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ABSTRACT: Bacterial vaginosis (BV) affects reproductive-age women and can lead to
pelvic inflammatory disease, postpartum endometritis, and preterm labor/delivery and
predisposes the infection of sexually transmitted diseases. Typically, BV diagnosis involves
the analysis of vaginal swab samples via microscopy operated by highly skilled personnel.
Hence, novel approaches for BV diagnosis are an existing need. In response, the first
immunosensing platform targeting sialidase, a BV biomarker, is reported. The
nanophotonic operational principle of this biosensing platform allows for a cheaper,
faster, and simpler analysis when compared with an indirect enzyme-linked
immunosorbent assay (ELISA). The clinical evaluation of such a nanotechnology is
highlighted, where 162 vaginal swab samples were analyzed with high sensitivity and
specificity (96.29%, respectively). The resulting nanoimmunosensing platform offers a
resourceful approach to perform a timely BV diagnosis.
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■ INTRODUCTION

Bacterial vaginosis (BV) is an infectious disease that involves
the alteration of healthy vaginal microbiota by anaerobic
bacteria colonizing the vagina. BV mainly affects reproductive-
age women, and its global prevalence has been estimated to
account from 20 to 30%, even reaching around 50−60% in
high risk population groups, such as sex workers.1 Nearly 50%
of BV cases are asymptomatic;2 however, some symptoms
include moderate white-grayish vaginal secretion after sexual
intercourse, fish-like smelling vaginal discharge (generated by
cadaverine, putrescine, and trimethylamine production), and
the less common dysuria and dyspareunia.3 The lack of
symptoms could be related to a chronic disease, which is
associated with the development of pelvic inflammatory
disease, preterm premature rupture, low weight in the
newborn, miscarriage, and amniotic fluid infection that can
persist (even after birth) and lead to the death of the
newborn.4 Besides, BV predisposes the infection of sexually
transmitted diseases caused by Clamidya trachomatis, Neisseria
gonorrhea, Mycoplasma genilium, Trichomonas vaginalis,5,6

human papillomavirus,7 and human immunodeficiency virus.8

Typically, the clinical diagnosis of BV is based on the
evaluation of the following Amsel criteria: white or grayish
vaginal discharge, vaginal pH > 3.5, amine production, and the
presence of “clue cells”. The appearance of at least three of
these parameters is considered indicative of BV infection.9

Moreover, the Nugent score is based on the classification of

bacterial morphotypes in normal microbiota (score of 0−3),
mixed (score 4−6), and bacterial vaginosis (score 7−10).10
Consequently, both methods depend on observations
performed by highly skilled personnel, even trained during
several years.11

Several microbiological agents provoke the development of
BV, including Prevotella, Bacteroides, Mobiluncus, and Gardner-
ella.12 However, all of them produce hydrolytic enzymes such
as sialidase (SLD). The main function of SLD is the removal of
sialic acid in cervico-vaginal mucus, and its degradation in
sialoglycans is then employed as a nutrient source for bacterial
growth.13,14 Besides, the enzymatic activity of SLD is crucial
during the colonization and establishment of BV infection, and
it is related to the host immune response evasion and clinical
outcomes of BV in pregnant women.15,16 This close relation-
ship between SLD production and BV development suggests
the potential role of SLD as a biomarker of BV infection.17

In spite of the potential clinical value of SLD as a biomarker
of BV, analytical platforms targeting SLD have been scarcely
developed. One of the most common techniques for the
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detection of SLD in vaginal swab samples was proposed by
Cauci et al.18 This technique is based on the enzymatic
hydrolysis of methoxyphenyl acetyl muramic acid via SLD,
thereby promoting the formation of methoxyphenol, which is
then measured. Generally, in this technique, methoxyphenol
concentrations greater than 5.1 nM are considered as BV
positive.19 To the best of our knowledge, only one
commercially available test targeting SLD exists, which is
called OSOM BVBLUE (Sekisui Diagnostics, Burlington,
MA). However, this test offers a multistep qualitative
colorimetric result for the determination of SLD, which
eventually leads to different levels of specificity and
sensitivity.20−24

In this context, our research team recently developed a novel
monoclonal antibody (mAb) against SLD, which has been
validated via several immunological methods and demon-
strated to recognize SLD with high specificity.25 Taking
advantage of this mAb, we designed a single-step quantitative
biosensing system for targeting SLD. This biosensing concept
has been recently reported to be technically sound as a virtually
universal wash-free and single-step immunosensing plat-
form.26,27 Particularly, this biosensing system targeting SLD
relies on mAb-decorated quantum dots (mAb-QDs) and
graphene oxide-coated microwells. The nanoconjugates (mAb-
QDs) operate as a fluorescent probe interrogating the presence
of SLD, where those nanoconjugates capturing SLD via
immunoreactions will offer a strong fluorescence and those
nanoconjugates that did not capture SLD will be quenched by
the graphene oxide-coated microwells via nonradiative energy
transfer. Herein, we report on the performance of our
biosensing platform for the detection of SLD (nanoBV) in
vaginal swab samples as a potential tool for BV diagnosis. The
overall approach is depicted in Figure 1. The straightforward
operational principle of nanoBV is depicted in Figure 1B.

■ RESULTS AND DISCUSSION
Optimization of the SLD Immunosensing Platform.

The analytical sensitivity of our immunosensing platform can
be optimized using different concentrations of both GO and
the nanoconjugate.26 In view hereof, we first assessed the
analytical performance of nanoBV by preparing GO-coated
microwells using a constant concentration of 1200 μg mL−1

and different concentrations of the nanoconjugate in terms of
mAb load, i.e., final QDs concentration of 0.20 nM combined
with several final concentrations of mAb, including 0.375,
0.750, and 1.125 μg mL−1 (this QD concentration was
systematically selected on the basis of previous experiments
dealing with the capabilities of GO-coated microwells to
quench different concentrations of QDs).26,27 Different
concentrations of SLD from 31.25 to 2000 ng mL−1 and
blank samples were assayed following the experimental
procedures. As mentioned in the Experimental Section,
fluorescence quenching was quantitatively assessed using the
(If/I0) ratio given by the corresponding fluorescence at time f
(If) divided by the respective fluorescence at time 0 (I0).
Among these conditions, the nanoconjugate incorporating the
mAb concentration of 0.375 μg mL−1 was observed to display
the expected SLD-dependent concentration analytical behavior
(see Figure S1 included in the Supporting Information (SI)).
We then explored the analytical performance of nanoBV using
GO-coated microwells fabricated at several GO concentrations
(1200, 1300, and 1400 μg mL−1) and the previously selected
concentration of the nanoconjugate (final mAb concentration

at 0.375 μg mL−1, and final QDs concentration at 0.20 nM).
Figure S2 (SI) shows the results of this series of experiments.
Calibration plots were performed with the If/I0 ratios resulting
at 120 min of the assay, where the highest determination
coefficient (R2 = 0.994) was observed at this point with those
GO-coated microwells fabricated with GO at 1400 μg mL−1

(see Figures S3 and S4 and Table S1, detailed in the SI).
Hence, the immunosensing platform operating with this
specific configuration was chosen as optimal, that is GO-
coated microwells fabricated with [GO] at 1400 μg mL−1, as
well as the nanoconjugate configured with a final [mAb] at
0.375 μg mL−1 and a final [QDs] at 0.20 nM.
Considering the aforementioned optimization, we further

investigated the analytical behavior of nanoBV in a different
dynamic range, that is from 1.56 to 100 ng mL−1. As shown in
Figure S5 (see the SI), we performed calibration plots, with
data resulting at 5, 30, 60, 90, and 120 min of the assay. We
assessed the corresponding calibration plots in terms of R2,
limit of detection (LOD), and coefficient of variation (CV)
(see Tables S2 and S3, SI). Thereby, nanoBV was observed to
achieve the lowest LOD at 120 min (see Table S2 and Figure
S4), with CVs from 0.14 to 2.19% (see Table S3, assay number
1). This LOD accounted for ca. 0.012 ng mL−1. The optimized
analytical performance of nanoBV is shown in Figure 2.
We also compared the optimized LOD of nanoBV with that

of an indirect enzyme-linked immunosorbent assay (ELISA)
previously reported by our team,25 whose limit of detection
accounted for 0.031 ng mL−1 (see Figure S6, SI); hence,
nanoBV was observed to be 2.5-fold more sensitive than the

Figure 1. Schematic representation of the overall approach. (A)
Sample collection, storage, and preparation. The sample is collected
from the vaginal sac fundus with a sterile swap and placed in sodium
chloride saline solution to be stored. The sample is then centrifuged
to remove cellular waste, and the supernatant is aspirated to be
analyzed. (B) Biosensing platform targeting SLD (nanoBV). The
clinical sample is diluted (1:4) and mixed with the nanoconjugate
(mAb-QDs) in a GO-coated microwell. Typically, negative samples
(BV−) exhibit quenched nanoconjugates via nonradiative energy
transfer due to the affinity between mAb-QDs and the GO-coated
microwell. Generally, positive samples (BV+) exhibit a strong
fluorescence, which can be quantified. This occurs because of the
complex SLD/mAb-QDs has no affinity with the GO-coated
microwell.
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indirect ELISA in terms of limit of detection. The overall cost
of both detection platforms targeting SLD was also compared.
The indirect ELISA test had an estimated cost of 0.107 USD,
whereas nanoBV had an estimated cost of 0.086 USD (see
Table S4, SI); thus, nanoBV was ca. 20% cheaper than the
indirect ELISAat laboratory scale. Furthermore, the indirect
ELISA requires more than 6 h to get a final result, whereas
nanoBV needs around 2 h and its results can be monitored in
real-time (see Table S5, SI). Consequently, nanoBV exhibited
not only advantages in terms of cost but also in terms of
technical and analytical features when compared with an
indirect ELISA.
Clinical Evaluation of nanoBV. Prompted by the

aforementioned advantageous scenario, following the proce-

dures detailed in the Experimental Section, we performed the
analysis of 162 samples of vaginal swabs previously determined
as BV positive or normal microbiota (NM) via the Amsel
criteria, respectively.9 Fifty-four samples were found to be BV
positive, whereas 108 samples exhibited NM. The correspond-
ing SLD content was estimated by performing seven assays
across different days (in different microwell plates). To this
end, each assay/microwell plate got an associated calibration
plot (see Figures S7 and S8, SI). We also assessed both the
intra-assay precision and the inter-assay precision of nanoBV in
terms of CV. Within these seven assays, nanoBV displayed
intra-assay CVs from 0.14 to 3.53% (see Table S3, SI);
whereas the inter-assay CVs ranged from 5.82 to 7.94% (see
Table S6, SI). Hence, the evaluated precision resulted to be
acceptable for immunosensing.28 Moreover, Table S7 displays
the LOD resulting in each assay.
Figure S9 (SI) displays the fluorescence quenching kinetics

resulting from each vaginal swab sample analyzed in this
research. The SLD content of the analyzed samples was
quantified by interpolating the corresponding If/I0 values
obtained at 120 min of the assay into the respective calibration
plot. Typically, a reference range of normal levels measured by
a diagnostic tool covers four standard deviations accordingly,
and provided results are normally distributed.29 Since the SLD
levels resulting from the explored NM group have no normal
distribution (see Figure S10, SI), we proposed the respective
mean plus 2 times the corresponding 95% confidence interval
as a threshold to discriminate between BV positive cases and
BV negative cases. The resulting threshold is ca. 25.194 ng
mL−1. Thereby, using this threshold, we estimated the clinical
sensitivity and specificity of nanoBV. Given the limits of the
explored dynamic range (see Figure S4C, SI), interpolated
values exceeding 2000 ng mL−1 were classified as ≥2000 ng
mL−1 in the corresponding analysis (see Figures S7, S8, and
S10, SI). Figure S10 (SI) summarizes the SLD content of all
the samples analyzed via nanoBV, where two samples
previously classified as BV positive by Amsel criteria appear
below the recommended threshold (that is, two false
negatives), whereas four samples previously classified as NM
by Amsel criteria appear above the suggested threshold (that is,
four false positives). This leads to a clinical sensitivity of
96.29% and a clinical specificity of 96.29%, which is also
depicted by the corresponding receiver operating characteristic
(ROC) curve in Figure 3C. Besides, the positive predictive
value accounted for 92.86% and the negative predictive value
was 98.11%.
According to nanoBV results, ca. 14% of the samples

classified as NM by Amsel criteria displayed nondetectable
SLD levels and ca. 81% of the same group of samples had SLD
levels from 0.012 to 12.99 ng mL−1 (see Figure 3A). In
contrast, nearly 56% of the samples classified as BV positive via
Amsel criteria exhibited a SLD level ≥2000 ng mL−1 and ca.
17% of BV positive samples accounted from 400 to 800 ng
mL−1 in terms of SLD levels (see Figure 3B). These findings
are expected to be further investigated to offer useful
information on the evaluation of the other risks interrelated
with BV, the development of BV, and the patient status. To the
best of our knowledge, nanoBV is the first immunosensing
technology reporting SLD levels in vaginal swab samples.
Existing quantitative approaches targeting SLD are based on
the catalytic activity of this enzyme,17,23 which can be affected
by variation in temperature/pH or any process leading to
denaturation upon sample collection.30 Conversely, nanoBV

Figure 2. Analytical performance of the optimized SLD nano-
immunosensing system. (A) Kinetics of the fluorescence quenching
corresponding to different concentrations of SLD. (B) Performance of
nanoBV at specific times. (C) Calibration plot resulting at 120 min of
the assay. The error bars represent the standard deviation of three
parallel experiments.
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does not measure the catalytic activity of SLD but the enzyme
directly, even in denatured conditionsprovided the corre-
sponding binding sites can still be recognized by the developed
mAb.25 We hypothesize that this is the origin of the SLD levels
reported by nanoBV, which are not in agreement with those
SLD levels resulting from the aforementioned method based
on enzymatic hydrolysis of methoxyphenyl acetyl muramic acid
via SLD,18 since this method generally reports SLD levels
lower than 600 ng mL−1.16,31 Consequently, our research also

opens a debate on the SLD levels found in vaginal swab
samples depending on the employed analytical platform.

■ EXPERIMENTAL SECTION
Materials and Equipment. A synthetic peptide of SLD

was designed by our team and synthesized by Pepmic (Gusu
District, Zushou, China). Full details related on this peptide
were previously reported.25 Dimethyl sulfoxide (DMSO),
biotin N-hydroxysuccinimide ester, Tween 20, phosphate-
buffered saline (PBS), and sodium bicarbonate (NaHCO3)
were acquired from Sigma-Aldrich (St. Louis, MO); BSA
(employed in the inmunobuffer) was purchased from ToCris
Bioscience (Bristol, United Kingdom). The employed
monolayer GO exhibits an average lateral size around 500
nm and a carbon/oxygen ratio around 1 (characterization
provided by the manufacturer, Angstron Materials, Dayton,
OH). CdSe@ZnS quantum dots (QD) (Invitrogen Carlsbad,
CA), with an average size of 14 ± 2 nm and a maximum
emission wavelength at 665 nm, were employed in this
research. Ninety-six-well microplates Costar 3603 were
purchased from Corning Incorporated (Corning, NY).
Fluorescence analysis was performed using a Cytation 5
(Biotek, Winooski, VT). Figure S11 displays a picture of the
employed microwell plates reader.

Sample Collection and Conventional BV Diagnostic.
Vaginal swab samples were collected by “Servicio de
Diagnośtico Integral en la deteccioń Oportuna del Cańcer
Ceŕvico Uterino” at Universidad Autońoma de Guerrero
(Chilpancingo, Guerrero, Mexico). The study included women
aged from 16 to 65 years. All patients signed an informed
consent based on the Helsinki declaration (2013), and the
study was previously approved by the Ethics Committee at
Universidad Autońoma de Guerrero (Guerrero, Mexico).
Samples were collected in Stuart transport medium and saline
solution. The saline samples were then inspected to find “clue
cells”, whereas samples in Stuart medium were used for the
quantification of bacterial morphotypes in Gram staining and
for G. vaginalis culture in Columbia Agar supplemented with
10% of human blood (from a healthy donor with previous
consent) and a SR119RE selective supplement (OXOID;
Thermo Fisher Scientific Cat# 1441974). A collection of 162
samples of vaginal swabs was included in this research. The
samples were classified as BV positive (BV+) or normal
microbiota (NM), respectively, according to the aforemen-
tioned Amsel criteria.9 Fifty-four samples were found to be BV
positive, whereas 108 samples exhibited NM.

mAb Production and Validation. Full details on the
production and validation of mAb were recently reported by
our research team.25

Enzyme-Linked Immunosorbent Assay (ELISA) Tar-
geting SLD. mAb-based indirect ELISA targeting SLD was
performed following recently reported procedures.25

Biotinylation of mAb. The mAb concentration was
adjusted to 1 mg mL−1 and dialyzed overnight in carbonate
buffer 0.1 M pH 9.6. We then prepared a solution containing 2
mg of biotin N-hydroxysuccinimide ester (Sigma-Aldrich Cat#
H1759) and 1 mL of DMSO (dimethyl sulfoxide) and added
200 μL to the antibody solution. The sample was then
incubated during 4 h at room temperature in the dark and
dialyzed overnight in PBS (pH 7. 2) to eliminate non-
conjugated biotin.

Production of Microwells Coated with Graphene
Oxide (GO). In optimized conditions, 100 μL of a suspension

Figure 3. Analysis of SLD levels in 162 clinical samples using nanoBV.
The vaginal swab samples were classified in two groups according to
Amsel criteria: bacterial vaginosis positive (BV+, n = 54 samples) and
normal microbiota (NM, n = 108 samples). (A) Histogram of the
resulting SLD levels in NM samples. (B) Histogram of the resulting
SLD levels in BV+ samples. (C) Corresponding ROC curve depicting
the high sensitivity and specificity of nanoBV. The area under the
curve is 0.99.
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of graphene oxide (1400 μg mL−1) was added to each
microwell to be employed and incubated overnight at 600 rpm
and 23 °C. GO suspension was then aspirated and washed
three times with Milli-Q water to eliminate any excess of GO.
mAb (anti-SLD) Coupling with QDs. Streptavidin-coated

QDs were conjugated with biotinylated mAb in a standard
PBS-Tween buffer containing 1% bovine serum albumin
(immunobuffer). QDs were prepared at a final concentration
of 8 nM (diluted in 200 μL of immunobuffer). mAb was
prepared at a final concentration of 15 μg (diluted in 200 μL of
immunobuffer). Both of them were mixed for 45 min at 600
rpm.
SLD Detection. Typically, the SLD peptide concentration

ranged from 1.56 to 100 ng mL−1. Fifty microliters of each
antigen dilution and 50 μL of the nanoconjugate mAb-QD
(final concentrations of 0.375 μg mL−1 and 0.20 nM mL−1,
respectively) were added in the respective GO-coated
microwell. Blank samples were also analyzed. All the samples
were studied in triplicate. A kinetic analysis of fluorescence
quenching was performed during 120 min. It is worth
mentioning that previous experiments of the overall biosensing
platform suggest that the involved operational mechanism
displays its best performance within 120 min.26,27 Fluorescence
quenching was quantitatively assessed using the (If/I0) ratio
given by the corresponding fluorescence at time f (If) divided
by the respective fluorescence at time 0 (I0). The limit of
detection (LOD) was estimated by interpolating the value of
the blank plus 3 times its standard deviation within the
respective calibration curve.
Clinical Sample Analysis. Vaginal swab samples were

centrifuged and diluted 1:4, and their SLD content was
detected according to the aforementioned procedure. The SLD
concentration levels in real samples were estimated using the
corresponding calibration curve.
Statistical Analysis. The vaginal swab samples were

classified in two groups according to Amsel criteria: bacterial
vaginosis positive (BV, n = 54 samples) and normal microbiota
(NM, n = 108 samples). All the box plots included in the SI
show the median and the extreme values of the respective
distribution. In Figure S10, a χ2 test was used to obtain a p
value accounting for <0.0001. As previously discussed, since
the SLD levels resulting from the explored NM group have no
normal distribution (see Figure S10, SI), we proposed the
respective mean plus 2 times the corresponding 95%
confidence interval as a threshold to discriminate between
BV positive cases and BV negative cases. The clinical sensitivity
was determined by dividing the number of true positives by the
number of true positives plus the number of false negatives.
The clinical specificity was determined by dividing the number
of true negatives by the number of true negatives plus the
number of false positives. A positive predictive value was
determined by dividing the number the number of true
positives by the number of true positives plus the number of
false positives. A negative predictive value was determined by
dividing the number of true negatives by the number of true
negatives plus the number of false negatives.

■ CONCLUSIONS
Taking advantage of a new antibody and a conceptually
innovative immunosensing platform, a novel nanotechnology
targeting SLD was successfully demonstrated by analyzing 162
clinical samples. nanoBV facilitates the simple and cost-
effective detection of SLD when compared with an indirect

ELISA. Using Amsel criteria as a reference for the
determination of BV, which relies on observations performed
by highly trained personnel, SLD content in vaginal swab
samples were detected with high clinical specificity and
sensitivity (96.42%, respectively) via nanoBV. The market
offers qualitative kits for the determination of SLD; however,
as a complementary tool, the quantitative character of nanoBV
is amenable to facilitating suitable triage of patients undergoing
VB, as well as effective therapy monitoring and timely
evaluation of other risks related to BV.
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