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A B S T R A C T   

This work reports a simple strategy for Candida auris genomic DNA (gDNA) detection, a multi-resistant fungus 
associated with nosocomial outbreaks in healthcare settings, presenting high mortality and morbidity rates. The 
platform was developed using gold electrode sensitized with specific DNA capture probe and ninhydrin as a novel 
DNA hybridization indicator. The genosensor was able to detect C. auris in urine sample by differential pulse 
voltammetry and electrochemical impedance spectroscopy. The biosensor’s analytical performance was evalu
ated by differential pulse voltammetry, detecting up to 4.5 pg μL− 1 of C. auris gDNA in urine (1:10, V/V). 
Moreover, the genosensor was reused eight times with no loss in the current signal response. The genosensor 
showed selectivity and stability, maintaining 100% of its response up to 80 days of storage. In order to analyze 
interactions of single and double-stranded DNA with ninhydrin, SEM, AFM and molecular dynamics studies 
followed by docking simulations were performed. Theoretical calculations showed ninhydrin interactions more 
favorably with dsDNA in an A-T rich binding pocket rather than with the ssDNA. Therefore, the proposed system 
is a promising electrochemical detection device towards a more accurate detection of C. auris gDNA in biological 
samples.   

1. Introduction 

Fungal pathogens are estimated to be a major cause for human 
morbidity and mortality, infecting billions and killing over 1.6 million 
people worldwide per year [1,2]. The emergence of drug-resistant 
pathogens is a medical concern issue since these microorganisms may 
cause severe human diseases [3]. 

Candida auris is a multi-resistant fungus, associated with nosocomial 
outbreaks in healthcare settings. It is a rising threat to public health, 
presenting high mortality and morbidity rates [4]. C. auris outbreaks 
have already been notified in COVID-19 hospitals [5] and patients with 
COVID-19 infected with this fungus have been reported [6]. Therefore, 
every health care facility should be severely monitored in order to 
contain this imminent threat since SARS-CoV-2 and C. auris combination 
might be deadly [7]. 

The C. auris accurate identification by phenotypic methods may be 
challenging [8] and this fungus cannot be identified using commonly 
commercial systems, and thus a suitable treatment is delayed [9]. 
Moreover, conventional laboratory techniques can lead to misidentifi
cation and improper handling, making it difficult to control the spread of 
C. auris in healthcare environments [10]. 

One of the most recent methods to detect pathogens is the develop
ment of biosensors [11]. Among biosensors, electrochemical geno
sensors stand out as devices with sequence-specific DNA detection, 
allowing them to precisely identify pathogens [12]. They present su
perior advantages due to their low cost, rapid results, selectivity, mini
aturization capacity, instrumental and operational simplicity compared 
to most analytical techniques, and therefore offering the possibility for 
point-of-care (POC) diagnosis [13]. 

Electrochemical genosensors often utilize indirect or label-based 
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detection methods, monitoring DNA hybridization by distinct electro
chemical responses of a redox indicator which interact specifically with 
either single stranded (ss) or double stranded (ds) DNA [14,15]. 

Ninhydrin (1,2,3-Triketohydrindene monohydrate, NHN) is a well- 
known molecule commonly used for amino acid analysis due to its 
interaction with amino groups in protein and peptides [16]. In addition, 
ninhydrin has been reported to interact with heterocyclic nucleobases 
[17] and modify guide RNA in CRISPR systems [18]. 

However, ninhydrin potential as an electroactive hybridization in
dicator as well as the bioinformatics on its interaction with ssDNA and 
dsDNA applied to a genosensor technology has not been examined yet. 

Therefore, the present paper reports a novel and reusable electro
chemical genosensor capable of sensitive and selective detection of 
C. auris gDNA by differential pulse voltammetry and electrochemical 
impedance spectroscopy. The DNA biosensor presented a remarkable 
regeneration ability and 100% of its signal response was maintained up 
to 80 days of storage. This straightforward approach is the first elec
trochemical genosensor for C. auris gDNA detection using ninhydrin as a 
novel hybridization indicator. 

2. Material and methods 

2.1. Chemicals and biomolecules 

All chemicals were used without prior purification and presented 
analytical grade. High purity water (18.2 MΩ cm, Master System, 
Gehaka, Brazil) was used to prepare solutions which were deoxygenated 
by bubbling ultra-pure nitrogen before electrochemical measurements. 
Potassium chloride (99%, KCl) was purchased from Neon. Sulfuric acid 
(98%, H2SO4), K4[Fe(CN)6] and K3[Fe(CN)6] were obtained from Sigma- 
Aldrich Chemical, USA (ACS purity). Dibasic sodium phosphate (99%, 
Na2HPO4) and monobasic sodium phosphate (99%, NaH2PO4) were 
acquired from Synth. Ninhydrin (ACS reagent) was purchased from 
Sigma Aldrich. 

The DNA probe (CAU1S) sequence was carefully designed using the 
National Center for Biotechnology Information (NCBI) data bank. The 
sequence can be identified by its RID (4TCMJD2901R). CAU1S (5’-(HS) 
AACAAAACGAAAAAAAAAGCGTAGA-3′) was purchased from Alpha 
DNA (Canada) and a stock solution (1 mmol L− 1) was prepared using 
deionized water. C. auris gDNA was extracted using the in-house method 
[19]. The purity and quality of the samples were evaluated by spectro
photometry. To obtain a positive sample, human urine free of C. auris 
was diluted using deionized water (1:10, V/V) and enriched with gDNA 
of the fungus. For selectivity tests, nucleic acids from different organ
isms such as Zika virus, Escherichia coli and Neisseria meningitidis were 
used. 

2.2. Instrumentation 

Electrochemical measurements were performed using Differential 
Pulse Voltammetry (DPV) in a potentiostat CHI 760C (CH Instruments, 
USA). Autolab potentiostat/galvanostat PGSTAT302 N (Eco Chemie, 
Utrecht) with FRA module were used to perform Electrochemical 
Impedance Spectroscopy (EIS), using Nova 2.1.3 software. All electro
chemical experiments were conducted using a three-electrode electro
chemical cell, 2 mm diameter gold working electrodes, platinum wire as 
counter electrode and Ag/AgCl/Cl− (3.0 mol L− 1 KCl) as reference 
electrode. The surface morphology of the electrodes was assessed by 
scanning probe microscopy (Model 5100 N, Hitachi), performed in the 
dynamic force microscope (DFM) mode, and by scanning electron mi
croscopy (SEM) on an EVO MA10 Zeiss microscope. 

2.3. Molecular modeling and computational protocol 

The initial ssDNA and dsDNA structures were generated by proto- 
Nucleic-Acid Builder (pNAB) [20] and submitted to CHARMM-GUI 

[21] in order to generate the input files for the molecular dynamic 
simulations. Equilibration, 10-ns production runs and analyses were 
conducted with GROMACS 5.1.4 [22] with similar protocol as previ
ously published [23,24]. Ligand-binding hot spots were characterized 
with FTMap [25]. Molecular docking was performed with the GOLD 
(Genetic Optimization for Ligand Docking) 2020 [26] with the same 
protocol as previous study [27]. A more complete protocol is presented 
in the Supplementary Information section. 

2.4. Fabrication of genosensor and Candida auris gDNA detection 

Gold electrodes (Au) were submitted to mechanical and electro
chemical conditioning. For mechanical preconditioning, Au were 
immersed in an ethanol solution (70%) and ultrasonicated for 10 min. 
Mechanical polishing was carried out using alumina slurry (0.3 μm), 
after being immersed in deionized water and sonicated for 2 min. 
Electrochemical preconditioning was performed using cyclic voltam
metry in H2SO4 (0.5 mol L− 1), 6 cycles with potential ranging from 0.0 V 
to +1.4 V, 50 mV s− 1. 

Probe immobilization was carried out by dripping 3.0 μL of CAU1S 
(20 μmol L− 1, pH 7.4) and after 30 min, Au/CAU1S was immersed in 
phosphate buffer saline (PBS) solution (0.1 mol L− 1, pH 7.4), for 7 s so 
that non-adsorbed capture probes are washed out. 

CAU1S concentration used in the electrochemical detection was 
optimized by direct detection, monitoring the oxidation of guanosine 
and adenosine. DPV in PBS solution (0.1 mol L− 1, pH 7.4) was conducted 
with potential ranging from 0.6 V to +1.4 V, modulation amplitude 60 
mV, interval time 0.2 s, scan rate 30 mV s− 1; interval time 0.2 s. 

Hybridization procedure was performed by dripping 5 μL of urine 
(1:10, V/V) enriched with C. auris gDNA onto Au/CAU1S surface and 
conditioned in 55 ◦C for 20 min. Subsequently, Au/CAU1S:gDNA were 
immersed in PBS solution (0.1 mol L− 1, pH 7.4) for 7 s to wash unbound 
DNA from the Au/CAU1S surface. 

Indirect detection was carried out by adding 5 μL of ninhydrin so
lution (100 μmol L− 1) onto Au/CAU1S:gDNA surface. After 10 min at 
room temperature, the unbounding ninhydrin was removed using 
deionized water by immersion of Au/CAU1S:gDNA/NHN for 7 s. DPV 
was recorded with potential ranging from − 0.7 V to +0.2 V, modulation 
amplitude 60 mV, interval time 0.2 s, scan rate 30 mV s− 1; interval time 
0.2 s using an electrolyte PBS solution (0.1 mol L− 1, pH 7.4). As proof of 
concept for DPV results, EIS studies using anionic probe K4[Fe(CN)6]/ 
K3[Fe(CN)6] (5 mmol L− 1) in KCl solution (0.1 mol L− 1) were carried out 
immediately after DNA hybridization with an open circuit, a frequency 
ranging from 10 kHz to 0.1 Hz and amplitude of 10 mV. 

The calibration curve was constructed by varying C. auris gDNA 
concentration in urine diluted using deionized water (1:10, V/V) 
ranging from 4.5 pg μL− 1 to 45 ng μL− 1. Differential pulse voltammo
grams were recorded as the analytical signal by indirect detection using 
ninhydrin as indicator in PBS solution (0.1 mol L− 1, pH 7.4). 

2.5. Selectivity, regeneration and stability assays 

In order to evaluate the selectivity of the genosensor, human urine 
sample (1:10, V/V) was enriched with nucleic acids from Zika virus, 
Neisseria meningitidis and Escherichia coli at the same concentration of the 
positive sample, C. auris gDNA (0.45 ng μL− 1) and added onto Au/ 
CAU1S. For regeneration studies, Au/CAU1S:gDNA of C. auris was 
washed in PBS solution, pH 7.4, by immersion for 30 s. Subsequently, in 
order to de-hybridize C. auris gDNA from Au/CAU1S, the surface was 
immersed in water at 90 ◦C for 5 min. This procedure was repeated 8 
times. After, DPV analysis were conducted using ninhydrin as an indi
cator. The stability of the genosensor was evaluated by maintaining Au/ 
CAU1S bioelectrodes at 8 ◦C for 80 days. Then, electrochemical response 
was evaluated up to 80 days of storage. For selectivity, regeneration and 
stability assays, DPV was performed in PBS solution (0.1 mol L− 1, pH 
7.4) and the oxidation peak of ninhydrin was monitored. 
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2.6. Statistics and data presentation 

Arithmetic mean value ± standard deviation is represented for 
numeric numbers, performed in triplicate measurements. Histogram 
graphs were plotted using Prism Graph 6.0 and voltammograms using 
Origin 7 after baseline subtraction. 

3. Results and discussion 

3.1. Optimization of probe DNA immobilization on gold electrode 

Efficient DNA probe immobilization onto an electrode surface plays 
an important role in the overall performance of genosensors [28]. 
Therefore, suitable probe orientation and its optimal concentration are 
relevant parameters to achieve a high-quality biosensor [29]. Three 
different concentrations of CAU1S DNA probe were evaluated by direct 
detection, monitoring guanosine and adenosine oxidation as shown in 
Fig. 1. 

According to literature, DNA can be oxidized onto gold electrodes 
[30,31]. Fig. 1A shows two oxidation peaks at Ep = +0.9 V and +1.3 V 
corresponding to guanosine and adenosine oxidation peaks, respec
tively, at 20 μmol L− 1 of CAU1S. In addition, guanosine presented ip =

9.70 ± 0.3 μA and adenosine ip = 2.1 ± 0.1 μA, according to Fig. 1B. No 
oxidation peak was detected for the other tested concentrations (10 
μmol L− 1 and 5 μmol L− 1). Therefore, CAU1S at 20 μmol L− 1 was used in 
all assays as the optimal DNA probe concentration. 

AFM imaging allows the investigation of biomolecules attached to 
the solid substrate. CAU1S immobilization was also evaluated by scan
ning probe microscopy. Bare gold electrode showed a typical rough 
surface with small valleys presenting quadratic roughness coefficient 

(Rq) of 8.8 ± 1 nm, according to Fig. 1C. After the addition of CAU1S, a 
decrease in the Rq value (4.3 ± 0.3 nm) was observed (Fig. 1D). The 
decrease in the roughness value may be due the thiolated DNA probe 
which occupies the small valleys of the electrode surface, tending to 
form a smoother surface [32]. Also, studies on ssDNA physical proper
ties indicate high conformational flexibility in solution [33] or onto solid 
surfaces, fitting more easily into the grooves of these surfaces [34]. 

3.2. Performance evaluation of genosensor 

3.2.1. Calibration curve and sensibility 
Candida auris is often detected in urine samples from contaminated 

people [35,36]. In this study, human urine sample (1:10, V/V) was 
enriched with different concentrations of C. auris gDNA and a calibra
tion curve was constructed in order to evaluate the sensitivity of the 
genosensor. Indirect detection was carried out by DPV, monitoring 
ninhydrin oxidation peak as presented in Fig. 2. 

The ninhydrin indicator used to monitor the duplex formation 
(CAU1S:gDNA) presented an increase in the oxidation peak Ep = − 0,25 
V (vs. Ag/AgCl/Cl− (KCl 3.0 mol L− 1) as the concentration of C. auris 
gDNA increases in urine sample, according to Fig. 2A. It appears to 
present a higher affinity towards dsDNA. This behavior is also observed 
in other hybridization indicators, such as ethidium bromide [37] and Ru 
(NH3)6]Cl3 [38] which present high costs and potential toxicity [39]. As 
an alternative, ninhydrin offers great advantages as an electrochemical 
DNA hybridization indicator, such as low oxidation potential required 
(− 0.25 V) and it is an economical and environment friendly molecule 
[40]. The biosensor detected up to 4.5 pg μL− 1 with linear range from 45 
ng μL− 1 to 4.5 pg μL− 1 of gDNA in real sample, with equation ip (nA) =
1756–147.92 (nA/g μL− 1) * (–log[gDNA]) (g μL− 1) and R2 = 0.99953 

Fig. 1. Optimization of CAU1S DNA probe concentration onto gold electrodes. A) Differential pulse voltammograms for guanosine and adenosine oxidation at 
concentrations 5 μmol L− 1 ( …), 10 μmol L− 1 (–) and 20 μmol L− 1 (__) in PBS solution (0.1 mol L− 1, pH 7.4). Potential scan from 0.6 V to +1.4 V; scan rate 30 mV s− 1; 
modulation amplitude 60 mV; interval time 0.2 s. B) Histogram for current values to the guanosine and adenosine oxidations at concentrations 20 μmol L− 1. AFM 
images of the bare gold electrode (C) and Au/CAU1S (D). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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(Fig. 2B). 

3.2.2. Selectivity, reusability and stability 
Parameters such as selectivity, regeneration and stability were 

evaluated by indirect detection, monitoring the current response of 
ninhydrin oxidation (Fig. 3). 

Au/CAU1S genosensor was sensitized with gDNA from non-target 

pathogens which are also found in urine such as Candida albicans [41], 
Zika virus gRNA [42], Neisseria meningitidis [43] and Escherichia coli 
gDNAs [44] at the same concentration of C. auris gDNA (0.45 ng μL− 1). 
The genosensor was able to distinguish all non-specific pathogens DNA 
and presented a similar current value when compared to the probe 
current response, according to Fig. 3A. C. albicans gDNA with ip = 70 ±
2.6 nA, Zika virus gRNA with ip = 57.7 ± 1.5 nA, N. meningitidis gDNA 

Fig. 2. Electrochemical response for indirect detection of C. auris gDNA added in urine (1:10, V/V) at different concentrations monitoring ninhydrin oxidation peak 
and the calibration curve. A) Differential pulse voltammograms recorded in PBS solution (0.1 mol L− 1, pH 7.4), in absence or presence of target analyte, varying its 
concentration (45 × 10− 13 g μL− 1, 45 × 10− 12 g μL− 1, 45 × 10− 11 g μL− 1, 45 × 10− 10 g μL− 1 and 45 × 10− 9 g μL− 1). Conditions: potential scan from − 0.7 V to +0.2 V; 
scan rate 30 mV s− 1; modulation amplitude 60 mV; interval time 0.2 s. B) Calibration plots for the amperometric response. 

Fig. 3. A) Differential pulse voltammograms and B) histogram of current value for the detection of C. auris gDNA and non-specific biomolecules: C. albicans, Zika 
virus gRNA, N. meningitidis and E. coli. C) Relation between ip and regeneration rounds. D) Relation between ip and storage time of the genosensor. DPV was recorded 
in PBS solution (0.1 mol L− 1, pH 7.4); potential scan from − 0.7 V to +0.2 V; scan rate 30 mV s− 1; modulation amplitude 60 mV; interval time 0.2 s. Ninhydrin 
oxidation peak was monitored in all experiments. 
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with ip = 56.3 ± 1.5 nA and E. coli gDNA with ip = 55.7 ± 0.6 nA, 
presented 5.3-fold, 6.5-fold, 6.6-fold and 6.7-fold decrease in peak 
current variation, respectively, comparing to the positive control (ip =

373 ± 9.9 nA), as observed in Fig. 3B. In addition, a misidentification of 
C. auris as N. meningitidis and C. albicans has been reported [45,46]. 
Nevertheless, the present genosensor showed superior selectivity since it 
was able to accurately discriminate C. auris from N. meningitidis and 
C. albicans. 

In order to obtain a cost-effective point-of-care diagnosis, regenera
tion assay is an important feature to accelerate biosensor commerciali
zation [47], since it evaluates the ability of DNA hybridization reaction 
to re-occur between gDNA and CAU1S. As result of an effective chemi
sorption between 5′ thiol labeled DNA probe and the gold surface [48], 
the genosensor presented high reusability, maintaining 100% of its 
current response signal over 8 regeneration cycles, according to Fig. 3C. 
The genosensor’s stability was examined by keeping the bioelectrodes at 
4 ◦C over 80 days. Fig. 3D shows the DNA biosensor being able to 
maintain 100% of its signal response up to 80 days of storage. 

C auris is mostly detected by quantitative real-time PCR (qPCR) [49, 
50]. However, qPCR is a laborious operational procedure which presents 
some challenges towards a point-of-care diagnosis, including high cost 
and unstable results [51]. To the best of our knowledge, no electro
chemical genosensor for the detection of C. auris gDNA in urine samples 
using ninhydrin as DNA hybridization indicator has been reported. 
Therefore, Table 1 presents recently reported methodologies able to 
identify C. auris. 

In this work, the developed genosensor showed superior features 
such as linear range, rapid response and small amount of sample 
required. In addition, all previously reported detection methods (see 
Table 1) lack important studies such as stability and regeneration. 

3.3. Evaluation of the genosensor by bioinformatics, EIE and 
morphological analysis 

3.3.1. Computational analysis of ninhydrin in complex with DNA 
Ninhydrin interactions with DNA were evaluated by theoretical ap

proaches in order to obtain some insights for the DNA-ninhydrin binding 
mechanism (Fig. 4). 

Initially, molecular dynamics simulations were performed with the 
modeled ssDNA and dsDNA biomolecules with the results presented in 
Fig. 4A and B, respectively. Fig. 4A and B shows the radius of gyration 
(Rg) and the total energy of the molecules simulated during a total time 
of 10 ns? Both structures were reasonably stable during the simulations 
which reflected the constant Rg and energy along the 10 ns-runs. How
ever, ssDNA was more extended than dsDNA which could be seen by the 
higher Rg for ssDNA (Rg ≈ 3.0 nm in A) than for dsDNA (Rg ≈ 2.5 nm in 
B), despite of both molecules having the same initial length. Rg is a 
measure that considers the average atomic position of a molecule in a 
specific time, thus, ssDNA samples more extended conformations than 
dsDNA. 

Molecular dynamic simulations create conformations by stochastic 
or diffusive motions on a roughed energy landscape profile [57]. Sim
ulations of Fig. 4A and B resulted in equilibrated and 
constant-temperature runs. The final conformations are located in local 
energy minima in which they might be good representatives of the 
conformation ensemble for the docking analysis with ninhydrin. 

The next step would be to perform molecular docking simulations of 
ninhydrin against the final DNA structures. Although, before that, the 
initial and final conformations of ssDNA (structures in Fig. 4A) and 
dsDNA (structures in Fig. 4B) were submitted to the FTMap [25] web 
server in order to characterize possible binding cavities. In Figure S1 
(see Supplementary Information), FTMap predicted the initial confor
mations of ssDNA (Fig. S1A, left panel) and dsDNA (Fig. S1C, left panel) 
having a broad distribution of binding sites that were represented by the 
small molecule decoys bound to the DNAs surfaces. Also, the nonbonded 
contact rate of the decoys along the nucleic acid sequence of both 
molecules were broadly distributed with two slightly higher peaks 
around nucleotides DG9 and DG21, numbering from its 5′- to 3′-end (left 
panels of Figs. S1B and S1D). However, the equilibrated conformations 
represented by the final structures resulted in different conformations 
for both biopolymers. The end-point of the ssDNA simulation resulted in 
a more extended conformation than its initial structure and the decoys 
were found more pronounced around nucleotides DA13 and DA18 (right 
panels of Fig. S1A and S1B). The final dsDNA structure resulted in a 
slightly smaller conformation than its initial perfect double helix, pro
ducing one pronounced binding site around nucleotide DG19. There
after, this nucleotide position was chosen to be the major binding cavity 
as it appears in both nucleic acid structures. 

The last snapshot of the molecular dynamic runs of both structures in 
Fig. 4A and B were submitted to docking simulations with the hybridi
zation indicator ninhydrin. Although the binding site for the docking 
runs were centered at nucleotide DG19, the binding cavity was suffi
ciently big (10 Å) to cover some more nucleotides. Generated by the 
docking simulations, the top-ranked configurations of ninhydrin in 
complex with ssDNA and dsDNA were chosen for analysis and they are 
presented in Fig. 4C and D, respectively. Ninhydrin was captured by the 
two nucleotides (DG19 and DC20) on the ssDNA surface and by an A-T 
rich region around DA17 of dsDNA that is a more confined binding 
pocket (surface representation on the right panels in Fig. 4C and D). 
Hydrogen bonds were the main stabilizing interaction of the hybridi
zation indicator in both DNAs, with an extra hydrogen bond occurring in 
dsDNA. Also, the dsDNA-ninhydrin complex exhibited an exclusive hy
drophobic interaction, represented by the surface of DA15 nucleotide in 
Fig. 4D. Similar mode of interaction of a compound bound in a A-T rich 
region of a double strand DNA was also reported in a recent publication 
[58]. 

The theoretical calculations suggest that the hybridization indicator 
ninhydrin has a more favourable interaction with the double helix 
dsDNA than with the single strand ssDNA. This is in accordance with the 
experimental results which showed an increased sensitivity of the 
dsDNA genosensor when compared with ssDNA, revealing ninhydrin as 
a novel DNA hybridization indicator. 

3.3.2. Electrochemical impedance spectroscopy and morphological analysis 
The characterization of the Au/CAU1S and Au/CAU1S:C. auris gDNA 

was performed by EIS, SEM and AFM images (Fig. 5). 
Au/CAU1S was sensitized with urine samples (1:10, V/V) with or 

without the enrichment of C. auris gDNA (4.5 ng μL− 1). In the presence 
of gDNA, a 4.8-Fold increase in the resistance to charge transfer (RCT) 
value (25.7 ± 1.4 kΩ) was observed compared to Au/CAU1S/Urine 
which presented RCT = 5.3 ± 0.5 kΩ, according to Fig. 5B. These findings 
corroborate with DPV results, after the duplex formation (Au/CAU1S: 
gDNA), an increase in the amount of DNA on the Au surface is observed, 
leading to an increase in the RCT value for the positive sample [59]. 

It was possible to observe different morphologies in the SEM images, 
with the addition of the positive target (Fig. 5D) causing a change in the 

Table 1 
Comparison of proposed genosensor for C.auris gDNA detection with other 
methodologies.  

Methodology Sample 
volume 

Time of 
detection 

Stability Regeneration Reference 

Fluorescence 100 μL 60 min n.a n.a [56] 
Spectroscopy 

BCID-FP 
(GenMark 
Dx ePlex) 

50 μl 100 min n.a n.a [57] 

Multiplex PCR 
and qPCR 

4 μl ~79 min n.a n.a [58] 

CHROMagar 1 μl 36 h n.a n.a [59] 
LAMP 2 μl 90 min n.a n.a [60] 
DPV indirect 

detection 
5 μl 32 min 100 

days 
8 times This 

study  
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surface of the working electrode, making it more heterogeneous with 
structures in filamentous form or network-like structures when 
compared with the negative sample (healthy urine) (Fig. 5C). This may 
be due to the formation of the DNA duplex after adding the positive 
target, since double stranded nucleic acids tend to be less flexible than 
single stranded nucleic acids [60], that can be observed with the for
mation of different structures on the electrode surface [61]. In both SEM 
and AFM images it was possible to observe structures approximately 
100 nm in size, a common feature in urine samples as a result of drying 
on solid surfaces [62] and adsorption of solid components present in the 
sample. 

Scanning probe microscopy is also a valuable technique to evaluate 
DNA hybridization in solid surfaces [63]. The addition of the negative 
sample resulted in images with lower coefficients of roughness (Rq =
2.9 ± 0.2 nm, Fig. 5E), presenting a predominantly smooth surface with 
sparse elevation points. In contrast, the electrodes in which the positive 
samples (urine enriched with gDNA of C. auris) were applied showed 

bigger coefficients of roughness (Rq = 17 ± 1.3 nm, Fig. 5F) and a wavy 
surface, corroborating with the SEM images. The hybridization of the 
DNA oligonucleotide probe on the electrode surface with the comple
mentary DNA in the sample creates more prominent clusters and 
structures on the electrode surface [64]. 

4. Conclusion 

In summary, a facile and straightforward approach to detect C. auris 
gDNA in real samples was described based on the electrochemical 
detection using ninhydrin as a novel DNA hybridization indicator. The 
analytical features of biosensor were evaluated and presented a linear 
response from 4.5 pg μL− 1 to 45 ng μL− 1 of gDNA in urine (1:10, V/V) 
capable of detecting up to 4.5 pg μL− 1. Moreover, the genosensor was 
reused eight times with no loss in the current signal response. The 
genosensor showed selectivity and stability, maintaining 100% of its 
response up to 80 days of storage, which indicates shelf-life potential, an 

Fig. 4. Theoretical molecular modeling of the inter
action between ninhydrin and DNA. Radius of gyra
tion (Rg, blue) and total energy (red) of the molecular 
dynamics simulations performed with A) ssDNA and 
B) dsDNA. Initial structures and the final stable con
figurations of the simulated biomolecules are also 
presented in A) and B). Molecular docking of ninhy
drin (yellow stick) bound with the simulated final 
structures of C) ssDNA and D) dsDNA. C) and D) also 
show a close-up of the docked poses on the middle 
panels and a surface representation on the right 
panels. Ninhydrin is mainly stabilized via hydrogen 
bonds (cyan sticks) in both biomolecules, however, 
only on dsDNA, ninhydrin appears to be stabilized by 
hydrophobic interactions (surface representation in 
D). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web 
version of this article.)   
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important feature for commercialization. Theoretical calculations sup
port the electrochemical results which reinforce ninhydrin presenting a 
more favourable interaction with dsDNA than with ssDNA. Therefore, 
the developed genosensor is a promising electrochemical detection to
wards the demand for a more accurate identification of C. auris gDNA in 
biological samples. 
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