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ABSTRACT: Circulating microRNAs have emerged as potential
diagnostic biomarkers. The deregulation of the microRNA miR-
99a-5p has been previously described as an effective biomarker of
early breast cancer. Herein, we present a new nanoporous anodic
alumina (NAA)-based biosensor that can detect plasma miR-99a-
5p with high sensitivity and selectivity. NAA pores are loaded with
rhodamine B and capped with a specific oligonucleotide that is able
to block cargo release until the target is present. In the presence of
miR-99a-5p, the capping oligonucleotide recognizes the miR-99a-
5p sequence and displaces it allowing the release of the encapsulated dye. This method is able to successfully distinguish healthy
controls from breast cancer patients, even at early stages with high efficiency, showing the presented system as a promising tool for
breast cancer detection.
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Breast cancer (BC) is one of the most common types of
cancer in the world and one of the leading causes of

cancer-related death in women.1 Early BC diagnosis has been
proven to significantly improve the patient’s survival rates. The
five-year survival rate for BC patients diagnosed at stage I is
98% and falls until 25% for those diagnosed at stage IV.2−4

Currently, mammography is the gold-standard technique for
diagnosis, but it presents some limitations such as radiation
exposure, as well as low sensitivity and specificity in young
women with dense breast tissue.5 Therefore, the development
of new diagnostic tools for early BC detection is needed.
Interest in microRNAs (miRNAs) has recently emerged due

to their potential application as diagnostic biomarkers.3,6,7

They consist of small noncoding ribonucleic acids (RNAs) of
19−25 nucleotides that regulate gene expression through
different mechanisms.8 Their deregulation has been described
in many diseases including BC, where they have been
associated with tumor aggressiveness, prognosis, response to
treatment, and clinical outcome.6,9−11 Indeed, several authors
evidenced the relevance of circulating miRNAs in plasma as
minimally invasive biomarkers for the prognosis and diagnosis
of different types of cancers.7,12,13 Nowadays, the detection of
circulating miRNAs is mainly assessed in laboratories through
quantitative real-time PCR (qRT-PCR), microarrays, northern
blotting, and RNA sequencing, which are time-consuming and
complex techniques. As a result, the detection of miRNAs as a
diagnosis tool falls outside the clinical context.

Implementing circulating miRNAs for diagnosis requires the
development of effective, rapid, simple, and low-cost analytical
methods. In this context, nanomaterials and, in particular,
nanoporous anodic alumina (NAA), have emerged as optimal
supports for the design of several biosensors for numerous
sensing applications.14 To provide specificity, nanoporous
entrances are blocked with molecular gates (also known as
gatekeepers or nanovalves) of different nature (such as
proteins, enzymes, antibodies, metallic nanoparticles, organic
molecules, polymeric structures, and deoxyribonucleic acid
(DNA) sequences) that can control cargo delivery depending
on the presence or absence of a stimulus.15−17 In these
systems, NAA was loaded with a chromo-fluorogenic reporter
and capped with selective molecules that are able to recognize
a specific analyte. Therefore, the dye remains inside the pores
until capping molecules recognize the target (bio)molecule,
triggering its displacement and inducing payload release. Based
on this approach, it is possible to detect cations, anions, and
biomolecules.18−24 As a particularity of this sensing concept,
host−guest interaction is independent of the signaling subunit
and, besides, an amplifying effect is provided since few stimuli
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units are able to release a large quantity of entrapped signaling
molecules.
Herein, we present a new DNA-gated mesoporous biosensor

for the detection of circulating miR-99a-5p, which has been
previously described as an effective biomarker for BC.25 Our
proposed system is based on NAA supports whose pores are
loaded with rhodamine B and capped with an oligonucleotide
that specifically hybridizes with the miR-99a-5p sequence.
Therefore, in the absence of the target miRNA, the capping
oligonucleotide continues blocking the pores, inhibiting the
dye release. In contrast, in the presence of the miR-99a-5p,
there is a favorable DNA−RNA interaction between the
microRNA and the capping oligonucleotide that induces the
uncapping of the pores, giving rise to dye delivery. High
selectivity and sensibility were accomplished, and, after
confirming the potential of our system in vitro, its diagnosis
applicability was validated in plasmas from healthy controls
and BC patients.

■ EXPERIMENTAL SECTION
General Techniques. Field emission scanning electron micros-

copy (FESEM) experiments, including energy-dispersive X-ray
spectroscopy (EDX), were performed on a ZEISS Ultra 55
microscope. Fluorescence spectra were measured on a microplate
reader (Synergy H1, BioTek, Winooski, VT).
Chemicals. (3-Aminopropyl)triethoxysilane (APTES), hydro-

chloric acid, rhodamine B, and tris(hydroxymethyl)aminomethane
(TRIS) were purchased from Sigma-Aldrich (Spain). NAA supports
were provided by InRedox Company (Longmont, CO). O1 sequence
5′-CAC AAG ATC GGA TCT ACG GGT T-3′ was designed as the
complementary sequence of miR-99a-5p (obtained from mirbase.org)
and was obtained from Thermo Fisher Scientific (Waltham, MA).
MiRvana mimics of miRNA-99a-5p, miR-200c-3p, miR-449c-3p, miR-
221-3p, miR-21-5p, and the mirVana miRNA Mimic Negative
Control no.1 were obtained from Thermo Fisher Scientific (Waltham,
MA).
Synthesis of Solids. To prepare S1, NAA supports of 2 mm

diameter were immersed in 8 mL of rhodamine B solution in
acetonitrile (1 mM, ACN) and stirred for 24 h to ensure its entrance
inside the pores. Then, the mesoporous surface was functionalized by
the addition of APTES (1.32 mmol, 328 μL) and stirred at room
temperature for 6 h. Afterward, the obtained S1 supports were washed
dropwise with a rhodamine B-ACN solution and dried overnight at
room temperature.

Then, the final solid S2 was obtained by submerging S1 in a
solution of the capping oligonucleotide O1 in TRIS hybridization
buffer (20 mM Tris−HCl, 37.5 mM MgCl2, pH 7.5). After the
corresponding optimization, capping conditions were established in
20 μL of O1 (100 μM) in a 250 μL final volume of TRIS
hybridization buffer for two S1 supports agitated at 37 °C during 1 h.
Finally, the as-prepared S2 solids were washed with TRIS hybrid-
ization buffer to remove the leftover O1.

Cargo Quantification. To determine the quantity of the loaded
rhodamine B inside the pores, two S2 supports were immersed in the
hybridization buffer (1 mL). Then, one of the supports was stirred for
1 h at 90 °C to induce maximum cargo delivery. As a control, the
other support was stirred for 1 h at 25 °C. To quantify the released
fluorophore, fluorescence was measured (λexc = 555 nm, λem = 575
nm), and the released dye was determined using a calibration curve.
The experiment was carried out in triplicate.

Detection Protocol. The S2 ability for recognition and detection
of miRNA-99a-5p was determined by fluorescence spectroscopy
measurements of the delivered fluorescence indicator entrapped into
the nanostructure of the supports in the absence and the presence of
the miRNA-99a-5p sequence. In a typical experiment, two different
and independent S2 solids were submerged in separate solutions
containing 900 μL of TRIS hybridization buffer. Then, 100 μL of
miRNA-99a-5p (1 μM) or TRIS hybridization buffer (control) were
inoculated into the solids and stirred for 1 h at 37 °C. Aliquots were
collected every 15 min. The released rhodamine B was monitored by
measuring the fluorescence at 575 nm (λexc = 555 nm). The
experiment was carried out in triplicate.

Amplification Assay. To determine the signal amplification, two
S2 solids were immersed in 900 μL of TRIS hybridization buffer.
Then, 100 μL of miRNA-99a-5p (1 μM) was added to one support.
As a control, 100 μL of the hybridization buffer was added to the
second support. Solids were incubated for 1 h at 37 °C, and the
released fluorophore was measured at 575 nm (λexc = 555 nm).
Finally, the amount of released dye was determined by using a
calibration curve.

Selectivity Assessment. To evaluate the selectivity of the
synthesized sensor, seven individual and separate S2 supports were
submitted to the presence of target mRNA-99 as well as other miRNA
sequences such as miR-200c-3p, miR-449c-3p, miR-221-3p, miR-21-
5p, and the mirVana miRNA Mimic Negative Control no. 1, all of
them at a final concentration of 10−1 μM in 1 mL of TRIS
hybridization buffer, and stirred for 1 h at 37 °C. The response to the
bare TRIS hybridization buffer was also evaluated as a negative
control experiment. The delivered rhodamine B was determined by

Figure 1. Schematic representation of the preparation and sensing process of S2 material. Nanoporous anodic alumina (NAA) support was loaded
with rhodamine B and functionalized with APTES to obtain solid S1. Solid S2 was obtained after capping with an oligonucleotide with binding
affinity for miR-99a-5p. Delivery of the entrapped rhodamine B is selectively achieved in the presence of miR-99a-5p with high-signal amplification.
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fluorescence (λexc = 555 nm, λem = 585 nm). The experiment was
carried out in triplicate with an average of 21 S2 supports.
Determination of Sensitivity of miRNA-99a-5p in Real

Competitive Media. The response of S2 to decreasing concen-
trations of miRNA-99a-5p was evaluated in human plasma media. For
that, eight S2 materials prepared were separately immersed in 200 μL
of plasma from non-BC patients. Then, 200 μL of 10-fold dilutions of
miRNA-99a-5p was added to reach a final concentration between 0
and 500 nM. Mixtures were stirred for 60 min at room temperature
and aliquots were obtained at 0 and 60 min. Finally, the diffused
rhodamine B was determined by fluorescence emission at 575 nm
(λexc = 555 nm). The experiment was carried out in triplicate with an
average of 24 S2 supports.
Validation in Clinical Samples. Plasma samples from 47 BC

patients were collected before treatment from Biomedical Research
Institute INCLIVA (Spain). Plasma samples from 47 healthy
volunteers were obtained from the same institution and the Valencian
Biobanking Network. Ethylenediaminetetraacetic acid (EDTA)-
containing blood tubes were centrifuged at 2000 rpm for 10 min at
4 °C. The superior phase corresponding to the plasma was stored at
−80 °C until further use.
To carry out the validation analysis, 250 μL of plasma was added to

S2 supports and diluted in 150 μL of TRIS hybridization buffer (final
assay volume, 400 μL). Supports were stirred for 1 h at 37 °C. Then,
fluorescence emission was measured at 575 nm (λexc = 555 nm) at 0
and 60 min to determine the amount of diffused rhodamine B. TRIS
buffer was used as a negative control.
Ethical Committee. Informed consent was obtained from all

subjects included in this work, and the study was approved by the
Ethics Committee of INCLIVA (2019/196) in accordance with the
ethical standards of the Declaration of Helsinki.
Statistical Analysis. Differences between groups were evaluated

by Mann−Whitney U or Kruskal Wallis nonparametric tests. The
receiver-operating characteristic (ROC) curves were applied to
determine the diagnostic value of our nanodevice, and the area
under curve (AUC) was calculated. The optimal sensitivity,
specificity, and accuracy were obtained according to Youden’s J
index (sensitivity + specificity − 1).31,32 Statistical analyses were
carried out with GraphPad Prism 6.01 (GraphPad Software). Results
were considered statistically significant when P-value was <0.05.

■ RESULTS AND DISCUSSION

Design, Synthesis, and Characterization of the
Functional Nanodevice. The aim of this work was to
develop an effective, rapid, and easy to handle tool to detect

circulating miR-99a-5p in clinical samples. To achieve it, pores
of NAA support were loaded with the fluorescent dye
rhodamine B. Then, the external surface was functionalized
with APTES to obtain S1. Subsequently, oligonucleotide O1,
which was designed as a complementary sequence of miR-99a-

Figure 2. FESEM images of (A) NAA support and (B) S2.

Table 1. Atomic Elemental Ratios in the Different Solids
Prepared

C/Al N/Al P/Al

S1 2.28 0.38
S2 0.74 0.49 0.01

Figure 3. Rhodamine B delivery from the pores of the S2 material in
the absence (gray) or in the presence of miR-99a-5p (10−1 μM)
(black). Mean ± standard deviation (SD).

Figure 4. Release of rhodamine B in TRIS buffer (pH 7.4) from
support S2 in the presence of different concentrations of miR-99a-5p.
Mean ± SD.

Figure 5. Selectivity of the proposed method. Release of rhodamine B
from S2 support in the presence of 10−1 μM miR-99a-5p, miR-200c-
3p, miR-449c-3p, miR-221-3p, miR-21-5p, miRNA negative control
(random sequence), and TRIS buffer. Mean ± SD.
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5p, was anchored to APTES through electrostatic interactions
between positively charged amino moieties provided by
APTES functionalization and negative charges from the
nucleotide sequence, affording the final S2 sensing material.
This system was designed to trigger a specific pore opening in
the presence of miR-99a-5p, allowing the delivery of the
entrapped rhodamine B (Figure 1).
Characterization of the raw NAA material (S0), S1, and S2

was undertaken by FESEM and EDX analyses. Commercially
available NAA supports are composed of a matrix of alumina
with funnel-like pores with a diameter that varies between 20
and 30 nm at the top and 5 nm at the bottom, and an average
pore density of 9 × 1011 pores·cm−2. The pore profundity
reaches ca. 15 nm, and below this depth, the pore
configuration becomes uniform along 10 μm. According to
the obtained data, this pore morphology allows, approximately,
a maximum loading of 4 ng of rhodamine B per μg of NAA.

FESEM images of the NAA scaffold and the S2 solid confirmed
the porous structure and evidenced structure maintenance
after subsequent chemical processes required for system
preparation (Figure 2).
The organic content of the successive prepared materials

(S0, S1, and S2) was followed by energy-dispersive X-ray
spectroscopy (Table 1). High carbon (C/Al: 2.28) and
nitrogen (N/Al: 0.38) content was observed in S1 due to
the rhodamine B dye loading and APTES functionalization.
However, these amounts decreased for S2 because of some
unspecific dye leakage during the capping process with O1 and
as a result of not complete blockage of the pores. The amount
of capping oligonucleotide O1 was evidenced by the presence
of phosphorus in the final material S2 (P/Al 0.01) as it was not
observed in the NAA support or in S1.

Controlled Delivery Studies. First, in vitro detection of
miR-99a-5p was carried out employing our system. In a typical
experiment, two separated S2 solids were immersed either in a
solution of 10−1 μM miRNA in TRIS buffer or in bare TRIS
buffer as a control solution. They were incubated for 1 h, and
rhodamine B release was determined by fluorescence measure-
ment at selected times. Our results showed that in the absence
of miR-99a-5p, dye diffusion from the pores was negligible,
with an average dye delivery of less than 20% (Figure 3). In
contrast, after the addition of miR-99a-5p, as a result of the
complementary hybridization between both miRNA and O1,
capping sequences were displaced, pores opened, and dye
diffused from the inner structure to the outer solution, as
depicted in Figure 1. The observed enhancement in
fluorescence emission was attributed to the favorable
interaction between the capping oligonucleotide and the
miR-99a-5p sequence as well as the intrinsic signal
amplification that is observed when gated materials are used.
In this context, recent works based on these gated systems have
demonstrated that a unique DNA molecule can lead to the
delivery of approximately 104−1011 dye molecules when the
pores are opened.19,20 In this work, it has been determined that
1 nM of miRNA was able to induce the release of an average of
2 × 1011 molecules of rhodamine B, confirming a high-signal
amplification capacity.
In a second step, we further evaluated the response of our

system to different concentrations of miR-99a-5p. Human
plasma solutions containing different spiked concentrations of
miRNA were added to several S2 solids, and the dye release
was determined after 60 min. We confirmed the correlation
between the released rhodamine B and the concentration of
miR-99a-5p (Figure 4), which is in agreement with the
uncapping protocol, based on the displacement of O1 by
complementary hybridization with miR-99a-5p. In these
conditions, a linear response in the 0.5−25.0 nM concentration
range was observed and a limit of detection (LOD) of 0.5 nM
was calculated. It is worth mentioning that this value is in the
concentration range of the circulating miRNAs present in the
human plasma, which usually varies from femtomolar to
nanomolar, suggesting the potential use of the proposed
system for the miRNA detection.26

In addition, the selectivity of the prepared gated material was
tested. For this purpose, we evaluated the response of our
system in the presence of 10−1 μM miR-200c-3p, miR-449c-3p,
miR-221-3p, miR-21-5p, and a miRNA negative control that
consists of a random sequence. We compared the dye delivery
induced by those biomolecules with the response to miR-99a-
5p. After 60 min of incubation, fluorescence emission was

Table 2. Association between Clinicopathological Features
of Breast Cancer Patients and Circulating miR-99a-5p
Levelsa

number (%) median (95% CI) P value

histological subtype, n (%)
luminal 29 (61.7%) 11 527

(7318−27 759)
0.444

TNBC 6 (12.8%) 8782
(2457−49 145)

Her 2-enriched 11 (23.4%) 21 791
(8231−42 082)

unknown 1 (2.1%)
grade group, n (%)

1 11 (23.4%) 11 527
(2985−47 462)

0.720

2 23 (48.9%) 19 677
(7605−27 759)

3 13 (27.6%) 22 562
(7318−42 082)

stage, n (%)
I 9 (19.1%) 15 768

(7605−42 082)
0.0770

II 25 (53.2%) 8772
(5432−22 735)

III 8 (17.0%) 22 177
(8792−50 246)

IV 4 (8.5%) 37 980
(22 479−52 086)

unknown 1 (2.1%)
tumor size, n (%)

≤50 mm 40 (85.1%) 11 168
(7933−23 955)

0.3681

>50 mm 5 (10.6%) 22 562
(9164−37 389)

unknown 2 (4.3%)
regional lymph node
metastasis, n (%)

no 23 (48.9%) 9164
(7605−35 514)

0.8074

yes 22 (46.8%) 17 723
(7933−23 182)

unknown 2 (4.3%)
distant metastasis, n (%)

no 42 (89.4%) 11 168
(8231−22 735)

0.85853

yes 4 (8.5%) 29 934
(2457−38 571)

unknown 1 (2.1%)
aTNBC, triple-negative breast cancer.
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determined for each one of the tests. The results indicated that
the diffusion of rhodamine B in the presence of other miRNAs
was similar to the cargo release in the bare TRIS buffer (Figure
5). By contrast, in the presence of the specific miR-99a-5p
sequence, support S2 induced a significant cargo delivery.
These results demonstrate that S2 selectively recognizes the
miR-99a-5p sequence.
Validation in Clinical Samples. Next, encouraged by the

promising results previously obtained, we proceeded to
validate the applicability of the nanodevices in real clinical
samples. For this purpose, miR-99a-5p was assessed in plasma
from 47 healthy controls and 47 BC patients (Table 2). Our
results revealed that the levels of released rhodamine B were
significantly higher in patients than in healthy controls. The
median was 15343 (95% CI, 8706−23182) and 3629 (95% CI,
2487−6495) (p < 0.0001), respectively (Figure 6A). These
results clearly agreed with our previous work, where we
performed qRT-PCR to determine circulating levels of miR-
99a-5p in plasma of BC patients and controls and concluded
that miR-99a is overexpressed in plasma from BC patients.25

To assess the value of the nanosensor as a diagnostic tool,
we computed the ROC curve to discriminate between BC
patients and controls. Our system was able to discriminate
between BC patients and healthy controls with an AUC of 0.78
(95% CI: 0.69−0.87; p < 0.0001) (Figure 6B). The optimal
cut-off value was identified based on the highest value obtained
in the ROC curve analysis according to Youden’s J index.

Using the optimal cut-off value (7285), 76.6% sensitivity,
68.09% specificity, and 72.34% accuracy were obtained. These
data provide evidence that the tested nanomaterial may be
considered a diagnostic tool for BC.
We also hypothesized that our system could be useful to

diagnose BC at a very early stage (stages I and II). We
compared the levels of delivered rhodamine B in healthy
controls (n = 47) and early-stage BC patients (n = 34). Our
data revealed that the levels of released fluorophore were
higher in early-stage BC patients (median, 95% CI: 9315,
7318−23955) than in controls (median, 95% CI: 3629, 2487−
6495) (Figure 7A). Moreover, our biosensor was able to
discriminate between controls and early-stage BC patients with
85.29% sensitivity, 57.45% specificity, and 69.14% accuracy,
using the optimal cut-off value of 4426. Nonetheless, AUC was
0.7516 (95% CI: 0.65−0.86; p < 0.0001) for this set of samples
(Figure 7B).
Other miRNA biosensors based on different strategies have

been developed previously by other authors. Some examples
include the system developed by Qavi et al., which was based
on photonic resonance in silicon microrings, giving a LOD
near 1 nM,27 or the silver nanocluster DNA probe designed by
Yang et al. with a LOD of 20 nM.28 There is a vast list of
different approaches to detect circulating microRNAs, and
some authors also validated those systems in biological
samples; e.g., Hizir et al. used nanographene oxide for the
detection of miR-21 and miR-141 in serum (LOD 1.2 nM)

Figure 6. Measurement of miR-99a-5p in human plasma. (A) Expression levels were significantly lower in healthy controls (n = 47) than in breast
cancer patients (n = 47). Median (red) ± interquartile range. Mann−Whitney U, ****p < 0.0001. (B) The receiver-operating characteristic
(ROC) analysis displays the specificity and sensitivity of the developed sensor to discriminate between breast cancer patients and healthy controls.

Figure 7. (A) Expression of miR-99a in healthy controls (n = 47) and early-stage breast cancer (BC) (n = 34). Median (red) ± interquartile range.
Mann−Whitney U, ****p < 0.0001. (B) The receiver-operating characteristic (ROC) analysis displays the specificity and sensitivity of the
developed sensor to discriminate between early-stage BC patients and healthy controls.
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and confirmed their detection in some serum samples.29 Li et
al. used hairpin probe-based rolling circle amplification to
detect serum miR-486-5p for the diagnosis of lung cancer and
tested the system in six healthy controls and six lung cancer
patients.30 Remarkably, to the best of our knowledge, our
system is the first NAA-based system designed for the
detection of miRNAs. We provided evidence that the proposed
method can be performed by directly applying the serum
without the involvement of either miRNA isolation or
retrotranscription processes, thus being faster than conven-
tional techniques. Moreover, this is a more cost-efficient
system, and the required equipment is considered to be of low
cost. Besides, the presented strategy may be extrapolated for
the development of gated and nanostructured devices for the
detection of other circulating miRNAs. Our results evidenced
the potential of the presented biosensor for detection of
circulating miR-99a-5p as a tool to diagnose early BC.
Detection of BC at the initial stages may improve the overall
survival. At this moment, the mammography screening
programs are proven to decrease disease-specific mortality as
well as the occurrence of advanced disease. Furthermore, early
detection can result in less radical treatment and less expensive
with substantial resource savings.

■ CONCLUSIONS
Overall, our work provides a promising strategy to diagnose
BC patients based on the miR-99a-5p detection in plasma. We
have developed a biosensor supported on mesoporous NAA
films loaded with rhodamine B and capped with an
oligonucleotide that is able to specifically recognize miR-99a-
5p. Our results demonstrated that the developed system was
able to quantify miRNA expression with high sensitivity and
specificity. Moreover, the designed material is simple to
prepare, easy to handle, and can discriminate between healthy
controls and BC patients, even at very early stages, providing
high accuracy. We validated the developed gated system in a
total of 94 plasma samples, and our results confirmed that our
system might hold great potential for further applications in
the clinical diagnosis of BC.
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Rovira, A.; et al. The miRNA-449 family mediates doxorubicin
resistance in triple-negative breast cancer by regulating cell cycle
factors. Sci. Rep. 2019, 9, No. 5316.

(11) Tormo, E.; Adam-Artigues, A.; Ballester, S.; Pineda, B.; Zazo,
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