present a much larger
amount of rhodamine B is released (10-fold at 60 min,
Figure 2, curve b). The performance of the nanomater-
ial demonstrates that C. auris genomic DNA is able to

uncap the pores and induce cargo delivery as rep-
resented in Figure 1.

Solids S2 and S3 offered a similar response, demon-
strating tight pore closure and dye delivery when
C. auris DNA is present (Figure S-2). However,
material S4 showed a better performance, providing
a quicker response and higher dye release after
60 min. These differences are most likely indicative
of a more efficient recognition and hybridization
between O3 and C. auris DNA when compared with
O1 and O2.

Sensitivity and specificity studies

In these experiments, solids S2–S4 were treated with
100 μL of different concentrations of C. auris genomic
DNA (1–10−6 ng μL−1) in hybridization buffer follow-
ing a similar protocol as shown above. After C. auris
genomic DNA addition for each point, the emission
in the solution was measured after 60 min. For all
materials, the quantity of released dye increases as a
function of the DNA concentration, which agrees
with the above proposed uncapping protocol (Figure
S-3). Limits of detection of 0.5, 0.5, and 0.3 pg/µL
were calculated for S2, S3, and S4, respectively
(Table S-2). Remarkably, these LODs are in the
range of those usually reported by instrumental tech-
niques used for C. auris detection (MALDI-TOF MS,
RT–PCR or T2 Magnetic resonance); nevertheless,
our method is faster, simpler, and do not require
specialized instrumentation or database [24–29]. The
low limits of detection we observed are most likely
due to a favourable interaction between the capping
oligonucleotides and the C. auris genomic DNA and
also due to the intrinsic signal amplification when
used gated materials. Thus, it has been reported that
in these gated systems a unique analyte molecule is
able to induce the delivery of a large amount of dye
molecules when the pores are opened. In fact, recent
works demonstrated that the number of delivered
dye molecules can be 104–1011 per molecule of DNA
[23,30]. In this work, it has been estimated that 1 ng
of genomic DNA was capable of release an average
of 1.5 × 1011 molecules of rhodamine B, demonstrat-
ing a high signal amplification capacity.

In a step forward, the selectivity of S2, S3, and S4 to
C. auris was tested (Figure 3). In these experiments,
the response of each solid was assessed in the presence
of 100 μL of dehybridized DNA (1 ng μL−1) from
C. auris and eight other Candida species (Table S-3)
in 900 μL of hybridization buffer. As it can be
observed, only C. auris genomic DNA was able to trig-
ger a notable rhodamine B release while other Candida
species induced poor uncapping and cargo delivery,
indicating a high selective response of the nanomater-
ials S2–S4 for C. auris.

Figure 2. Rhodamine B delivery profile from S4 in the absence
(a) and in the presence (b) of 100 ng of denatured genomic
DNA of C. auris in hybridization buffer 20 mM Tris–HCl,
37.5 mM MgCl2, pH 7.
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Detection of C. auris in competitive media and
inoculated samples

S4 was also tested in a more competitive medium and
cargo release experiments with S4 were carried out in
serum samples containing different concentrations of
C. auris. For that, human blood, collected in a “gel-
and-clot activator tube” for serum separation, was
artificially inoculated with serial dilutions of C. auris
from 104 to 0 CFU mL−1. Then, serum was extracted
by centrifugation of the blood clots at 3000g for
10 min and the response of S4 was tested in the pres-
ence of 500 μL of serum mixed with 500 μL of hybrid-
ization buffer. Dye delivered was measured after
60 min. It was found that dye release was proportional
to the C. auris concentration in blood samples and a
LOD of 6 CFU mL−1 was calculated based on the
intersection point of the two slopes of the represented
curve (Figure S-4). This value is within the low range
of expected concentrations in infected human fluids
(1–103 CFU mL−1) and it is similar to those obtained
by common commercially available methodologies for
C. auris diagnosis, demonstrating the capability of the
method for its use in clinical applications without the
need of previous culture, sample treatment or amplifi-
cation steps. Note that we did not carry out steps such
as cell lysis or DNA extraction, yet we are able to
detect the presence of C. auris. This agrees with pre-
vious works that demonstrated that genomic DNA is
released to the extracellular medium and can be
detected [22].

In a further study, we validated if independent
and genetically diverse clades were successfully

recognized by S4. Fourteen serum samples artificially
inoculated with C. auris strains from eight different
countries were analysed. For that, an individual sup-
port S4 was immersed in a mixture containing
500 μL of hybridization buffer and 500 μL of the
inoculated serum sample. After 60 min at 37 °C,
delivered rhodamine B was determined by fluor-
escence spectroscopy. The sample was considered
positive when the fluorescence intensity at 585 nm
(λexc = 555 nm) was higher than the average fluor-
escence of negative controls plus three times their
standard deviation. All tested strains were previously
identified positively by sequencing of internal tran-
scribed spacer (ITS). Results showed that S4 is able
to detect isolates from all countries except one
from Colombia (Table 1). However, it is worth men-
tioning that further PCR studies confirmed that this
Colombian isolate presented a rare genetic difference
in the coding region of the QG37_05701 gene and do
not contain the specific target sequence used in this
experiment [23], what can explain the obtained false
negative. In previous work from Ruiz-Gaitán et al.,
this specific isolate was also giving negative results
when analysed by PCR using QG37_05701 primers.
This fact was due to the lack of the whole
QG37_05701 in two patients from a specific hospital
whereas other Colombian isolates do not. The results
suggested a genomic plasticity and the capacity of
C. auris for horizontal transmission. This particular
QG37_05701 genotype seems rare as it observed
just in that two Colombian isolates and not in others
from the same country. This special false negative
confirms the high accuracy of the gated material.
Also note that this false negative would have not
been obtained using solids S2 or S3, which are
designed from QG37_01915 gene and further work
is being carried out to optimize our sensing protocol
using other oligonucleotides as caps.

Figure 3. Rhodamine B delivery from solids S2 (black), S3
(dark grey) and S4 (light grey) in the presence of 1 ng μL−1

of genomic DNA of C. auris, C. albicans, C. glabrata,
C. parapsilopsis, C. tropicalis, C. pseudohaemulonii,
C. haemulonii, C. intermedia, and C. lusitaniae and 100 µL of
hybridization buffer as a negative control. Fluorescence was
measured after 60 min in hybridization buffer at pH 7.5.

Table 1. Results from serum samples inoculated with C. auris
from different geographical locations analysed using the
gated nanomaterial S4 and the reference procedure.
# Isolate Country Reference methoda S4b

1 Korea + +
2 Japan + +
3 India + +
4 Venezuela + +
5 Kuwait + +
6 Oman + +
7 Colombia + −
8 Spain + +
9 Spain + +
10 Spain + +
11 Spain + +
12 Spain + +
13 Spain + +
14 Spain + +
aStrains were re-confirmed by molecular sequencing.
bPositive (+) was considered when the fluorescence intensity at 585 nm
(λexc = 555 nm) was higher than the average fluorescence of the nega-
tive controls plus three times their standard deviation.
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Clonality of C. auris isolates from South Africa,
Brazil and South Korea have previously been ident-
ified using amplifying techniques like fragment length
polymorphism (AFLP) and multilocus sequence typ-
ing (MLST). Despite their high discriminatory power
and good reproducibility, these complex methods are
high cost and their use is usually restricted to research
laboratories [31–33]. On the other hand, molecular
techniques like whole-genome sequencing (WGS)
has demonstrated to provide enough information to
discern between C. auris isolated strains and their phy-
logenetic relationships using single nucleotide poly-
morphism (SNP) analysis [34]. In this context, the
portable MinION sequencer (Oxford Nanopore Tech-
nologies, UK) has been successfully employed for ana-
lysing the molecular epidemiology of Ebola, Zika, and
C. auris outbreaks [35]. Alternatively, solid S4 has
proved its ability to discriminate C. auris isolates
from different countries in 60 min, with a simple
and low-cost procedure, avoiding DNA extraction or
amplification steps, what makes it suitable for use in
point-of-care detection systems.

Validation in real clinical samples

Due to the increase of invasive infections by C. auris
around the world, the development of fast, sensitive,
and reliable diagnosis techniques becomes an impor-
tant challenge [36,37]. In this scenario, S4was assessed
as diagnostic tool as an alternative to existing tech-
niques for C. auris detection in clinical samples from
infected patients. The most usual method followed
by hospitals to detect candidemia is blood culture
automatized systems and subsequent identification
of the isolates by biochemical, phenotypic, and proteo-
mic techniques. Using this procedure, the average
time between sample collection and final identification
is 3–5 days.

In our study, 22 blood culture samples of infected
and non-infected patients from Hospital Universitari
i Politècnic La Fe were first analysed by the reference
method. Clinical and demographic data from the
patients included in the study can be seen in Table
S-4 (supplementary material). By this way, 17 samples
were confirmed as positive and five resulted negative.
In parallel, the same samples were analysed by our
proposed method following a blinded procedure (see
supplementary material for more details). For that,
22 individual S4 supports were immersed with
500 μL of the sample and 500 μL of hybridization
buffer, and fluorescence was measured after 60 min.
As above, a sample was considered positive when the
fluorescence intensity at 585 nm was higher than the
average fluorescence of the negative controls plus
three times their standard deviation. A good corre-
lation between the standard method for the diagnosis

of C. auris and our procedure was observed; a sensi-
tivity of 85%, a specificity of 100%, and positive and
negative predictive values of 100% and 62.5%, respect-
ively, were calculated (Table 2). It should be con-
sidered that false negatives may occur because
samples came from blood cultures stored at –20 °C
for more than 6 weeks, that may induce DNA frag-
mentation in less–high-molecular-weight DNA
sequences, interfering in the DNA–DNA hybridiz-
ation[38].

The identification of C. auris in biological samples
is an important challenge in the diagnostic field. Cur-
rent methods are based on molecular techniques such
as DNA amplification or sequencing, and more
recently, based on MALDI-TOF MS. Despite these
techniques provide high sensitivity and specificity,
they usually require expensive and specialized equip-
ment and personnel, which is outside the reach of
most clinical laboratories. On the other hand, biosen-
sors based on oligonucleotide-capped NAA have been
shown numerous advantages: (i) they have great versa-
tility, both in the cargo and in the capping DNA
sequence; (ii) the cost of preparation and testing is
considerably low comparing to other standardized
techniques; (iii) the required equipment is simple,
common, and affordable for majority of laboratories,
and (iv) the analysis procedure is faster, simpler and
avoids sample treatments such as DNA extraction or
amplification. Therefore, it is noteworthy the high
competitiveness of our gated probe, being a promising
alternative for the fast and precise detection of
C. auris.

Table 2. Results from blood culture samples analysed using
the gated nanomaterial S4 and the reference procedure.
# Sample Reference methoda S4b

1 − −
2 − −
3 − −
4 − −
5 − −
6 + +
7 + +
8 + −
9 + +
10 + +
11 + +
12 + −
13 + +
14 + +
15 + +
16 + +
17 + +
18 + +
19 + +
20 + +
21 + −
22 + +
aPositive (+) was considered when any C. auris colony is isolated from
blood culture samples.

bPositive (+) was considered when the fluorescence intensity at 585 nm
(λexc = 555 nm) was higher than the average fluorescence of the nega-
tive controls plus three times their standard deviation.
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Conclusions

Fast and reliable diagnosis of C. auris infections is
critical to carry out appropriate treatment and to
control fungal outbreaks and new approaches that
allow to identify C. auris in a simple and rapid man-
ner is crucial in the clinical field. In this study, an
innovative methodology for C. auris detection by
using a fluorogenic nanosensor is presented. The sys-
tem consists of NAA mesoporous supports loaded
with a fluorophore and capped with an oligonucleo-
tide. In the presence of C. auris genomic DNA the
capping oligonucleotide is displaced from the NAA
surface to hybridize C. auris genomic DNA resulting
in pore opening and delivery of the entrapped fluor-
ophore. All capped NAA show excellent selectivity
and sensitivity. Particularly, solid S4 capped with oli-
gonucleotide O3 resulted to be the most effective sys-
tems reaching higher and faster dye release, and a
lower limit of detection (0.3 pg µL−1). The gated
material S4 is tested with human blood inoculated
with different amounts of C. auris cells and it suc-
cessfully recognize C. auris isolates from eight differ-
ent countries in artificially inoculated serum samples.
Moreover, the method allows an accurate detection
of C. auris in blood culture samples from infected
patients in 60 min without the need of previous
sample treatment or amplification steps. The pro-
posed technique has great potential as diagnostic
tool for C. auris detection in clinical samples.

Acknowledgements

We acknowledge the support of the Electron Microscopy
Service of Universitat Politècnica de València (UPV).
Author contributions: Luis Pla: Investigation; Methodology;
Writing – original draft, María Ángeles Tormo-Más: Inves-
tigation; Funding acquisition, Writing – review & editing,
Alba Ruiz-Gaitán: Investigation; Supervision, Javier
Pemán: Investigation; Writing – review & editing, Eulogio
Valentín: Supervision; Félix Sancenón: Investigation; Super-
vision, Elena Aznar: Conceptualization; Funding acqui-
sition, Writing – review & editing, Ramón Martínez-
Máñez: Conceptualization, Funding acquisition, Writing –
review & editing, Sara Santiago-Felipe: Investigation; Meth-
odology; Writing – original draft.

Disclosure statement

No potential conflict of interest was reported by the author
(s).

Funding

The authors want to thank the Spanish Government (project
RTI2018-100910-B-C41 (MCIU/AEI/FEDER, UE)), the
Generalitat Valenciana (project PROMETEO/2018/024),
Universitat Politècnica de València−Instituto de Investiga-
ción Sanitaria La Fe (AURISGATE project) and Centro de

Investigación Biomédica en Red en Bioingeniería, Biomater-
iales y Nanomedicina (NANOPATH AND CANDI-EYE
projects) for support. L.P thanks MINECO for his predoc-
toral fellowship. S.S. thanks the Instituto de Salud Carlos
III and the European Social Fund for the financial support
“Sara Borrell” (CD16/000237).

Ethical committee

The present study was approved by the Ethics Com-
mittee of Hospital Universitari i Politècnic La Fe
(2019-107-1).

ORCID

Luis Pla http://orcid.org/0000-0002-9316-3655
Sara Santiago-Felipe http://orcid.org/0000-0002-1731-
815X
María Ángeles Tormo-Mas http://orcid.org/0000-0001-
8928-2697
Alba Ruiz-Gaitán http://orcid.org/0000-0003-1730-9947
Javier Pemán http://orcid.org/0000-0003-3222-5653
Eulogio Valentín http://orcid.org/0000-0002-7895-9460
Elena Aznar http://orcid.org/0000-0003-0361-3876
Ramón Martínez-Máñez http://orcid.org/0000-0001-
5873-9674

References

[1] Satoh K, Makimura K, Hasumi Y, et al. Candida auris
sp. nov., a novel ascomycetous yeast isolated from the
external ear canal of an inpatient in a Japanese hospi-
tal. Microbiol Immunol. 2009;53:41–44.

[2] Ruiz Gaitán AC, Moret A, López Hontangas JL, et al.
Nosocomial fungemia by Candida auris: first four
reported cases in continental Europe. Rev Iberoam
de Micol. 2017;34:23–27.

[3] Yamamoto M, Alshahni MM, Tamura T, et al. Rapid
detection of Candida auris based on loop-mediated
isothermal amplification (LAMP). J Clin Microbiol.
2018;56:e00591-18.

[4] Kathuria S, Singh PK, Sharma C, et al. Multidrug-
resistant Candida auris misidentified as Candida hae-
mulonii: Characterization by matrix-assisted laser des-
orption ionization-time of flight mass spectrometry
and DNA sequencing and its antifungal susceptibility
profile variability by vitek 2, CLSI broth microdilu-
tion, and etest method. J Clin Microbiol.
2015;53:1823–1830.

[5] Schelenz S, Hagen F, Rhodes JL, et al. First hospital
outbreak of the globally emerging Candida auris in a
European hospital. Antimicrob Resist In. 2016;5(1):35.

[6] Leach L, Zhu Y, Chaturvedi S. Development and vali-
dation of a real-time PCR assay for rapid detection of
Candida auris from surveillance samples. J Clin
Microbiol. 2018;56(2):e01223-17.

[7] Vigneshvar S, Sudhakumari CC, Senthilkumaran B,
et al. Recent advances in biosensor technology for
potential applications – an overview. Front Bioeng
Biotechnol. 2016;4:11.

[8] Girigoswami K, Akhtar N. Nanobiosensors and fluor-
escence based biosensors: an overview. Int J Nano
Dimens. 2019;10(1):1–17.

414 L. PLA ET AL.

http://orcid.org/0000-0002-9316-3655
http://orcid.org/0000-0002-1731-815X
http://orcid.org/0000-0002-1731-815X
http://orcid.org/0000-0001-8928-2697
http://orcid.org/0000-0001-8928-2697
http://orcid.org/0000-0003-1730-9947
http://orcid.org/0000-0003-3222-5653
http://orcid.org/0000-0002-7895-9460
http://orcid.org/0000-0003-0361-3876
http://orcid.org/0000-0001-5873-9674
http://orcid.org/0000-0001-5873-9674


[9] Pla L, Lozano-Torres B, Martínez-Máñez R, et al.
Overview of the evolution of silica-based chromo-
fluorogenic nanosensors. Sensors. 2019;19:5138.

[10] Giménez C, De La Torre C, Gorbe M, et al. Gated
mesoporous silica nanoparticles for the controlled
delivery of drugs in cancer cells. Langmuir.
2015;31:3753–3762.

[11] Baranowska M, Slota AJ, Eravuchira PJ, et al. Protein
attachment to nanoporous anodic alumina for bio-
technological applications: influence of pore size,
protein size and functionalization path. Colloid
Surface B. 2014;122:375–383.

[12] Aznar E, Oroval M, Pascual L, et al. Gated materials
for on-command release of guest molecules. Chem
Rev. 2016;116:561–718.

[13] García-Fernández A, Aznar E, Martínez-Máñez R,
et al. New advances in in vivo applications of gated
mesoporous silica as drug delivery nanocarriers.
Small. 2020;16:1902242.

[14] Sancenón F, Pascual L, Oroval M, et al. Gated silica
mesoporous materials in sensing applications.
ChemistryOpen. 2015;4:418–437.

[15] Castillo RR, Baeza A, Vallet-Regí M. Recent appli-
cations of the combination of mesoporous silica nano-
particles with nucleic acids: development of
bioresponsive devices, carriers and sensors. Biomater
Sci. 2017;5:353–377.

[16] Tasbasi BB, Guner BC, Sudagidan M, et al. Label-free
lateral flow assay for Listeria monocytogenes by apta-
mer-gated release of signal molecules. Anal Biochem.
2019;587:113449.

[17] Ribes À, Santiago-Felipe S, Aviñó A, et al. Design of
oligonucleotide-capped mesoporous silica nanoparti-
cles for the detection of miRNA-145 by duplex and tri-
plex formation. Sensor Actuat B-Chem. 2018;277:598–
603.

[18] Ribes À, Xifré-Pérez E, Aznar E, et al. Molecular gated
nanoporous anodic alumina for the detection of
cocaine. Sci Rep. 2016;6:1–9.

[19] Bayramoglu G, Ozalp VC, Dincbal U, et al. Fast and
sensitive detection of salmonella in milk samples
using aptamer-functionalized magnetic silica solid
phase and MCM-41-aptamer gate system. ACS
Biomater Sci Eng. 2018;4:1437–1444.

[20] Ucak S, Sudagidan M, Borsa BA, et al. Inhibitory
effects of aptamer targeted teicoplanin encapsulated
PLGA nanoparticles for Staphylococcus aureus strains.
World J Microb Biot. 2020;36:1–9.

[21] Climent E, Mondragón L, Martínez-Máñez R, et al.
Selective, highly sensitive, and rapid detection of
genomic DNA by using gated materials:
Mycoplasma detection. Angew Chem Int Ed. 2013;52:
8938–8942.

[22] Ribes À, Aznar E, Santiago-Felipe S, et al. Selective and
sensitive probe based in oligonucleotide-capped nano-
porous alumina for the rapid screening of infection
produced by Candida albicans. ACS Sensors.
2019;4:1291–1298.

[23] Ruiz-Gaitán AC, Fernández-Pereira J, Valentin E,
et al. Molecular identification of Candida auris by
PCR amplification of species-specific GPI protein-
encoding genes. Int J Med Microbiol Suppl.
2018;308:812–818.

[24] Pascual L, Baroja I, Aznar E, et al. Oligonucleotide-
capped mesoporous silica nanoparticles as DNA-
responsive dye delivery systems for genomic DNA
detection. Chem Commun. 2015;51:1414–1416.

[25] Ahmad A, Spencer JE, Lockhart SR, et al. A high-
throughput and rapid method for accurate identifi-
cation of emerging multidrug-resistant Candida
auris. Mycoses. 2019;62:513–518.

[26] Sexton DJ, Bentz ML, Welsh RM, et al. Evaluation of a
new T2 magnetic resonance assay for rapid detection
of emergent fungal pathogen Candida auris on clinical
skin swab samples. Mycoses. 2018;61:786–790.

[27] Lacroix C, Gicquel A, Sendid B, et al. Evaluation of
two matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF MS) sys-
tems for the identification of Candida species. Clin
Microbiol Infec. 2014;20:153–158.

[28] Zurl C, Prattes J, Zollner-Schwetz I, et al. T2 Candida
magnetic resonance in patients with invasive candidia-
sis: strengths and limitations. Med Mycol. 2020;58
(5):632–638.

[29] Mahmoudi S, Agha Kuchak Afshari S, Aghaei
Gharehbolagh S, et al. Methods for identification of
Candida auris, the yeast of global public health con-
cern: a review. J Mycol Med. 2019;29:174–179.

[30] Pla L, Santiago-Felipe S, Tormo-Más MÁ, et al.
Aptamer-capped nanoporous anodic alumina for
Staphylococcus aureus detection. Sensor Actuat B-
Chem. 2020;128281.

[31] Chowdhary A, Sharma C, Duggal S, et al. New clonal
strain of Candida auris, Delhi, India. Emerg Infect Dis.
2013;19:1670–1673.

[32] Prakash A, Sharma C, Singh A, et al. Evidence of gen-
otypic diversity among Candida auris isolates by mul-
tilocus sequence typing, matrix-assisted laser
desorption ionization time-of-flight mass spec-
trometry and amplified fragment length polymorph-
ism. Clin Microbiol Infec. 2016;22:277.e1–277.e9.

[33] Chowdhary A, Anil Kumar V, Sharma C, et al.
Multidrug-resistant endemic clonal strain of
Candida auris in India. Eur J Clin Microbiol Infect
Dis. 2014;33:919–926.

[34] Lockhart SR, Etienne KA, Vallabhaneni S, et al.
Simultaneous emergence of multidrug-resistant
Candida auris on 3 continents confirmed by whole-
genome sequencing and epidemiological analyses.
Clin Infect Dis. 2017;64:134–174.

[35] Rhodes J, Abdolrasouli A, Farrer RA, et al. Genomic
epidemiology of the UK outbreak of the emerging
human fungal pathogen Candida auris article. Emerg
Microbes Infect. 2018;7:1–12.

[36] Arendrup MC, Prakash A, Meletiadis J, et al.
Comparison of EUCAST and CLSI reference microdi-
lutionmics of eight antifungal compounds forCandida
auris and associated tentative epidemiological cutoff
values. Antimicrob Agents Chemother. 2017;61(6):
e00485-17.

[37] Spivak ES, Hanson KE. Candida auris: an emerging
fungal pathogen. J Clin Microbiol. 2018;56(2):
e01588-17.

[38] Madisen L, Hoar DI, Holroyd CD, et al. The effects of
storage of blood and isolated DNA on the integrity of
DNA. Am J Med Genet A. 1987;27:379–390.

EMERGING MICROBES AND INFECTIONS 415


	Abstract
	Introduction
	Methods
	Oligonucleotides design
	Synthesis of solids
	Cargo quantification
	Detection protocol
	Quantification curve of genomic DNA
	Amplification Assay
	Selectivity
	Detection of C. auris in real competitive media
	Validation in real clinical samples

	Results and discussion
	Synthesis and characterization of gated NAA
	Release assays
	Sensitivity and specificity studies
	Detection of C. auris in competitive media and inoculated samples
	Validation in real clinical samples

	Conclusions
	Acknowledgements
	Disclosure statement
	Ethical committee
	ORCID
	References

