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Human Papilloma Virus DNA Detection in Clinical Samples
Using Fluorogenic Probes Based on Oligonucleotide Gated
Nanoporous Anodic Alumina Films
Andy Hernández-Montoto, M. Nieves Aranda, Isabel Caballos, Alba López-Palacios,
María Ángeles Tormo-Mas, Javier Pemán, Mireya Prieto Rodríguez, Carlos Picornell,
Elena Aznar,* and Ramón Martínez-Máñez*

In this work, fluorogenic probes based on oligonucleotide capped nanoporous
anodic alumina films are developed for specific and sensitive detection of
human papilloma virus (HPV) DNA. The probe consists of anodic alumina
nanoporous films loaded with the fluorophore rhodamine B (RhB) and capped
with oligonucleotides bearing specific base sequences complementary to
genetic material of different high-risk (hr) HPV types. Synthesis protocol is
optimized for scale up production of sensors with high reproducibility. The
sensors’ surfaces are characterized by scanning electron microscopy
(HR-FESEM) and atomic force microscopy (AFM) and their atomic
composition is determined by energy dispersive X-ray spectroscopy (EDXS).
Oligonucleotide molecules onto nanoporous films block the pores and avoid
diffusion of RhB to the liquid phase. Pore opening is produced when specific
DNA of HPV is present in the medium, resulting in RhB delivery, that is
detected by fluorescence measurements. The sensing assay is optimized for
reliable fluorescence signal reading. Nine different sensors are synthesized for
specific detection of 14 different hr-HPV types in clinical samples with very
high sensitivity (100%) and high selectivity (93–100%), allowing rapid
screening of virus infections with very high negative predictive values (100%).
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1. Introduction

Infectious diseases represent one of the
most important health problems causing
≈15 million deaths annually worldwide. In
this context, the development of new sys-
tems for rapid detection of pathogens is of
relevance for the advance in early diagno-
sis, finding appropriate treatments, a much
more favorable patients’ recovery, a reduc-
tion in associated mortality, and a signif-
icant economic saving. Among infectious
diseases, human papilloma virus infection
is one of the most important caused by
viruses.[1,2,3] Human papilloma virus (HPV)
belongs to the Papillomaviridae family, in-
fecting and replicating in the nucleus of
epithelial cells.[4,5] It has a simple struc-
ture formed by a protein capsid without
envelope and the genetic material (circular
double stranded DNA: ≈8000 base pairs)
that lies in its interior.[6,7,8] Based on their
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DNA composition (difference of more than 10% in the nucleotide
sequences in the E6, E7, and L1 region) ≈77 HPV genotypes
have been described. Specific types are considered as high risk
(hr) HPV types because they have been identified as causative
agents of cervical cancer.[9,10,11] Therefore, screening tools to de-
tect hr-HPV infection allow cervical cancer prevention, manage-
ment, and treatment.[12,13,14] Moreover, hr-HPV testing on cervi-
cal samples appeared to be more sensitive for the detection of
cervical intraepithelial neoplasia grade 2 or worse (CIN2+) than
cytology, though often less specific.[15,16] In this regard, many
testing assays have been used for the detection of a broad spec-
trum of hr-HPV types with high reliability, reproducibility, and
accuracy.[17,18,19] They include assays that can detect DNA-RNA
hybrids without genotyping like the Hybrid Capture 2 (HC2)
HPV DNA test, approved by the FDA in 2003, and PCR based
assays that can detect HPV DNA with partial genotyping of
hr-HPV, like the Cobas 4800 HPV test, approved by the FDA
in 2011.[20] These assays have a high sensitivity and negative
predictive values. However, they have some drawbacks such as
a relatively lower specificity and positive predictive values and
the use of expensive, time consuming, and complex methods
requiring trained personnel. Therefore, alternative rapid diag-
nostic platforms for the detection of different hr-HPV types
using smart nanodevice-based biosensors have been designed
and developed.[21,22,23] These materials include different types of
nanoparticles and electrodes whose surfaces have been modified
with different oligonucleotide probes for specific recognition of
target DNA.[24,25,26] In these systems, the transduction leading to
measurable signal are mainly based on optical and electrochem-
ical processes.[27,28,29] Nevertheless, these reported sensors have
been designed only for detection of a few hr-HPV types (mainly
16 and 18) and their capacity for direct HPV detection in clinical
samples (detection without any sample treatment) is not usually
tested or validated.

The design and development of smart nanodevice-based
biosensors bearing gated porous supports for detection of dif-
ferent DNA of pathogens have received increasing attention
during the last years.[30,31,32] These hybrid materials are mainly
composed of two subunits: an inorganic porous support in
which a fluorogenic molecule can be loaded and a molecular
or supramolecular entity grafted onto external surface that can
control the fluorophore probe diffusion from inside the pore to
the liquid phase[33,34,35] In these examples, capping molecules on
the support’s surface act as molecular gates (also known as gate-
keepers) blocking the pores and avoiding dye release. Only when
specific stimuli are present, as for instance a target analyte to
be detected, the structural state of molecular gates changes, un-
blocking the pores and leading to controlled dye delivery which
can be measured by fluorescence spectroscopy.[36] Specifically,
in gated biosensors based on this paradigm, a fluorescent sig-
nal in the medium is related to the presence of specific ge-
netic material of pathogens, due to the transduction process trig-
gered by the recognition between pathogen’s DNA molecules
in the medium and a gating oligonucleotides on the porous
support’s surface, that finally enables the release of the loaded
fluorophore.[37] Among inorganic porous supports, mesoporous
silica nanoparticles[38,39] and nanoporous anodic alumina (NAA)
films[40,41] have been used for sensor development because they
have an ordered porous structure composed of tailor-made pores
with large specific surface area and pore volume. These sup-

ports have high loading capacity and their external surface can
be easily modified with alkoxysilane chemistries bearing differ-
ent functional groups to yield an organic/inorganic interphase,
enabling further functionalization of support´s surface with ad-
ditional molecules or supramolecules through physical interac-
tions or chemical linkages.[42,43] In this regard, nanoporous an-
odic alumina-based electrochemical biosensors have been used
recently for sensitive detection of different analytes including
DNA biomolecules.[44,45,46]

Different oligonucleotide-gated porous based sensors have
been reported for detection of DNA/RNA or antigens of different
pathogens such as: Mycoplasma,[30,31,47] Candida albicans,[32] Can-
dida auris,[48] Staphylococcus aureus,[49] Pneumocystis jirovecii,[50]

and SARS-CoV-2 virus.[51] These systems are currently demon-
strating great potential for the development of sensitive, selective,
and low-cost biosensors. However, similar biosensors for detec-
tion of hr-HPV types have not been reported yet. In this work sen-
sors for detection of HPV were developed. Specifically, the plat-
form is configured for the rapid detection of 14 different hr-HPV
types associated with the appearance of cervical cancer. For that,
a set of 9 biomaterials based on NAA films coated with nucleic
acid molecules as gates were designed. The probes consisted of
nanoporous anodic alumina supports loaded with rhodamine B
(RhB) and whose pores were blocked with diverse oligonucleotide
sequences that specifically recognize HPV types (Figure 1). The
release of the dye from the prepared materials is tested in the
presence of the complementary oligonucleotide and validated in
clinical samples, demonstrating the potential of this approach for
multiplexed screening of HPV infections.

2. Results and Discussion

Schematic representations of the developed sensors and the steps
to prepare them are shown in Figure 1 and Figure 2, respec-
tively, whereas the sequences of the oligonucleotides used for the
preparation of the sensors are listed in Table 1. Capping oligonu-
cleotides O2-S1-9 have the DNA base sequence of different HPV
types overall being able to recognize 14 HPV types, whereas tar-
get oligonucleotides O3-S1C-9C are the corresponding comple-
mentary oligonucleotides used in optimization and testing assays
(vide infra). The NAA supports are commercially available and
have an alumina thickness of 10 ± 0.2 μm, a pore diameter of 5
± 2 nm and a pore density of 9 × 1011 cm−2.

The starting NAA porous support (D0) was easily loaded with
the RhB fluorophore by soaking NAA disks in a RhB solution
in acetonitrile and gently stirring with an orbital stirrer, yielding
D1. High loaded dye content was achieved using highly concen-
trated RhB solution in short times of interaction between both
phases. RhB encapsulation was evidenced by EDXS analysis. The
C, N, and O atomic content in the dye-loaded NAA disk slightly
increases with respect to the unmodified support. Note that the
X-ray emission depth for analyzed atoms (<100 nm at 5 kV) is
lower than the NAA film thickness (10 μm). (Figure 3, Table 2;
Figure S1 and Tables S1,S2 (Supporting Information)).

After dye loading, the external surface of the NAA support was
functionalized with isocyanate groups to yield D2 through the
reaction between Al-OH groups at the external surface with 3-
(triethoxysilyl)propyl isocyanate, resulting in the formation of Al-
O-Si bonds (Figure 2). In this step, NAA disks were placed on
the bottom surface of a closed flask ensuring that NAA films are
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Figure 1. Scheme of fluorogenic sensors for HPV DNA detection based on oligonucleotide gated NAA films loaded with rhodamine B.

side up oriented, allowing a better interaction between the alu-
mina surface with the species dissolved in the liquid phase. Also,
a gentle mixing with an orbital stirrer ensures more homogenous
conditions for surface functionalization allowing to obtain sen-
sors in a reproducible manner. Humidity control is also impor-
tant during these steps to avoid isocyanate hydrolysis and allow
a controlled coupling between Al-OH groups at the external sur-
face with 3-(triethoxysilyl)propyl isocyanate, also avoiding uncon-
trolled alkoxysilane hydrolysis and condensation to form a solid
phase on the external surface of the sensors. To avoid humidity, it

is important to use freshly prepared RhB solutions for the synthe-
sis and washing steps and use a tightly closed reaction flask. The
surface’s functionalization with the alkoxysilane was evidenced
by electron microscopy and EDXS analysis. Si, C, and N atomic
content increase after surface modification (Figure 3, Table 2 and
Figure S1, Table S3, Supporting Information).

Isocyanate-modified NAA supports (D2) were functionalized
with oligonucleotide O1, bearing and amine group, through urea
linkages, to yield D3. The oligonucleotide base sequence in O1
allows the further hybridization of the capping oligonucleotides

Adv. Healthcare Mater. 2023, 2203326 2203326 (4 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Scheme of the synthesis steps of fluorogenic sensors (S1-9) for HPV DNA detection based on oligonucleotide gated NAA films loaded with
rhodamine B.

Adv. Healthcare Mater. 2023, 2203326 2203326 (5 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. HR-FESEM images of NAA surfaces during synthesis steps (D0 A); D1 B); D2 C); D3 D), and final sensors S1-9 E), (scale bars: 200 nm) and
photographs of the final NAA based sensors F) (Scale bar: 1 cm). Black arrows indicate some surface areas of porous alumina films coated with a thin
layer of gating oligonucleotides.

Table 2. Relative atomic compositions respect to Al atoms of D0, D1, D2,
and D3 by EDXS analysis.

Element D0 D1 D2 D3

C 0.32 ± 0.01 0.49 ± 0.01 0.51 ± 0.02 0.59 ± 0.02

N 0 0.005 ± 0.002 0.042 ± 0.005 0.056 ± 0.006

O 2.31 ± 0.04 2.43 ± 0.03 2.29 ± 0.06 2.35 ± 0.06

Al 1.00 ± 0.02 1.00 ± 0.01 1.00 ± 0.03 1.00 ± 0.03

Si 0 0 0.037 ± 0.004 0.036 ± 0.004

P 0 0 0 0.006 ± 0.004

(O2-S1-9) containing the DNA base sequence of different HPV
types (vide infra>) (Table 1). After the modification process, P, C,
N, and O atomic content increases confirming oligonucleotide
coupling to the NAA surface (Table 2). Lower values of atomic
contents were obtained when a higher volume of more diluted so-
lution of oligonucleotide O1 (10 μm, 600 μL) was used in the func-

tionalization process, indicating a lower surface coverage with
the oligonucleotide (Table S4, Supporting Information). We also
found that water content in the reaction mixture produces the
hydrolysis of isocyanate groups on NAA surface that avoids the
covalent coupling of oligonucleotide O1 on NAA surface.

Finally, NAA disks were coated with oligonucleotides O2-S1-
9 containing the DNA base sequence of 14 different HPV types
(part of the L1 region of their genomes coding the major capsid
protein[9]) to yield sensors S1-9. These capping oligonucleotides
contain in their extremes two sequences complementary to
oligonucleotides O1 (Table 1). Elimination of non-hybridized cap-
ping oligonucleotides O2-S1-9 and RhB after the functionaliza-
tion process, was confirmed by measuring the absorbance and
fluorescence intensity of supernatants after washing. Both, ab-
sorbance at 260 nm corresponding to oligonucleotides O2-S1-
9, and fluorescence intensity at 585 nm (𝜆ex = 555 nm) cor-
responding to RhB, decreased after washing (Figure S2, Sup-
porting Information). Following this protocol 9 sensors were
obtained. All final NAA based sensors were also characterized

Adv. Healthcare Mater. 2023, 2203326 2203326 (6 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Table 3. Relative atomic compositions respect to Al atoms of the sensors S1-9 by EDXS analysis.

Element S1 S2 S3 S4 S5 S6 S7 S8 S9

C 0.49 ± 0.01 0.77 ± 0.02 0.83 ± 0.02 0.94 ± 0.02 0.78 ± 0.02 1.18 ± 0.03 0.62 ± 0.02 1.14 ± 0.03 1.06 ± 0.03

N 0.028 ± 0.003 0.117 ± 0.006 0.143 ± 0.006 0.165 ± 0.007 0.145 ± 0.007 0.246 ± 0.009 0.107 ± 0.007 0.210 ± 0.008 0.141 ± 0.007

O 2.46 ± 0.04 2.52 ± 0.05 2.61 ± 0.05 2.64 ± 0.05 2.29 ± 0.05 2.73 ± 0.06 2.19 ± 0.06 2.88 ± 0.06 2.71 ± 0.06

Al 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.03 1.00 ± 0.02 1.00 ± 0.02

Si 0.015 ± 0.002 0.077 ± 0.004 0.043 ± 0.003 0.032 ± 0.003 0.064 ± 0.004 0.045 ± 0.003 0.018 ± 0.003 0.052 ± 0.004 0.030 ± 0.003

P 0.010 ± 0.002 0.016 ± 0.003 0.036 ± 0.003 0.041 ± 0.004 0.030 ± 0.004 0.062 ± 0.005 0.039 ± 0.005 0.053 ± 0.005 0.038 ± 0.004

by electron microscopy and EDXS analysis (Figure 3, Table 3;
Figure S1 and Tables S5–S13, Supporting Information). Oligonu-
cleotides O2-S1-9 have a tridimensional structure with nanomet-
ric dimensions and adopt a spatial arrangement on the alumina
surface that blocked the pores and avoid the diffusion of the
fluorophore from the porous structure of the material (vide in-
fra). From a macroscopic point of view, oligonucleotide molecules
form an organic layer on the inorganic porous support that can
be seen in the electron microscopy images. Furthermore, P, C,
N, and O atomic content increases after surface coating. This in-
organic/organic interphase act as a physical barrier that control
the diffusion of fluorophore between the porous solid support
and the liquid medium. The presence of target complementary
oligonucleotides in the medium hybridize to the gating oligonu-
cleotides inducing a displacement, unblocking the pores, and the
release of the entrapped fluorophore (vide infra). Finally, the sur-
face morphology of alumina films during synthesis steps was also
characterized by atomic force microscopy (Figure S3, Supporting
Information).

After the synthesis and characterization of the 9 sensors, their
capacity to selectively release RhB in the presence of oligonu-
cleotides complementary to those used for capping was evalu-
ated. Thus, NAA-based sensors were incubated with the corre-
sponding complementary oligonucleotides O3-S1C-9C (Table 1)
in TRIS buffer and released rhodamine B was measured by flu-
orescence spectroscopy at 585 nm (𝜆ex = 555 nm) using a plate
reader. NAA sensors disks (S1-9) non incubated with oligonu-
cleotides were used as negative controls. The release profiles of
RhB from the sensors are shown in Figure 4. The RhB release
profile is plotted as fluorescence intensity variations at differ-
ent times with respect to the initial intensity (It-I0). Results are
represented as means and standard deviations of measurements
for 3 different nanodevices incubated with Tris (black squares)
and other 3 nanodevices incubated with the corresponding com-
plementary oligonucleotide (red circles). Data of individual nan-
odevices for all 9 developed sensors, are also shown in Figure
S4 (Supporting Information). A negligible release of RhB was
produced from sensors used as negative controls even at longer
times (60 min), confirming the gating capacity of the oligonu-
cleotides on the NNA surface that block the pores and avoid
dye diffusion. In contrast, a remarkable dye release was found
from NAA disks incubated with corresponding complemen-
tary oligonucleotides O3-S1C-9C. The complementary oligonu-
cleotides hybridize with the capping oligonucleotides O2-S1-9 on
NAA surface, unblocking the pores, and finally leading to diffu-
sion of RhB (Figure 1). Moreover, the calibration curves of the
9 sensors for the detection of the corresponding complementary

Table 4. Corresponding atomic composition and atomic ratios respect to
Al atoms of NAA surfaces after sensing assay for control (A) and sensor
S1 incubated with complementary oligonucleotides O3-S1C (B) by EDXS
analysis.

A) Element Wt.% Atomic % X/Al

C 11.2 ± 0.2 17.2 ± 0.3 0.68 ± 0.02

N 1.6 ± 0.1 2.1 ± 0.2 0.082 ± 0.007

O 45.5 ± 0.1 52.4 ± 0.5 2.08 ± 0.04

Al 37.0 ± 0.1 25.2 ± 0.3 1.00 ± 0.02

Si 4.33 ± 0.05 2.85 ± 0.05 0.113 ± 0.003

P 0.44 ± 0.03 0.26 ± 0.02 0.0103 ± 0.0009

B) Element Wt.% Atomic % X/Al

C 8.9 ± 0.2 14.0 ± 0.3 0.51 ± 0.02

N 1.4 ± 0.1 1.9 ± 0.2 0.070 ± 0.007

O 45.5 ± 0.1 53.5 ± 0.5 1.95 ± 0.04

Al 39.4 ± 0.1 27.4 ± 0.3 1.00 ± 0.02

Si 4.36 ± 0.05 2.93 ± 0.05 0.107 ± 0.003

P 0.41 ± 0.03 0.25 ± 0.02 0.0091 ± 0.0008

oligonucleotides O3-S1C-9C are shown in Figure S5 (Supporting
Information). The limit of detection (LOD= 92–265 pM) and sen-
sitivity (𝚫(I15-I0)/𝚫(log c, M) = 300–2400) derived from the cali-
bration curves are summarized in Table S14 (Supporting Infor-
mation). These results confirm the potential capacity of these ma-
terials for rapid and sensitive detection of oligonucleotides con-
taining the DNA base sequences of 14 different types of HPV.

The NAA-based sensor’s surfaces after the displacement as-
says were also analyzed by scanning electron microscopy and
their atomic composition was determined by EDXS analysis. The
results obtained for sensor S1 are shown in Figure 5 and Table 4.
A surface morphology with more opened porous structure can be
seen in the image of sensor incubated with the complementary
oligonucleotide O3-S1C. Moreover, P, C, N, and O atomic content
is lower than that for the corresponding control sensor, support-
ing the above-mentioned transduction mechanism involving the
displacement of the capping oligonucleotide O2-S1 in the pres-
ence of the complementary O3-S1C.

In a further step, the validation of the nine sensors for the de-
tection of 14 different hr-HPV types in 43 clinical samples of pa-
tients from Hospital Universitari i Politècnic La Fe, was carried
out. Vaginal material was collected from cervical scrapes for both
accurate cytological assessment and HPV testing. DNA testing
of hr-HPV types was done using multiplex real-time PCR assays

Adv. Healthcare Mater. 2023, 2203326 2203326 (7 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Rhodamine B release profiles from the 9 sensors (S1 A); S2 B); S3 C); S4 D); S5 E); S6 F); S7 G); S8 H), and S9 I)) incubated (Comp) or not
(Cont) with the corresponding complementary oligonucleotides O3-S1C-9C.

Figure 5. HR-FESEM images of NAA based sensor’s surface (S1) after incubation with TRIS A) and complementary oligonucleotides O3-S1C B) (Scale
bars: 100 nm).

(Cobas 4800 HPV test and Seegene ANYPLEX II HPV28 detec-
tion kit) for detection and identification of 14 hr-HPV (types 16,
18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68). Data of clinical
samples were summarized in Table 5 and Table S15 (Supporting
Information). At the same time, detection of HPV in vaginal ma-
terials was also carried out using sensors S1-9.

All S1-9 NAA sensors were incubated with the 43 vaginal sam-
ples collected in PreservCyt medium and released RhB was mea-
sured by fluorescence spectroscopy. Data of fluorescence inten-
sity variations at 15 min respect to initial intensity (I15-I0) for each
sensor is plotted as scatter dispersion chart, and a box chart rep-
resenting data distribution is also drawn (Figure 6). For instance,

Adv. Healthcare Mater. 2023, 2203326 2203326 (8 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. Detection of different hr-HPV types in 43 clinical samples using the 9 sensors developed (S1 A); S2 B); S3 C); S4 D); S5 E); S6 F); S7 G); S8
H), and S9 I)).

Table 5. Data of clinical samples of patients from Hospital Universitari i
Politècnic La Fe.

Patient ages (years) <30 30–39 40–49 >49

6 15 12 9

HPV type 16 18 Others

9 10 28

Cytological Result * Negat LSIL HSIL ASCUS

26 11 1 5

∗Negat: Negative; LSIL: Low grade squamous intraepithelial lesion; HSIL: High grade
squamous intraepithelial lesion; ASCUS: Atypical squamous cells of undetermined
significance

the obtained results for sensor S1 (able to detect HPV types 16,
18, and 59) are shown in Figure 6A. The signal of the S1 sensors
incubated with samples containing at least one of the 16, 18, and
59 HPV types (as determined by multiplex real-time PCR assays,
vide ante) was plotted as red squares (labeled as positive, 19 sam-
ples). On the other hand, data for S1 sensors incubated with sam-
ples that do not contain 16, 18, and 59 HPV types, were plotted

as blue squares (labeled as negative, 24 samples). Note that more
than one of those types, and even other types, are present in some
of those samples. The signal threshold (horizontal straight line)
to decide which samples are positives and negatives using the
sensing assay with S1, was established at the signal mean plus ten
times the standard deviation for 20 S1 sensors (black squares) in-
cubated with PreservCyt medium and labeled as control sensors.
Following this decision criteria, for sensor S1, 19 samples were
classified as positives (True positives: 19 and False positives: 0) for
at least one of the HPV types 16, 18, or 59; whereas 24 samples
were classified as negatives (True negatives: 24 and False nega-
tives: 0) (Table 6). As it has been described previously the stepwise
transduction mechanism in these gated porous support-based
sensors implies two spatiotemporally separated events: a recog-
nition step of the target analyte (pathogen´s DNA) by the gate-
keeper on the external surface, and the further signaling event
involving the release of high amount of the reporter molecules
(RhB) from pores. A signal amplification, instead of analyte am-
plification using PCR based assays, is an advantage of these gated
sensors for highly sensitive DNA detection.[32,36]

Similar studies were also carried out with the remaining S2-9
sensors and results are plotted in Figure 6B–I and in Table 6. Very
high sensitivity, negative predictive values (100%), specificities of
93–100% and positive predictive values in the range 88–100%,

Adv. Healthcare Mater. 2023, 2203326 2203326 (9 of 13) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Table 6. Validation of the 9 sensors for detection of different hr-HPV types in 43 clinical samples.

Sensor hr-HPV type
Positive
sample

Negative
sample

True
positive

True
negative

False
positive

False
Negative

Sensitivity
[%] Specificity [%]

Positive
predictive value

[%]

Negative
predictive value

[%]

S1 59, 16, 18 19 24 19 24 0 0 100 100 100 100

S2 45, 18 12 31 12 31 0 0 100 100 100 100

S3 31, 16 14 29 14 27 2 0 100 93 88 100

S4 51 4 39 4 39 0 0 100 100 100 100

S5 52 5 38 5 38 0 0 100 100 100 100

S6 33, 58 8 35 8 35 0 0 100 100 100 100

S7 35, 33 4 39 4 39 0 0 100 100 100 100

S8 56, 66 6 37 6 37 0 0 100 100 100 100

S9 68, 39 8 35 8 34 1 0 100 97 89 100

were calculated. The lowest values were obtained for sensors S3
and S9 for detection of HPV types 16/31 and 39/68, respectively.
This behavior, regarding a relatively lower specificity and posi-
tive predictive values compared to sensitivity and negative pre-
dictive values, is very common in other standard DNA detection
methods for HPV infection screening in clinical samples, due to
their very low limit of detection and high sensitivity that generally
shows an inverse relationship respect to specificity.[20] Moreover,
the receiver-operating characteristic (ROC) analysis was carried
out for validation of sensors S1-9 to discriminate between nega-
tive and positive samples (Figure S4, Supporting Information).
An area under curve (AUC) of 1, sensitivity and specificity of
100% were obtained for all sensors supporting the potential of
these gated porous supports as a diagnosis tool.

Sensors and sensing assays developed in this work allowed a
rapid multiplexed analysis of clinical samples, enabling screen-
ing of infections caused by different hr-HPV types with high sen-
sitivity and good specificity. More in detail, the analysis of the 43
samples evaluated with the S1-9 sensors is summarized in Table
7. Samples were classified as positive (+) and negative (-) for the
different HPV types detected using the 9 sensors developed. False
positive (o) samples were also labeled. As an example, the assays
on sample 1 allow to determine that the sample does not contain
hr-HPV types 16, 18, 31, 39, 45, 52, 56, 59, 66, and 68, whereas it
contain hr-HPV types 33, 35, and/or 58, whereas analysis for in-
stance on sample 20 determines that it contain hr-HPV types 39
and/or 68. Compared to other biosensors reported for HPV de-
tection, the sensor design and detection protocol described in this
work have some advantage regarding the high number of hr-HPV
types that can be detected, as recently reported biosensors are de-
signed to only detect hr-HPV types 16 and 18.[22,23,25,28] Besides,
our work demonstrates that a fast and accurate detection of 14 dif-
ferent hr-HPV types in clinical samples can be achieved, whereas
for other biosensors previously described HPV detection in clin-
ical samples is usually not reported.[24,26,27,29] The sensing assays
reported in this work allow to carry out a multiplexed analysis of
clinical samples using an integrated platform for analyte recogni-
tion, transduction, and signal reading, allowing faster screening
of samples which can be carried out by non-specialized person-
nel.

3. Conclusion

Nine sensors based on oligonucleotide gated NAA films loaded
with RhB as fluorogenic reporter, are developed for the rapid and
sensitive detection of 14 different types of HPV. The preparation
protocol is optimized to scale up the production of sensors in a
reproducible manner. Key experimental tips are related to using a
gentle stirring with an orbital stirrer and controlling the humidity
during the external surface modification of the nanoporous mate-
rials. Sensors are characterized by scanning electron microscopy
and the atomic composition of the surfaces was determined after
each functionalization step by EDXS. The increase of atomic ra-
tio between C, O, N, Si, and P respect to Al confirm the modifica-
tion of NAA surface with the alkoxysilane, the oligonucleotide O1
and the different capping oligonucleotides O2-S1-9. The capacity
of the sensors to selectively detect the oligonucleotides O3-S1C-
9C complementary to capping oligonucleotides O2-S1-9 is con-
firmed by fluorescence measurements. Only, when the comple-
mentary oligonucleotides O3-S1C-9C is present in the medium a
remarkable RhB release from nanoporous materials is observed.
Finally, the sensors are used for the sensitive detection of 14 dif-
ferent types of HPV in 43 clinical samples. High sensitivity and
negative predictive values (100% for both) are observed for all
sensors. Also, high specificity and positive predictive values are
found.

4. Experimental Section

Materials: Nanoporous anodic alumina films on Al foils
(25 × 75 mm) were purchased from InRedox (Alumina thick-
ness: 10 ± 0.2 μm; pore diameter: 5 ± 2 nm, pore den-
sity: 9 × 1011 cm−2, porosity: 15 ± 2%). Oligonucleotides
were purchased from Integrated DNA Technologies (IDT). Se-
quences of the 19 oligonucleotides used for sensor synthe-
sis and sensing assay were listed in Table 1. Rhodamine
B, 3-(triethoxysilyl)propyl isocyanate, triethylamine, acetonitrile
(anhydrous), tris(hydroxymethyl)aminomethane (TRIS), magne-
sium chloride (anhydrous), and hydrochloric acid were pur-
chased from Sigma Aldrich.
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Table 7. Multiplexed analysis of 43 clinical samples for screening infections caused by 14 different hr-HPV types using the 9 NAA based sensors developed.

Sample hr-HPV type* S1** (59, 16, 18) S2 (45, 18) S3 (31, 16) S4 (51) S5 (52) S6 (33, 58) S7 (35, 33) S8 (56, 66) S9 (68, 39)

1 33 - - - - - + + - -

2 33 - - - - - + + - -

3 33 - - - - - + + - O

4 35, 52 - - - - + - + - -

5 39 - - - - - - - - +

6 39, 51 - - - + - - - - +

7 45 - + - - - - - - -

8 45, 58 - + - - - + - - -

9 51 - - - + - - - - -

10 51, 58 - - - + - + - - -

11 51, 58 - - - + - + - - -

12 52 - - - - + - - - -

13 52, 68 - - - - + - - - +

14 52, 68 - - - - + - - - +

15 56 - - - - - - - + -

16 58 - - - - - + - - -

17 58 - - - - - + - - -

18 59 + - - - - - - - -

19 66 - - o - - - - + -

20 68 - - - - - - - - +

21 16 + - + - - - - - -

22 16 + - + - - - - - -

23 16 + - + - - - - - -

24 16 + - + - - - - - -

25 16 + - + - - - - - -

26 16, 31, 56 + - + - - - - + -

27 16, 39 + - + - - - - - +

28 16, 39, 52, 66 + - + - + - - + +

29 16, 18 + + + - - - - - -

30 18 + + - - - - - - -

31 18 + + - - - - - - -

32 18 + + - - - - - - -

33 18 + + - - - - - - -

34 18 + + - - - - - - -

35 18 + + o - - - - - -

36 18 + + - - - - - - -

37 18 + + - - - - - - -

38 18 + + - - - - - - -

39 31 - - + - - - - - -

40 31 - - + - - - - - -

41 31 - - + - - - - - -

42 31, 66, 68 - - + - - - - + +

43 31, 56 - - + - - - - + -

∗HPV types detected using multiplex real-time PCR assays (Cobas 4800 HPV test and Seegene ANYPLEX II HPV28 detection kit) ∗∗HPV types detected using the 9 sensors
developed: positive (+); negative (-); false positive (o)

Characterization Techniques: High Resolution Field Emission
Scanning Electron Microscopy (HR-FESEM): NAA sensors were
placed onto Al disks using carbon cement. Images were ac-
quired using a HR-Field Emission Scanning electron microscope

(ZEISS GeminiSEM 500) operating at 5 kV. The atomic compo-
sition of analyzed surfaces was determined by Energy Dispersive
X-ray Spectroscopy (EDXS) using an X-ray detector coupled to
microscope. Fluorescence measurements were acquired using
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a Synergy H1 microplate reader (BioTek, Winooski, VT, USA).
Absorption spectra were recorded using a JASCO V-650 UV/vis
spectrophotometer.

Synthesis Protocol: NAA films on Al disks (diameter: 2 mm,
24 disks) were soaked in RhB solution in acetonitrile (1.5 mm,
10 mL) at 25 oC during 18 h using an orbital stirrer at 50 rpm.
3-(Triethoxysilyl)propyl isocyanate (1 mL) was added dropwise,
and the mixture was stirred for 6 h. NAA disks were washed with
RhB in acetonitrile (1.5 mm) and dried with paper. NAA disks (48
disks) were soaked in RhB solution in acetonitrile (1.5 mm, 5 mL),
then aqueous solution of oligonucleotide O1 (Table 1) bearing
an amine group (100 μm, 60 μL) and triethylamine (24 μL) were
added subsequently. The mixture was stirred at 25 °C for 3 h us-
ing an orbital stirrer at 50 rpm. NAA disks were washed with RhB
in acetonitrile (1.5 mm) and dried with paper. Finally, NAA disks
(48 disks) were soaked in TRIS buffer (20 mm, MgCl2 37.5 mm,
5 mL) and then, an aqueous solution of capping oligonucleotides
O2-S1-9 (100 μm, 240 μL) was added. The mixture was stirred at
25 °C during 2 h using an orbital stirrer at 50 rpm. NAA disks
were washed three times with TRIS buffer and dried with paper.
Aliquots of supernatants after capping and washing steps were
collected for absorbance and fluorescence measurements.

Sensing Assay: NAA based sensors were soaked in TRIS
buffer (1 mL per sensor), then aliquots (200 μL) were taken and
added to 96 well plate for initial fluorescence measurements (ex-
citation wavelength (𝜆ex) = 555 nm, emission wavelength (𝜆em) =
585 nm) using a plate reader. From the 200 μL, 100 μL was dis-
carded and then, 100 μL of water or aqueous solution of uncap-
ping oligonucleotides O3-S1C-9C (1 μm, 100 μL) complementary
with capping oligonucleotides O2-S1-9 used for surface modifica-
tion of NAA films (Table 1), was added. Mixtures were shaken at
25 °C using a thermoshaker at 700 rpm. At scheduled times (15,
30, 45, and 60 min) aliquots (200 μL) were taken for fluorescence
measurements in the same wells than previous ones and mixed
again with sensors after measurements. The assay was carried
out in triplicate for the nine different sensors.

Sample Collection and HPV Detection using Reference Methods:
Vaginal material was collected from cervical scrapes by clinician
ensuring adequate specimen collection (sufficient ectocervical
and/or endocervical cells in the cervical transformation zone) for
both accurate cytological assessment and HPV testing (Table 5).
Samples were stored in liquid media using PreservCyt solution
from Hologic (Thin Prep 5000).

DNA testing of hr-HPV types was done using multiplex real-
time PCR assays (Cobas 4800 HPV test and Seegene ANYPLEX
II HPV28 detection kit) for simultaneous detection and identifi-
cation of 14 hr-HPV (types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56,
58, 59, 66, and 68) allowing to semiquantify the viral load, from
low (+; positive within 13 to 17 PCR cycles), to intermediate (++;
positive within 8 to 12 cycles), to high (+++; positive within 1 to
7 cycles). (Table S14, Supporting Information)

Validation of Sensors in Clinical Samples: Clinical samples (43)
of patients from Hospital Universitari i Politècnic La Fe, were col-
lected in PreservCyt medium containing 14 different types of hr-
HPV. The validation assay was like above-described sensing as-
say. Control sensors (20) were soaked in TRIS buffer and after ini-
tial fluorescence measurements, 100 μL of PreservCyt medium
was added. At the same time 43 sensors were soaked in TRIS
buffer and after initial fluorescence measurements, 100 μL of

each sample was added. Mixtures were shaken at 25 °C using
a thermoshaker at 700 rpm. Aliquots (200 μL) were taken at 15
min for fluorescence measurements in the same wells than ini-
tial one. The assay was carried out for validation of the nine dif-
ferent sensors.

Ethical Committee: Informed written consent was obtained
from all subjects included in this work, and the study was ap-
proved by the Medicaments Research Ethics Committee – CEIm
of Polytechnic and University Hospital La Fe (2018/0187).

Statistical Analysis: Statistical analysis was carried out using
Origin 9 and GraphPad Prism 8 softwares. Results were consid-
ered statistically significant when P-value was <0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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