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Abstract

The development of new detection systems for an accurate and rapid identification of
pathogens has become an essential challenge in the biomedical field. Herein a highly
selective platform based on aptamer-gated nanomaterials for specific Staphylococcus
aureus detection is presented. In the proposed design, a nanoporous anodic alumina
(NAA) scaffold is loaded with the fluorescent indicator rhodamine B, while pores
entrances are capped by a DNA aptamer which selectively recognizes S. aureus cells in
less than 1 hour. When S. aureus cells are present, the solid is selectively uncapped, and
the dye is released to the medium. This nanodevice allows the detection of bacterial
concentrations between 2 and 5 CFU mL™ (in buffer and blood, respectively) and it has
demonstrated excellent behavior in terms of specificity and robustness. A set of 25
different clinical samples are analyzed using this simple procedure obtaining excellent
results, which agree with conventional hospital reference techniques for the
identification of S. aureus. This new method is sensitive, rapid and low cost, and avoids
steps such as polymerase chain amplification reaction, which makes it suitable for use

in point-of-care detection systems.
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1. Introduction

Staphylococcus aureus is a Gram-positive and facultative anaerobic bacterium, and it is
considered as one of the most important human pathogens. Although it is not always
pathogenic, the existence of S. aureus is highly common in the environment and can
cause numerous diseases, from mild skin infections to life-threatening complications.
Moreover, it is one of the most important causes of nosocomial contagions and it is

often the cause of wound infections after surgical interventions [1].

S. aureus has been traditionally identified by detection methods that involve culture
growing, colony isolation and different serological and biochemical tests. More
recently, several works have focused on the advancement of detection strategies based

on the biomolecular recognition of S. aureus, including amplification reactions such as
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polymerase or ligase chain reactions, strand displacement amplification or enzyme-
linked immunosorbent assay [2-5]. Although these techniques usually show high
sensitivity and selectivity, their complexity, cost and time of analysis, have limited their

widespread application for clinical diagnosis.

Biosensor-based technologies have demonstrated an enormous potential for the
recognition of toxins, pathogens and other biomolecules in a rapid, sensitive and
reproducible way [6, 7]. Different methods using surface plasmon resonance,
fluorescence, colorimetric, electrochemical or light scattering signals have been
described for S. aureus bacterium detection [8, 9]. In most cases, antibodies are used as
a recognition element. Antibody-based immunosensors have demonstrated high
specificity and have been well-established [10, 11]. However, the use of antibodies
could encounter some limitations due to their low stability, high cost and complicated
modification and functionalization. In this context, aptamers are other class of high-
affinity molecules that have provided excellent results for the recognition of a great
variety of analytes in the biotechnological field [12-15]. Aptamers are single-chain
nucleic acids (RNA or DNA) that are generally in vitro synthesized through the known
process of “Systematic Evolution of Ligands by EXponential enrichment” (SELEX).
They have shown affinities for their targets similar or higher than that obtained by most
of the reported monoclonal antibodies, presenting dissociation constants from the
picomolar to low micromolar ranges. Furthermore, aptamers are easy to modify, easily
scalable for chemical synthesis of large quantities of product and stable for long term
storage [16]. Recently, some sequences of aptamers have been chosen and used for the
specific recognition of bacteria including Bacillus anthracis, Escherichia coli,
Salmonella enterica, Mycobacterium tuberculosis or Staphylococcus aureus.
Nevertheless, none of these works was capable of identifying the bacteria at low
concentrations without a previous DNA amplification reaction [8, 9, 17].

Progress in nanotechnology has significantly increased the number of possibilities for

biosensors development. A key issue in this field is the design of new hybrid organic-

inorganic materials that combine, in a single entity, the potential of nanomaterials with
the recognition, sensitivity and selectivity capabilities of biomolecules. The anchoring
of a variety of supramolecules, biomolecules or organic molecules onto several

inorganic scaffolds with diverse chemical nature, size or shape, has allowed the

3



development of a great variety of smart nanodevices as probes that have demonstrated
advantages such as rapidity, simplicity and sensitivity [17-19]. In this context, several
works have been recently published that combine nanomaterials and the use of aptamers
to develop different methods for S. aureus detection [9, 21-23]. In these studies,
nanodevices are mainly used to pre-concentrate bacteria cells as a previous step to
further detection by optical systems. For example, Kurt et al. (2016) developed quantum
dots functionalized with aptamer and upconverting nanoparticles for the luminescent
identification of S. aureus reaching a limit of detection of 16 CFU mL™ [21]. In another
work, few tens of S. aureus cells were detected by combining functionalized gold
nanoparticles with surface-assisted laser desorption and ionization mass spectrometry
[22]. Likewise, Wang et al. achieved the recognition of 10 CFU mL™ of S. aureus using
a biosensor based on the magnetically assisted Surface-Enhanced Raman Scattering
technology [9]. A simple detection system able to recognize the bacterium and provide a
signal in several minutes could facilitate the essay and deliver a highly valuable
information in a shorter period of time, which directly affects patients’ disease

evolution.

Porous materials provided with “molecular gates” have been widely applied in direct
detection and diagnosis systems based on stimuli-response methods. In these gated-
materials, fluorescent dye rhodamine B is encapsulated into the porous support
structure, and the capping mechanism is designed so that the release of the cargo is only
induced when the target analyte is present [19, 24, 25]. Following this mechanism,
gated systems have been recently developed for the selective detection of cations,
anions, neutral molecules and biomolecules [18, 26, 27]. Among supports used in gated
sensing protocols, nanoporous anodic alumina (NAA) has arisen as a promising
material thanks to its wide variety of applications [28-31]. NAA supports are stable, do
not degrade in aqueous solutions and can be reused several times after calcination
treatment. NAA supports have demonstrated excellent performances in sensing
applications using nucleic acids (DNA, RNA or aptamers) as molecular gate [32, 33,
34]. Nevertheless, as far as we are aware, no aptamer-capped NAA system dedicated to

bacterial optical detection has been reported yet.

Based on what has been mentioned above, a new hybrid gated nanostructured sensor for

the fluorogenic identification of S. aureus cells is presented. In the proposed system the
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NAA scaffold is charged with the rhodamine B and capped with an aptamer specific of
S. aureus cells. The capping aptamer blocks the pores and inhibits the fluorophore
release. The recognition mechanism is such that if the analyte is present, the aptamer is
selectively displaced, with the subsequent pore opening and cargo delivery. The
proposed gated materials are characterized and employed for the recognition of S.
aureus bacteria in real clinical samples from infected patients, obtaining results in less

than an hour.

2. Materials and methods

2.1 General Techniques

A ZEISS Ultra 55 microscope was employed to perform Field Emission Scanning
Electron Microscopy (FSEM) and Energy Dispersive X-ray spectroscopy (EDX)
analyses. Measurements of fluorescence spectroscopy were carried out on a Synergy H1
microplate reader (BioTek, Winooski, VT, USA).

2.2 Chemicals

3-(Triethoxysilyl)propyl isocyanate, rhodamine B, tris(hydroxymethyl)aminomethane
(TRIS), triethylamine (TEA), and hydrochloric acid were obtained from Sigma-Aldrich
Quimica (Madrid, Spain). Oligonucleotide (NH2-(CH>)s-5’-AAA AAA CCC CCC-3%)
and the aptamer (O1) and (5’-TTT TGG GGG GTC CCT ACG GCG CTA ACC CCC
CCAGTC CGT CCT CCC AGC CTC ACACCG CCACCGTGC TAC AAC GGG
GGG TTT T-3”) (O2) were purchased from Invitrogen by Thermo Fisher Scientific
(Madrid, Spain). NAA scaffolds were purchased from InRedox (CO, USA).

2.3 Synthesis of materials S1, S2 and S3

In a conventional synthesis of material S1, 8 independent NAA supports of 2 mm of
diameter were submerged in a mixture of rhodamine B dye in CH3CN (18.6 mg, 1 mM,
8 mL). To enable the loading of the pores, the solution was agitated for 24 h. Then, the
surface of the support was functionalized by the addition of (3-(triethoxysilyl)propyl
isocyanate (0.01 mmol, 328 pL) and stirring the mixture for 6 h.
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For the preparation of S2, S1 was immersed in a mixture of rhodamine B in CH3CN (1
mM, 700 pL), and then 100 uL of the oligonucleotide O1 (10 uM) and 2 pL. of TEA

were dropped. Then, the solution was mixed for 3 h at room temperature.

To prepare S3, S2 was immersed with 90 pL. of PBS buffer and oligonucleotide O2 was
added (10 uL, 100 uM). The suspension was agitated for 2 h at 30 °C, and the obtained
nanomaterial was washed dropwise with PBS buffer (phosphate-buffered saline, pH

7.5) to eliminate the unattached oligonucleotide.

2.4 Bacterial growth

The main bacterial strains employed in this work were Staphylococcus aureus (RN4220
strain) [35], Staphylococcus conhii (SCN123 strain) [36], Staphylococcus capitis
(IPA57 strain) [36], Staphylococcus epidermidis (RP62A strain) [37], Staphylococcus
carnosus (TM300 strain) [38], Staphylococcus saprophyticus (SCN159 strain) [35],
Staphylococcus chromogenes (C483 strain) [39], Staphylococcus xylosus (C482 strain)
[39], Staphylococcus haemolyticus (IPA71 strain) [36], Staphylococcus lugdunensis
(IPA26 strain) [36], Staphylococcus hominis (SCN4 strain) [36], Staphylococcus
warneri (SCN44 strain) [36]. All bacteria were cultured in tryptic soy broth medium
(TSB) or agar plates (TSA) and were grown at 37 °C for 24 hours. The bacteria
concentration was calculated by determining the optical density at 600 nm, given that
ODsoo = 1.0 corresponds to 1.5-10%8 CFU mL™. 100 uL were grown in TSA plates to
check that the experiments were carried out with the corresponding inoculum

concentration.

2.5 Assay Protocol

Solids’ behavior were evaluated by measuring the emitted fluorescence of rhodamine B
delivered from the pores in the presence of S. aureus cells. In a common experiment,
two independent S3 nanomaterials were submerged in 900 pL of PBS. Then, 100 pL of
an S. aureus suspension (10° CFU mL™) was inoculated to only one of the supports

while 100 pL of buffer was transferred to the other. Both solutions were stirred at 25 °C,



and aliquots were obtained at scheduled times. Finally, dye released was determined by

registering the fluorescence of the indicator in the solution at 575 nm (Aexc = 555 nm).

2.6 Real Media Experiments

The applicability of the method in a more realistic context was tested. For that, 400 pL
of different competitive media (serum, pleural, peritoneal, synovial or cerebrospinal
fluid) were artificially inoculated with S. aureus (100 pL, 102 CFU mL™?) and added to
independent S3 supports in a final volume of 1 mL. Solutions were maintained at 25 °C,
and rhodamine B released from the porous was measured at 575 nm (Aexc = 555 nm)
after 60 min.

2.7 Quantification of the loaded dye

In order to estimate the amount of the Rhodamine B that can be loaded in the pores, two
individual S3 solids were submerged in 1000 uL. of PBS. 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 observed at 575 nm (Aexc = 555 nm), and the experiment
was done by triplicate. Quantification of final released dye was undertaken using a

calibration curve with different concentrations of rhodamine B.

2.8 Amplification Assay

In order to calculate the amplification of the signal, two individual S3 solids were
submerged in 900 pL of PBS. Then, 100 pL of an S. aureus suspension (10° CFU mL™?)
was inoculated to one of them and 100 pL of buffer was added to the other. Both
solutions were stirred at 25 °C during 60 min and the delivered fluorophore was
observed at 575 nm (hexc = 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 number of CFU mL that opened the system.

2.9 Response vs concentration experiments



The response of the material to different decreasing concentrations of S. aureus was
evaluated and compared in both buffer and blood media. For that, 500 pL of 10-fold
dilutions of S. aureus suspensions (102 — 0 CFU mL™) were added to seven independent
S3 supports in a final reaction volume of 1 mL of PBS or non-contaminated blood.
After 60 min at 25 °C rhodamine B released from the porous was measured at 575 nm
(Aexc = 555 nm).

2.10 Selectivity

The selectivity of the nanosensor was determined by performing the same delivery
experiments in the presence of other Staphylococcus species and different mixtures of
them (S. conhii, S. capitis, S. epidermidis, S. carnosus, S. saprophyticus, S.
chromogenes, S. xylosus, S. haemolyticus, S. lugdunensis, S. hominis, S. warneri and a
mixture of S. aureus and S. carnosus, a mixture of S. aureus, S. hominis and S. capitis,
and a mixture of S. conhii and S. warneri). For that, 100 uL of a bacterial suspension of
each specie (10° CFU mL™) were added to fifteen independent S3 supports in a final
reaction volume of 1 mL of PBS. After 60 min at 25 °C rhodamine B released from the
pores was measured at 575 nm (hexc = 555 nm).

2.11 Validation in Clinical Real Samples

Probe performance was evaluated in real clinical samples from patients. Twenty-five
blood culture samples were examined using the automated BacT/ ALERT VIRTUOTM
system (bioMérieux, Madrid, Spain). Positive bottles were subcultured in chocolate agar
plates (bioMérieux) for 24 hours, and definitive identification of S. aureus isolates was
carried out by MALDI-TOF Mass Spectrometry (VITEK MS, bioMérieux). In parallel,
for each sample, 500 pL of blood culture from infected and non-infected patients was
added to independent S3 supports in a final reaction volume of 1 mL of PBS and the

rhodamine B delivered from the support was measured after 60 min at 25 °C.

2.12 Ethical Committee



The present study was approved by the Ethics Committee of Hospital Universitari i
Politécnic La Fe (2017/0370).

3. RESULTS AND DISCUSSION

3.1 Development and characterization of the sensing system

The developed sensing system consists of a nanoporous NAA scaffold in which the
pores were loaded with the fluorophore rhodamine B. The outer surface was
functionalized with the organic linker 3-(triethoxysilyl)propyl isocyanate to allow the
covalently anchoring of the capping DNA molecules by the formation of urea bonds
with the short oligonucleotide NH2-(CH2)e-5’-AAA AAA CCC CCC-3’ (O1), which is
designed to recognize and hybridize with the sequence 3°-TTT TGG GGG G-5’. The
oligonucleotide 5>-TTT TGG GGG GTC CCT ACG GCG CTA ACC CCC CCAGTC
CGT CCT CCC AGCCTC ACACCGCCACCGTGC TACAACGGG GGG TTT T-
3’(02), which contains the specific sequenceto recognize S. aureus cells (i.e. 5>-TCC
CTA CGG CGC TAA CCCCCCCAGTCCGTCCTCCCAGCCTCACACCGC
CAC CGT GCT ACA AC-3’), was employed to block the pores by hybridization with
O1, obtaining the final sensing gated nanomaterial S3 (Figure 1).

In the absence of target analyte, the dSDNA O1-O2 anchored to the external surface of
the inorganic scaffold was expected to be bulky enough to block pores and to inhibit
dye delivery. On the contrary, due to the higher affinity of the aptamer for S. aureus
cells than for O1, it was expected that in the presence of the target bacteria, the aptamer
would selectively be displaced from the surface resulting in S. aureus-aptamer binding,

pore opening and dye release.



!@M@T

A\.,n A\, "“"1
\V( \"

\
S3
. Rhodamine B Staphylococcus aureus
(o]
( :&Si/\/\N)LN/(CHZ)G - 5"-AAA AAA CCC CCC - 3’
-0 H H
/(/D 5-TTT TGG GGG GTT GAG AAG GAT CTT TCC ATT GAT GGG GGG GTT TT-3°

Figure 1. Scheme of the capped NAA material S3 selective performance in the presence
of S. aureus cells. In the lack of S. aureus, pores are blocked while in the presence of
bacteria, the cell interacts with the aptamer allowing oligonucleotide displacement and
delivery of the entrapped dye.

The starting NAA scaffold and the obtained S1, S2 and S3 supports were characterized
by FESEM and EDX analysis. The NAA support (InRedox®) consisted on anodic
aluminum oxide film grown on a 0.1 mm thick aluminum layer with a pore density of
9-10'* cm™. Pores entrance present a funnel-like shape which gradually switches from a
larger size (20-30 nm) at the top of the funnel to a 5 nm size at the end. Transition from
one size to another extends to a profundity of approximately 3 times the pore diameter,
and below this depth, the pore structure becomes uniform along 10 pum. With this pore
morphology, the maximum amount of cargo that is possible to load and release was

estimated to be 4 ng of Rhodamine B per pg of NAA.
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The FESEM images of the starting NAA confirmed the described structure.
Representative images of solid S2 showed the same porous structure as the parent
material. FESEM images of material S3 revealed the existence of an organic covering
on the top of the pores. In contrast, the visualization of the porous configuration in
specific areas confirmed the preservation of the nanoporous structure in S3 (Figure 2).
Organic content in S1, S2 and S3 was analyzed by energy-dispersive X-ray
spectroscopy (Table 1). As expected, high carbon content (C/Al 1.424) was found in
solid S1, due to the high loading capacity of NAA material. Solid S2 showed a decrease
of carbon content due to the experimental conditions for O1 attachment, which do not
prevent a partial cargo release (C/Al 0.624). Finally, solid S3 presented a slight increase
in organic matter content (C/Al 0.704) that can be associated with an effective capping
of the support with the oligonucleotide O2. Likewise, the presence of nitrogen and
phosphorous atoms from the capping oligonucleotide in the final material was

confirmed.

100 nm

Figure 2. FESEM images of NAA support (a) and solid S3 (b). Insets: Digital
photographs of the corresponding solids

Table 1. Atomic elements relation in the different prepared solids.

C/Al N/Al P/Al
S1  1.424+£0.030 - -
S2  0.624+0.008 ND ND

S3 0.704+0.021  0.044+0.004 0.012+0.003

3.2. Delivery Kinetics
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The S. aureus recognition through solid S3 mechanism is founded on the opening of the
gated nanomaterial in the presence of the bacteria that leads to selective rhodamine B
delivery. The response of S3 to S. aureus was studied employing a bacterial suspension
of 10° CFU mL™. To conduct this experiment, two separated gated S3 supports were
immersed in PBS buffer (pH 7.5). Then, 100 uL of the bacterial suspension was
transferred to one of the materials (final S. aureus concentration of 10> CFU mL™?), and
100 puL of PBS was added to the other. To calculate the delivered dye in the aqueous
phase, the fluorescence of the aliquots taken at predetermined times was measured. As
depicted in Figure 3, in the absence of the bacteria, little rhodamine B emission was
recorded, which is suggestive of notable pore closure by the dsSDNA O1-O2 anchored to
the surface of the scaffold (curve a). On the contrary, when S. aureus cells were present,
a remarkable dye diffusion to the aqueous solution was registered (Figure 3, curve b).
The observed enhancement in fluorescence emission was attributed to the migration of
capping aptamers from S3 support to the solution as a result of a specific interaction
with the bacteria cell. It is worth mentioning that in previous works the binding capacity
of the aptamer for S. aureus cells, measured as dissociation constant, was 35 nM [23],
which is indicative of a high aptamer-bacteria affinity and it is in accordance with our

results.
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Figure 3. Rhodamine B delivery from the pores of material S3 in PBS buffer (pH 7.5)

at different periods of time. Curve (a) indicates dye release in the lack of S. aureus cells
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and curve (b) represents cargo delivery in the presence of target S. aureus at a
concentration of 102 CFU mL™,

3.3. Analytical performance: sensitivity, specificity and robustness studies

The sensitivity of the method was determined by submitting the support to different
concentrations of S. aureus and studying the response generated. For that, 6 independent
S3 supports were immersed in PBS, and 100 uL of 10-fold bacterial suspension
dilutions were added to each material, reaching a range of final concentrations between
10% and 10 CFU mL™. After 60 min, the total sum of rhodamine B diffused to the
aqueous phase was measured. Results showed that delivered dye was directly related to
S. aureus concentration, upholding the sensing protocol detailed above (Figure 4A). A
limit of detection (LOD) of 2 CFU mL™ was calculated based on the intersection point
of the two slopes of the represented curve. This LOD value is equivalent to those
obtained by most aptamer-based nanosystems described in the literature for S. aureus
detection [8, 9,17, 22, 23]. Providing similar sensitivity, the presented nanosensor is
also simpler and faster (ca. 60 min). Moreover, in the proposed system, amplification
takes place in the signalling step and not in the recognition event, which is a substantial
improvement in the progress of sensing systems technology. Specifically, in gated
materials, the recognition mechanism is separated from the signalling event, having an
independent stoichiometric relation. This implies that the aptamer-bacteria recognition
involves the liberation of a large amount of reporter molecules. In the presented system,
it was found that 10 CFU mL of S. aureus was capable of release an average of 5-10*2
molecules of rhodamine B, which means a signal amplification of 10*! reporter
molecules per recognized bacteria. This signal amplification depends both on the
geometry of the pores, which will determine the amount of cargo loaded, and on the
affinity of the probe for the target, which will determine the efficiency of opening the
pores. In line with this, published works have estimated that a single S. aureus cell can
bind from 900 to 1200 aptamer molecules, which may contribute to that high signal

amplification [23].
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Figure 4. Dye release from solid S3 (A) in the presence of decreasing amounts of S.
aureus; (B) in the presence of 102 CFU mL™ of S. aureus, a mixture of S. aureus + S.
carnosus, a mixture of S. aureus + S. hominis + S. capitis, S. conhii, S. capitis, S.
epidermidis, S. carnosus, S. saprophyticus, S. chromogenes, S. xylosus, S. haemolyticus,
S. lugdunensis, S. hominis, S. warneri and a mixture of S. conhii + S. warneri. Assays

were carried out at 60 min in PBS buffer at pH 7.5.

Additionally, the specificity of the nanomaterials was assessed by testing the response
of S3 to other Staphylococcus species (S. conhii, S. capitis, S. epidermidis, S. carnosus,
S. saprophyticus, S. chromogenes, S. xylosus, S. haemolyticus, S. lugdunensis, S.
hominis and S. warneri) and mixtures of some of them (S. aureus + S. carnosus, S.
aureus + S. hominis + S. capitis and S. conhii + S. warneri) (Table 2). For that, the dye
delivered from 15 independent S3 supports was monitored in the presence of 10> CFU
mL* of each bacterium. As it is depicted in Figure 4B, S. aureus was the only
microorganism capable of producing a remarkable dye release. It should be noted that
the selective aptamer-cell recognition, and therefore the measured fluorescence, was not
affected by the presence of other microorganisms in the media, indicating the absence of
interference. On the other hand, all the other Staphylococcus species induced fewer pore
uncapping and less cargo delivery, which demonstrates the capacity of the system to

selectively discriminate between S. aureus and other Staphylococcus species.
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In addition, to evaluate the robustness of the system, the behavior of S3 to the presence
of 100 pL of 10° CFU mLof S. aureus was evaluated in different clinical relevant
media (serum, pleural, peritoneal, synovial and cerebrospinal fluid). As it is depicted in
Figure 5, the presence of S. aureus cells produced a selective displacement of the
aptamer, pore uncapping and dye delivery in all tested media. Moreover, although a
slightly higher residual release was observed in competitive media than in buffer (20%
vs 5%), the measured fluorescence in the presence of bacteria cells was comparable to
that achieved in PBS buffer (ca. 60-80%). Likewise, the possibility to directly detect S.
aureus using the gated material S3 was investigated. Taking into account the usual
bloodstream S. aureus concentration (1-102 CFU mL™), aliquots of fresh blood were
inoculated with different amounts of S. aureus (0, 2-10¢, 2-1073, 2.10%, 20, 2-10? and
2-10° CFU mL™%, respectively) to emulate S. aureus contaminated blood. Then, 500 pL
of each sample was added to an Eppendorf tube containing the S3 support and 500 pL
of PBS buffer. After 60 min at 25 °C rhodamine B released from pores was registered at
575 nm (Aexc = 555 nm). As depicted in Figure 5B, released rhodamine B was
proportional to the analyte concentration and, based on the intersection point of the two
slopes of the curve, a LOD of 5 CFU mL™ was calculated. This LOD is in the same
order of magnitude as that obtained in buffer media, demonstrating its high potential of
the probe for clinical applications without the need of previous culture, sample
treatment or amplification steps. Moreover, preliminary studies carried out to assess the
stability of aptamer-gated nanomaterials have demonstrated that this type of
nanosensors can be stored up to 12 weeks without any changes in their sensing

performance [27].
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Figure 5. Delivery of rhodamine B from material S3 (A) in diverse clinical media with
102 CFU mL* of S. aureus, and (B) in the presence of decreasing concentrations of S.
aureus cells in blood. Assays took place at 60 min in PBS buffer at pH 7.5.

3.4. S. aureus detection in clinical samples

The detection of S. aureus cells directly in clinical samples is crucial for the successful
application of the probe in the real medical practice. Hence, the applicability of the
sensing materials to detect S. aureus from infected samples was studied. The current
reference method for S. aureus detection in most hospitals is based on specimen culture
attached to subsequent identification techniques. In the first step, the clinical sample is
cultured using automated culture equipment until bottles are detected as positive (10°-
108 CFU mL™), which takes around 12 h. Then, a gram stain is performed with a sub-
sample from the bottle to confirm the presence of microorganisms and to determine its
morphotype. Subsequently, a sample from the positive bottle is subcultured in chocolate
agar, and after 24 h more, S. aureus colonies are identified by MALDI-TOF MS. The
total time until S. aureus identification could range between 36 h to several days [40-
44].

In the present work, 25 clinical blood samples from Hospital Universitari i Politécnic La
Fe from S. aureus infected and noninfected patients were analyzed. These samples were
managed by the standard procedure that is automated blood culture, subsequent
subculture and S. aureus identification by MALDI-TOF Mass Spectrometry. In parallel,
the same 25 samples were assessed by triplicate by using the gated material S3. For that,
25 individual S3 supports were immersed in 500 pL. PBS, and 500 pL of blood culture
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was added to each one. As in previous experiments, released rhodamine B was
measured by fluorescence after 30 min. Results showed a total coincidence between the
current reference methods for S. aureus in hospitals and our procedure using S3 in the
25 analyzed samples. In the course of the study, one sample was negative for S. aureus
but positive for S. lugdunensis (Table 2). Based on these results, our system is
demonstrating a sensitivity of 100% and positive and negative predictive values of
100%. The high competitiveness of the gated materials compared to the conventional
reference methods is remarkable, providing high accuracy, easiness to use, rapidity and
lower cost. In addition, a final confirmation experiment was performed. All S3
evaluation studies, prior clinical validation, were performed using S. aureus RN4220
strain. However, in the clinical context, other S. aureus strains can be found in S. aureus
infected samples. To confirm that the method was able of detect S. aureus in blood
samples at a lower concentration than in blood culture (avoiding bacterial growth), the
same 25 samples of the study were grown in TSB media and diluted to a concentration
of 10® CFU mL™. Then, S3 supports were immersed in a solution of PBS-blood (50%
v/v) and then 100 puL of the bacterial dilution was added to each one (final concentration
of 102 CFU mL™). Results showed a positive rhodamine B release for all the S. aureus-
containing samples independently of the strain, demonstrating the ability of the
developed system to recognize a variety of different S. aureus strains at a lower

concentration than in blood culture.

Table 2. Results from blood samples analyzed using the gated material S3 and the

reference blood culture technique.

# Sample  Reference method  S3°
(blood culture)?
1 + +
2 + +
3 + +
4 + +
5 + +
6 + +
7 + +
8 + +
9 + +
10 + +
11 + +
12 + +
13 + +
14 + +

17



15
16
17
18
19 - -
20
21 - -
22 - -
23 - -
24 - -
25 - -

% Positive (+) means that any S. aureus colony was isolated from blood samples.

+ + + +
+ + + +

o

b Positive (+) means that the fluorescence intensity at 575 nm (e = 555 nm) was equal or higher
than 3-fold the standard deviation of three negative controls.
© Negative for S. aureus but positive for S. lugdunensis.

4. Conclusion

Herein, we demonstrate that nanoporous materials and a suitable aptamer can be
combined to obtain a sensitive, robust and competitive fluorogenic sensor for S. aureus
detection in clinical blood samples. The probe consists of an NAA scaffold previously
charged with the fluorescent dye rhodamine B and blocked with a selective aptamer for
S. aureus. The presence of the bacteria results in the migration of capping aptamer, pore
opening and release of the fluorophore. The probe shows a limit of detection of 2 CFU
mLt in PBS buffer and 5 CFU mL ! in blood media, which are equivalent to other S.
aureus state-of-the-art reported detection systems. Moreover, the probe demonstrates a
high selectivity to S. aureus and does not respond to the presence of other
Staphylococcus species. Using this simple method, the probe is applied to the
identification of S. aureus in clinical samples with very good results in terms of
sensitivity and predictive values. The proposed method is simple, fast, and portable, and
it can be easily modified by using different reporters and capping sequences. It also may
inspire the development of new simple tests that offer a great potential for point-of-care

pathogen testing.
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