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Abstract

Detecting sputum pyocyanin (PYO) with a competitive immunoassay is a promising approach for diagnosing Pseudomonas
aeruginosa respiratory infections. However, it is not possible to perform a negative control to evaluate matrix-effects in
competitive immunoassays, and the highly complex sputum matrix often interferes with target detection. Here, we show that
these issues are alleviated by performing competitive immunoassays with a paper biosensor. The biosensing platform consists
of a paper reservoir, which contains antibody-coated gold nanoparticles, and a substrate containing a competing recognition
element, which is a piece of paper modified with an albumin-antigen conjugate. Detection of PYO with a limit of detection of
4.7-107% uM and a dynamic range between 4.7-10~! uM and 47.6 uM is accomplished by adding the sample to the substrate
with the competing element and pressing the reservoir against it for 5 min. When tested with patient samples, the biosensor
was able to qualitatively differentiate spiked from non-spiked samples, whereas ELISA did not show a clear cut-off between
them. Furthermore, the relative standard deviation was lower when determining sputum with the paper-based biosensor.
These features, along with a mild liquefaction step that circumvents the use of harsh chemicals or instruments, make our
biosensor a good candidate for diagnosing Pseudomonas infections at the bedside through the detection of sputum PYO.
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Introduction

Pseudomonas aeruginosa is a common opportunistic
pathogen in patients who are immunocompromised either
due to a medical condition (e.g., malignancy, autoimmune
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rapid detection of P. aeruginosa in respiratory samples at the
bedside so that antibiotic therapies can be fine-tuned accord-
ing to the presence of this multidrug-resistant pathogen.

Pyocyanin (PYO) is a small toxin (%210 Dalton) exclu-
sively produced and secreted by P. aeruginosa [9]. There-
fore, detecting PYO in respiratory samples, within minutes
and at the bedside, could reveal the presence of Pseu-
domonas and help personalize antibiotic options. Recent
works have reported several approaches for detecting PYO,
including electrochemical sensors based on paper, gold nan-
oparticles (AuNPs), or carbon quantum dots [10-14], ELISA
[15, 16], surface-enhanced Raman spectroscopy (SERS)
[17-19], and heat-transfer methods [20]. Some approaches
used antibodies for the specific recognition of PYO, whereas
others relied on the electrochemical properties or spectral
fingerprint of the molecule to detect it. Among these, anti-
body-based methods stand out for their high specificity,
which is important when analyzing complex samples such as
respiratory specimens. Indeed, detecting PYO in respiratory
samples such as sputum and bronchial aspirate is challenging
due to the sample matrix, which is made of highly cross-
linked mucins with a heterogeneous and highly viscous, even
semi-solid consistency [21]. This generates interferences or
matrix effects that increase the intra- and inter-sample vari-
ability unless samples are properly processed. Furthermore,
the detection of PYO in respiratory samples requires using
a competitive immunoassay format because the molecule
has a single epitope. This means that it is not possible to
perform a negative control in order to evaluate and subtract
matrix effects.
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Fig.1 Schematic representation of the paper-based competitive
immunoassay for detecting sputum pyocyanin. The biosensor consists
of a paper strip with immobilized PC1-BSA (/-hydroxyphenazine
conjugated to bovine serum albumin) as the competing recognition
element (detection platform) and a paper-based reservoir of Ab-
AuNPs. PC1 is the main metabolite of PYO synthesis pathway and
can be recognized by the antibody. After an enzymatic liquefaction,
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In this article, we introduce a paper biosensor for detect-
ing sputum PYO within minutes and at the bedside that also
reduces matrix effects hindering the detection of this mol-
ecule with traditional competitive ELISA (Fig. 1). To detect
PYO, the sputum sample is first liquefied using an enzy-
matic method [22-24]. Previous approaches relied on using
lengthy procedures involving organic solvents or strong
acids and bases for PYO extraction that are difficult to imple-
ment at the bedside [15, 17]. By contrast, the enzymatic
method only requires adding hydrogen peroxide for 1 min
to mechanically disrupt the sample through the production
of bubbles, in one step and without using instrumentation
[22]. The biosensor consists of a paper substrate containing
a competing recognition element, which has been modi-
fied with an albumin-antigen conjugate (PC1-BSA), and a
reservoir, which contains 20 nm gold nanoparticles modi-
fied with anti-PYO mAb (mAb122) (Ab-AulNPs in Fig. 1).
In competitive formats, 20 nm AuNPs are preferred over
larger particles because the latter are coated with a larger
number of antibodies, which may bind to many free PYO
molecules and decrease the efficiency of the competition
with paper-bound antigens. To detect PYO, the liquefied
sample is added to the detection platform (a piece of paper
containing the competing element PC1-BSA in Fig. 1) and
subsequently the reservoir is pressed against it so that Ab-
AuNPs are transferred. During this 5-min-incubation step,
the Ab-AuNPs may simultaneously interact with the PYO
released from the sample matrix and with the paper-bound
PCI-BSA (competition step in Fig. 1). After washing, a
colored spot remains on the paper whose pixel intensity is
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the sample is added to the detection platform and then the reservoir
of Ab-AuNPs is pressed against it for 5 min. During this step, the
Ab-AuNPs are transferred from the reservoir and interact at the same
time with the free PYO from the sample as well as with the paper-
bound PC1-BSA (competition step). After washing, a colored spot
remains on the paper whose intensity is inversely proportional to the
concentration of PYO (colorimetric signal)
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inversely proportional to the concentration of PYO in the
sample (colorimetric signal in Fig. 1). It will be shown
that it is possible to detect PYO in sputum samples within
6 min using this approach, whereas the detection with the
gold standard competitive ELISA required 2 h and could
not clearly identify PYO in all the specimens due to matrix
effects. Supplementary Table S1 shows detailed comparison
between this work and other reported methods for the rapid
detection of Pseudomonas infections. Our results pave the
way for detecting respiratory infections caused by P. aerugi-
nosa with paper biosensors rapidly and at any point of health
care, which is important for providing life-saving antibiotics
in a timely manner.

Experimental section
Materials

Materials include the following: Whatman filter paper grade
#41 and grade #1 (GE Healthcare Life Sciences), gold (III)
chloride hydrate (99.9%, Sigma-Aldrich), sodium citrate
tribasic dihydrate (99%, Sigma-Aldrich), 30% poly(sodium
4-styrenesulfonate) solution (PSS, Sigma-Aldrich), bovine
serum albumin (BSA >98%, VWR Chemicals), sucrose
(99.5%, Sigma-Aldrich), Tween 20 (Sigma-Aldrich), 6-[Flu-
orescein-5(6)-carboxamido] hexanoic acid N-hydroxysuc-
cinimide ester (NHS-FL 75%, Sigma-Aldrich), pyocyanin
(98%, Sigma-Aldrich), high affinity mouse monoclonal IgG
antibodies anti-pyocyanin (mAb122) produced in-house
[16], PC1-BSA bioconjugate (produced in-house, hapten
density = 10), goat anti-mouse-IgG/HRP (Dako Agilent),
sodium bicarbonate (99.7%, Sigma-Aldrich), sodium car-
bonate (=97%, VWR Chemicals), 30% hydrogen peroxide
solution (Sigma-Aldrich), 3,3',5,5'-tetramethylbenzidine
(TMB, 99%, Thermo Fisher), sulfuric acid (95%, VWR
Chemicals), Bradford reagent (VWR Chemicals), PD-10
Desalting Column (GE Healthcare), 96-well maxisorp
ELISA microplates (Thermo Scientific). PBS refers to phos-
phate buffered saline (pH 7.4), PBST refers to PBS with
0.1% Tween 20, and PBS-BSA refers to PBS containing
5 mg-mL~! BSA).

AuNPs modification with mAbs against pyocyanin

Twenty-nanometer AuNPs were synthesized using the
Turkevich method [25]. In brief, 4 mM trisodium citrate
was added to a boiling aqueous solution of 0.25 mM gold
chloride for 15 min while vigorously stirring (final volume
250 mL). The resulting AuNPs were let to cool down at
room temperature. The size and shape of freshly synthesized
AuNPs were evaluated by TEM analysis using Talos TEM
microscope operating at 80 kv. AuNPs were subsequently

modified with specific mouse monoclonal IgG antibodies
that recognize specifically PYO (mAb122). These high affin-
ity antibodies have been raised using hapten PC1 (a 1:1 mix-
ture of 9-hydroxy- and 6-hydroxy-phenazine-2-carobxylic
acids), designed to recognize 1-hydroxyphenazine (PC1),
which is the main metabolite of PYO synthesis pathway. We
have previously demonstrated that the antibody can detect
both PC1 and PYO [16].

We followed a physical adsorption protocol adapted from
the literature in order to decorate AuNPs with mAb122 [26].
Briefly, 100 uL mAbs solution (156 ug-mL~!, in distilled
water) was added to 1 mL AuNPs (previously adjusted at
As,,=0.6) and incubated for 20 min under vigorous stir-
ring. Then, Ab-AuNPs were blocked by adding 100 pL
BSA solution (10 mg-mL_1 in distilled water), under stir-
ring for 20 min. Finally, the blocked Ab-AuNPs were cen-
trifuged at 7500 r.p.m. for 12 min and the pellet was resus-
pended with 25 pL sucrose-BSA solution (50 mg-mL~! and
1 mg-mL", respectively, in distilled water). The final colloid
was stored at 4 °C until use. Nanoparticle size was studied
using nanoparticle tracking analysis (NTA) performed with a
NanoSight NS 300 instrument. Measurements of  potential
were made with a Malvern Zetasizer Nano-ZS90.

Pyocyanin paper biosensor manufacturing

Paper biosensors were made of Whatman #41 paper sheets
cut into 2 X 8 cm strips. The strips were subdivided into four
2x?2 cm squares and folded like an accordion as shown in
Fig. 1B. Then, the area containing the competing recognition
element (the first square of the paper strip) was coated with
10 uL. PC1-BSA bioconjugate solution (at 1.52 uM PC1) as
competitive antigen. PC1-BSA was synthesized as previ-
ously described [15].

Ab-AuNPs reservoirs were made of filter paper sheets
infused with polystyrene sulfonate (PSS) following our
already published method [27]. Briefly, Whatman filter
paper #1 was cut into 7x 7 cm? squares. Then, 3 mL 18%
PSS was added to a 9x 9 cm? square glass recipient and the
piece of paper was placed above the polymer solution. Next,
the recipient was incubated at 37 °C for 30 min. Finally,
reservoirs containing Ab-AuNPs were made by cutting the
resulting PSS-infused paper into 0.5 0.5 cm? squares, add-
ing 0.5 pL Ab-AuNPs and letting it dry at room temperature
(RT) for 10 min.

Fluorescent labeling of BSA and imaging

BSA was labeled with amine-reactive fluorescein (NHS-FL)
as follows. A total of 1 mg-mL~' NHS-FL was added to
10 mg-mL~! BSA in PBS for 30 min at RT. Then, the fluores-
cein labeled BSA (BSA-FL) was separated from unreacted
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NHS-FL using a PD-10 Desalting Column. Consequently,
we spotted 10 uL BSA-FL (350 ug-mL~') on Whatman #41
paper substrates and left them to dry at RT for 15 min. Next,
the fluorescence was measured with a Typhoon FLA 9500
laser scanner (General Electric) by using the blue LD laser
(473 nm) in the instrument. Then, we simulated the sample
addition step during the competitive assay by rehydrating
paper substrates with 0.5-mL distilled water. Finally, paper
substrates were left to dry and scanned again. The fluores-
cent signal S was measured by densitometric analysis of the
obtained images as described below.

Pyocyanin detection by a paper-based direct
competitive assay

Detection of PYO with the proposed biosensor proceeded
as follows: First, 0.5 mL of PYO standard solutions (0,
4.76-1073, 4.76:1072, 4.76-107!, 4.76, 47.6 uM, in PBS-
BSA) or liquefied sputum samples was added to the area
containing the competing recognition element of the folded
biosensor (competing element PC1-BSA in Fig. 1). Immedi-
ately afterwards, Ab-AuNPs were transferred by pressing the
reservoir against the paper biosensor for 5 min with a clamp.
During this step, free PYO from the sample and paper-bound
PC1-BSA bioconjugate compete to bind to Ab-AuNPs (com-
petition step in Fig. 1). Finally, the reservoir was peeled
off and the biosensor was washed with a total volume of
1 mL PBST dispensed in 6 sequential additions. The sig-
nals yielded by the biosensor were inversely proportional
to the concentration of PYO within the sample. Paper sub-
strates were scanned with an MFC-1910W scanner-printer
(Brother), and the colorimetric signal S was measured within
the obtained images by densitometric analysis as described
below.

Densitometry analysis

The fluorescent signals from BSA-F experiments and the
colorimetric signals from PYO biosensor assays were con-
verted to images as described above and measured by den-
sitometry. Briefly, the pixel intensity (PI) in the grayscale
channel of the signals was obtained by using the histogram
function of the ImageJ software after selecting the region
of interest (ROI). In grayscale, pure black and white colors
yield PI values of 0 and 255, respectively. The signals S
were obtained after subtracting the obtained PI value from
the background, which yielded inverted signals compared
to the raw data.

Pyocyanin indirect competitive ELISA

The calibration plot for the detection of PYO with the stand-
ard indirect competitive ELISA method was performed as
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previously described [16]. Briefly, the 96-well ELISA plate
was coated with 100 pL PC1-BSA bioconjugate (at 0.03 uM
PC1) in coating buffer (0.05 M carbonate buffer, pH 9.6)
overnight at 4 °C. Next, wells were washed 4 times with
0.05% PBST. Then, 50 uL of different PYO serial concen-
trations (0, 1.6-107%, 1.6-1073, 5.0-1073, 2.0-1072, 4.0-1072,
2.0:107!, and 1.0 uM in PBST) was added by triplicate to
coated wells, and immediately afterwards, 50 pL. mouse anti-
PYO (mAb122) at 0.05 ug-mL~! was added. After 30 min
incubation at RT with gently shaking, wells were washed
4 times with 0.05% PBST and 100 pL anti-mouse-IgG/
HRP at 0.5 ug-mL~! was added for 30 min at RT without
shaking. Then, wells were washed 4 times with PBST and
100 pL substrate solution (0.04 M sodium citrate buffer pH
5.54+0.4 mM TMB + 1.2 mM H,0,) was added for 15 min
at RT. Finally, the reaction was stopped by adding 50 pL 4
N sulfuric acid and the absorbance at 450 nm was measured
using a PowerWave HT microplate reader (Biotek).

Sputum samples

Sputum samples were collected by the Department of
Microbiology at Son Espases University Hospital (Balearic
Islands). Quantitative culture test for bacterial pathogens
was carried out by plate counting of bacterial colonies after
seeding serial dilutions of sputum. Sputum samples contain-
ing a mixed flora or bacterial pathogens causing infection
(bacterial load > 10° colony-forming units) different from
P. aeruginosa were selected. Results of the bacterial culture
test from samples included in this study can be found in
supplementary Table S2. Raw sputum samples were kept
at—20 °C until used.

Prior to analysis, sputum samples were enzymatically lig-
uefied as previously described [22]. Briefly, samples were
thawed and 50-100 mg was weighed in a conical 15-mL
polypropylene tube. Then, 0.3 M H,0, in PBS was added at
a 20:1 constant ratio (v/w) for 1 min at RT, which liquefies
samples due to the oxygen bubbles generated by endogenous
catalase in sputum.

Matrix-effect studies

Interferences produced by sputum matrices were studied for
both competitive assays (ELISA and the proposed paper-
based biosensor). For this purpose, after liquefying sputum
samples, we performed 1:20 and 1:50 dilutions in PBS-BSA
for the biosensor or PBST for ELISA (hereinafter referred
to as PBS) and, subsequently, non-diluted and diluted sam-
ples were spiked with a constant PYO concentration within
the linear range of detection for each method (2.4-1072 uM
for the ELISA and 2.4 uM for the biosensor). Then, PYO
detection was conducted by following the protocols detailed
above. Non-spiked samples were analyzed in parallel as
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controls. Percentage of matrix effect was calculated as fol-
lows: matrix effect (%) = [(Spgs — Ssputum)/Spps] X 100, where
Spgs are the blank A,5, or S colorimetric signals produced
in ideal conditions (with no matrix), and S, are signals
obtained when measuring non-spiked sputum samples. The
accuracy of detection of spiked PYO in sputum samples was
calculated as the relative error of the signal decrease due to
PYO spiked into sputum with respect to that in PBS. Thus,
considering the relative error as the quotient of the abso-
lute error and the experimental value and being the absolute
error the difference between the expected and the experi-
mental value, then the relative error (%) = [(Apgs — Agpyum)/
Apgg] X 100, where Apgg is the maximal signal decrease due
to PYO spike in PBS (with no matrix) with respect to those
without PYO, and A, is the signal decrease due to PYO
spike in sputum with respect to the non-spiked sample.

Results and discussion

Figure 2 shows experiments performed in order to charac-
terize the different elements of the biosensor. Figure 2A
shows characterization experiments for AuNPs performed
at each step of the modification protocol with anti-PYO. In
this Figure, TEM imaging of freshly synthesized AuNPs
demonstrates a well-defined spherical shape (Fig. 2A,
inset). The mean diameter of AuNPs calculated from TEM
images was 21.2 + 2.7 nm (supplementary Table S3). The

LSPR in Fig. 2A shifts from 522 to 530 nm, the {-potential
increases (from —47.2 to—38.0 mV), and the hydrodynamic
diameter increases from 42.1 to 55.6 nm after adding anti-
PYO, which demonstrates that the antibodies are becoming
attached to the surface of the colloids (Fig. 2A). Subsequent
steps of nanoprobe manufacturing (blocking and stabiliza-
tion) did not change these parameters significantly, which
suggests that antibodies are not detaching from the surface
(Fig. 2A). Next, we studied whether PC1-BSA was attached
to the paper matrix through the proposed spotting and drying
procedure. Figure 2B shows fluorescence images obtained
with a surrogate fluorescein-BSA conjugate, which show
that 60% of the conjugate remains attached to the paper
after rehydrating. Immunodetection experiments were then
designed to demonstrate that the albumin in the conjugate
is responsible for the binding to the paper. In Fig. 2C, when
Ab-NPs are released from the reservoir and the paper sub-
strate is modified with PC1-BSA, the nanoprobes yield a
dose-dependent signal when the concentration of AuNPs
in the reservoirs is 14.4 nM (Figure S1 shows the experi-
ments performed for optimizing the Ab-AuNPs concentra-
tion). However, the same experiments performed with paper
substrates modified with unconjugated PYO yielded lower
signals that rapidly plateaued. These experiments confirm
that albumin-antigen conjugates are bound to the paper,
and that they yield higher immunorecognition signals com-
pared to the direct physisorption of PYO, which justifies
their integration as a competing recognition element in the
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Fig.2 Biosensor characterization. A Vis—NIR spectroscopy of gold
nanoparticles (AuNPs), hydrodynamic particle diameter determined
by nanoparticle tracking analysis (size data in Inset) and C-potential
measurements (bars in Inset) after the synthesis (I, black) and after
each step of the functionalization protocol; addition of antibodies (II,
red), stabilization with BSA (III, blue), and addition of sucrose (IV,
green). Error bars are the standard deviation (SD) of 3 consecutive
measurements. The inset picture in (A) represents a TEM image of
freshly synthesized AuNPs. B Fluorescence images before and after
rehydrating filter paper modified with fluorescein-BSA; Bars represent

the percentage of fluorescence retained on the paper substrates (%AS
=[(Spefore — Safter) Sbefore] X 100). Error bars are the SD of 3 independ-
ent measurements. C Colorimetric S signal produced by Ab-AuNPs
during the direct detection of unconjugated pyocyanin (PYO, red
dots) or BSA-conjugated antigen (PC1-BSA, black dots) physically
adsorbed to paper substrates. Error bars are the SD of 3 independent
measurements. D Colorimetric S signals produced by Ab-AuNPs in a
direct paper-based competitive immunoassay in the absence of PYO
(no competition) and with 47.6 uM PYO in PBS-BSA (PYO competi-
tion). Error bars are the SD of 3 independent measurements
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biosensor. Then, we demonstrated that nanoprobes can be
used for detecting PYO in a competitive immunoassay for-
mat. PC1-BSA was added up 1.52 uM PC1 to design the
competitive immunoassay because it yielded the highest
signal in Fig. 2C and therefore would result in the widest
possible dynamic range. In Fig. 2D, it is shown that S signals
produced by the biosensor are the highest in the absence of
PYO as Ab-AuNPs can specifically recognize the immobi-
lized PC1-BSA in the absence of PYO competition. How-
ever, adding PYO drastically decreases S signals (Fig. 2D),
since the interaction of AuNPs with immobilized PC1-BSA
is impeded by competition with the analyte (competition

Table 1 Intra- and inter-assay variability measured as the relative
standard deviation (RSD) of the A;5, and the colorimetric S signals
produced by the competitive ELISA and the proposed paper-based
biosensor in the middle point within the linear range of the PYO cali-
bration plots (X4 in Fig. 3A, B, respectively)

Intra-assay RSD Inter-assay RSD

step in Fig. 1). Finally, in supplementary Figure S2, it is
demonstrated that increasing the AuNPs size destabilizes
the nanoprobes after modification with antibodies, which
makes them less suitable for detecting PYO in the proposed
biosensing platform (Figure S2).

Figure 3 compares three independent calibration plots
obtained with the paper biosensor and a competitive ELISA
performed in microtiter plates. As expected from the com-
petitive immunoassay format, colorimetric S signals yielded
by the biosensor and absorbance values from ELISA
decrease as the concentration of PYO increases. All the cal-
ibration plots obtained with the biosensor exhibit a linear
range covering two orders of magnitude from 4.7-10~! uM to
47.6 uM, with a limit of detection of 4.7-107 uM (Fig. 3A).
Likewise, the calibrations of the gold standard ELISA yield
linear signals in a shorter range between 5.0-10~> uM and
2.0-107! uM, with a lower detection limit of 1.6:107* uM
(calibration plots in Fig. 3B). Table 1 shows that the inter-
and intra-assay variability is comparable between the pro-

Cal 1 Cal 2 Cal 3 posed paper biosensor and the ELISA when analyzing the
ELISA 359 0.5% 399 17.1% S signal and absorbance values yielded by the middle point
BIOSENSOR 3.6% 37% 5.8% 14.5% within the linear range of the PYO calibration plots (X ,iq
in Fig. 3A, B, respectively). Comparing both methods, the
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Fig.3 Performance of the competitive paper-based immunoassay
and ELISA. Three independent linear-logarithmic calibration plots
of A the proposed direct competitive biosensor on paper substrates
and B the indirect competitive ELISA on microwell, for detecting
pyocyanin (PYO) in PBS-BSA and PBST, respectively. PYO con-
centrations range from 4.76-1073 to 47.6 uM in (A) and 1.6-10~* to
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1 uM in (B). Dotted lines represent the limit of detection (LOD = X
plank T 3SDyjani)- Error bars are the standard deviation of 3 independ-
ent experiments. X, ;; labels indicate colorimetric S signals in (A) and
A,s0 measures in (B) used in the analysis of the intra- and inter-assay
variability showed in Table 1
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limit of detection of ELISA is ca. 3 times lower than the one
obtained with the biosensor, even though ELISA requires
2 h to be completed and a fully equipped laboratory whereas
the biosensor detects PYO in 6 min without using any infra-
structure. In any case, the limit of detection of both methods
is much lower than the PYO levels reported in respiratory
samples from patients infected by P. aeruginosa (> 100 uM)
[28]. However, ELISA uses enzymes to amplify signals,
which are labile and less suitable for in-field measurements
than AuNPs. Of note, the biosensor shows a larger dynamic
range. This might be associated to the fact that the 3D cel-
lulose matrix of paper substrates allows them to immobilize
a higher number of PC1-BSA molecules compared to the 2D
surface of microplate wells.

Next, we conducted a set of matrix-effect studies in order
to determine the potential interferences affecting the per-
formance of the competitive immunoassays. For this pur-
pose, in Fig. 4 sputum samples were liquefied, diluted to
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Fig.4 Evaluation of matrix interferences in the competitive ELISA
and the biosensor for detecting sputum PYO. Absorbance at 450 nm
(A4s0) or colorimetric S signal produced by liquefied samples diluted
1:1, to 1:20 or 1:50 with PBST or PBS-BSA, respectively. Dots rep-
resent the average of 3 repeated A,5, or S measures for each sample
without PYO spike (open dots), and the matched samples spiked
with a constant concentration of PYO (full dots). Sputum samples
containing a mixed flora analyzed with ELISA (A); Sputum samples

different extents and spiked with a constant concentration
of PYO. Non-spiked and spiked samples where then meas-
ured with ELISA and the proposed biosensor. Cut-off val-
ues to determine statistical differences between non-spiked
(negative) and spiked (positive) samples were defined as two
standard deviations below the mean value of non-spiked sig-
nals (color dotted lines in Fig. 4). First, we explored the
differences in matrix effects originating from the presence
or absence of a lung infection, since the viscosity of spu-
tum samples and their matrix complexity increases during
infections due to an enrichment in biopolymer content (e.g.,
mucin and DNA), the presence of lung-infiltrating leuko-
cytes, or the higher transudation of proteins from plasma to
lung secretions [29-32]. These experiments were performed
with the gold standard (competitive ELISA on microtiter
plates). In Fig. 4A, non-spiked samples and samples spiked
with 2.4-1072 uM PYO from patients with no infection,
that were classified as “mixed flora” in the Microbiology

I o o WU 259 __S% oo
2.0 4
OO OO
------------ Abs15 r=--=-=-=====-
450nm
1.0
(]
o® ()
L 0.5 - ®
0.0
Dil 1:20 Dil 1:50
2.5 1
2.0 1
o Abs 1.5 - 1)
450nm
A [
e, ---= g ----
«* 0.5 1 P d
0.0
Dil 1:20 Dil 1:50
65 -
___________ 60 + —---qrO--=---
o ° 55 - oo
(00 s [o)
————90.———— 50—"'““; """
[ Y P ’
° 45 - P
40
Dil 1:20 Dil 1:50

from patients with a respiratory infection not caused by P. aerugi-
nosa analyzed with ELISA (B) or with the paper biosensor (C). The
black dotted lines represent the average of 3 replicates produced by
PBST in A and B and PBS-BSA in C (zero with no matrix effects).
The color dotted lines represent the cut-off values to differentiate non-
spiked and spiked samples analyzed with ELISA (red lines) or with
the paper biosensor (blue lines). Cut-off values were calculated as fol-
lows: Cut-off = X 2SD

non-spiked — non-spiked
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Department of Son Espases Hospital, yielded clear differ-
ences when analyzed with traditional ELISA. This allowed
the correct classification of all spiked samples without
infection as true positive tests (full dots in Fig. 4A), that is,
the samples yielded A,s, values clearly below the cut-off
value (red line in Fig. 4A). The best results were obtained
when the samples were diluted 1:20 or 1:50 after liquefac-
tion. However, samples with bacterial respiratory infection
caused by a pathogen other than P. aeruginosa yielded simi-
lar results before and after being spiked, even when the sam-
ples were highly diluted (Fig. 4B). Indeed, when no dilution
was done, 3 infected samples spiked with PYO yielded false
negative results (full dots over the red line in left panel of
Fig. 4B). Of note, the A,5, vastly decreased prior to being
spiked with PYO compared to the ideal experiments without
matrix (black dotted line in Fig. 4B). This indicates that
the matrix is blocking the interaction between the enzyme-
labelled antibodies and the antigen-BSA conjugates bound
to the plate. This agrees with the observation that A5, values
from non-spiked samples when diluted 1:20 and 1:50 get
closer to those measured in ideal experiments without matrix
(black dotted lines in Fig. 4B), since this interfering blocking
effect decreases with matrix dilution. However, 1 infected
sample spiked with PYO continued to produce a false nega-
tive result regardless dilution (full dot over the red line in
middle and right panels in Fig. 4B). These experiments show
that diagnosing P. aeruginosa infections through the detec-
tion of sputum PYO with ELISA may lead to false results
when using the proposed experimental setup, because there
is not clear cut-off value separating spiked from non-spiked
samples. We then checked whether paper biosensors could
improve the detection of sputum PYO with the proposed
sample treatment protocol. In Fig. 4C, undiluted samples
without PYO yielded S signals that are far away from the
value obtained in ideal conditions (i.e., in PBS, dotted black
line). Nevertheless, only 1 spiked sample produced a false
negative result (full dot over the blue line in left panel of
Fig. 4C). As the dilution factor increases, the colorimet-
ric signal S obtained from non-spiked samples gets closer
to the results obtained in ideal experiments without matrix
(black dotted line in Fig. 4C), thus suggesting a decrease in
matrix effects preventing antibody-antigen interactions with
substrate-bound bioconjugates. Furthermore, as the dilution
factor increases, S signals for spiked samples move away the
cut-off value, even though they all have the same final PYO
concentration (2.4 uM). Since experiments with non-spiked
samples show that this is not related to interactions with
substrate-bound bioconjugates, these results indicate that a
higher sample dilution favors interactions with free PYO in
the sample. In other words, diluting the sample to a higher
extend makes it easier for antibodies to interact with PYO
in solution. Indeed, when the liquefied samples are diluted
1:50, there is a clear cut-off between spiked and non-spiked

@ Springer

specimens (dotted blue lines), which proves that paper bio-
sensor can detect sputum PYO under this condition.
Finally, in Fig. 5. we evaluated the influence of sputum
matrix on the reliability of PYO detection. Figure SA shows
the inter-sample variability, evaluated as the relative stand-
ard deviation (RSD) of signals yielded by ELISA and the
biosensor, when the analyte was added at a constant con-
centration. In Fig. 5A, the RSD is less than 5% when PYO
is spiked into PBS (labelled as “No matrix” in Fig. 5A).
However, if PYO is spiked into sputum, the matrix has a det-
rimental impact on its detection, that is, the RSD increases,
when using ELISA even when the sample is highly diluted
(1:1 to1:50, full red bars in Fig. 5A). Indeed, the RSD is
always lower when samples are measured with the paper
biosensor, and mean values remain closer to the ideal situa-
tion for detecting PYO without matrix (blue bars in Fig. 5A).
Next, in Fig. 5B, we evaluated the percentage of matrix
effect, which indicates the % of the colorimetric signal gen-
erated by the matrix and not by the recognition of PYO. In
Fig, 5B, matrix effects are higher when samples are analyzed
with ELISA in all experiments, even after diluting the sam-
ples to a large extent (red bars in Fig. 5B). Conversely, sam-
ples measured with the paper biosensor never exceeded 10%
of matrix effect (blue bars in Fig. 5B). Finally, we sought
to evaluate the accuracy of the proposed biosensor when
tested with sputum samples. Figure SC shows the accuracy
of ELISA and the biosensor, evaluated as the relative error
of the signal decrease due to PYO spike. The best accuracy,
that is, the lowest relative error values, was accomplished
with the proposed biosensor when sputum samples are
diluted 1:50 (blue bars in Fig. 5C). Nevertheless, relative
error values in Fig. 5C are accompanied by large standard
deviation values, which mean that in some cases, the signal
decrease due to PYO spike in samples significantly differs
from the one obtained in PBS. In summary, these experi-
ments demonstrate that the paper biosensor not only reduces
matrix effects but also decreases the inter-sample variability,
which are all relevant parameters for diagnosing infections
using sputum PYO as a biomarker. However, in terms of
accuracy, the biosensor can only yield qualitative results
when analyzing sputum samples from infected patients.

Conclusions

In conclusion, we have introduced a paper-based biosensor
design for the rapid detection of small molecules with com-
petitive immunoassays. It consists of a piece of paper modi-
fied with an albumin-antigen conjugate and a paper-based
reservoir containing antibody-decorated nanoparticles. After
adding a drop of sample and pressing the two elements
together, the antibody-nanoparticles are released from the
reservoir. This generates a dose-dependent signal as the free
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Fig.5 Analytical validation of competitive ELISA and the biosensor
for detecting sputum PYO. A Inter-sample variability measured as the
relative standard deviation (RSD) of A5, and colorimetric S signals
produced by non-spiked (open bars) or spiked (full bars) sputum sam-
ples and diluted to different ratios by using the competitive ELISA
(red bars) or the proposed paper-based biosensor (blue bars). RSD
values of A,s, and colorimetric S signals produced by non-spiked and
spiked PBST (ELISA) or PBS-BSA (biosensor) solutions are referred
as “No matrix” results. B Percentage of matrix effect evaluated in
spiked sputum samples analyzed by the competitive ELISA (red bars)

antigen competes with albumin conjugates for the interac-
tion with antibody-nanoparticles. When applied to the detec-
tion of PYO, the limit of detection was 4.7-1073 uM, with a
dynamic range between 4.7-10~! uM and 47.6 uM. Moreo-
ver, we have demonstrated that the paper biosensor is advan-
tageous for detecting PYO in sputum compared to traditional
ELISA when using the proposed liquefaction method. On
the one hand, there is a clear cut-off value between spiked
and non-spiked samples when analyzing them with paper
biosensor. This means that the paper biosensor is well suited
for detecting PYO in infected sputum samples when the con-
centration of the analyte is higher than 2.4 uM. Although the
detection of PYO in sputum is qualitative (yes/no answer),
this threshold value is well below the reported concentra-
tion in infected respiratory samples (> 100 uM) [28]. There-
fore, in real samples, applying the proposed 1:50 dilution
should enable detecting P. aeruginosa infections. It should
be noted that samples with no infection caused by this patho-
gen should always be negative, as PYO is only produced
by P. aeruginosa cells. Furthermore, when experiments are
performed with a paper biosensor, the RSD and percentage
of matrix effect obtained from measuring samples from dif-
ferent patients are smaller compared to ELISA. This is par-
ticularly relevant for analyzing biomarkers in samples with
high inter-personal matrix variability such as sputum speci-
mens. The assay can be completed within 5 min and does
not require any harsh chemicals or specialized equipment.
Qualitative results could be interpreted by eye with the aid of
a color chart or using a smartphone as a reader [33]. These
features make our paper biosensor promising candidate for

and the proposed paper-biosensor (blue bars). Error bars represent the
standard deviation of the average values calculated from 3 repeated
measures for each sample. C Accuracy of sputum PYO detection by
the competitive ELISA (red bars) and the proposed paper-biosensor
(blue bars), measured as the relative error of the signal decrease due
to PYO spike. Error bars represent the standard deviation of the aver-
age values calculated from 3 repeated measures for each sample. In
(A), (B), and (C) undiluted or diluted sputum samples with an infec-
tion (not caused by P. aeruginosa) and spiked with constant concen-
tration of PYO were used

diagnosing pneumonia caused by P. aeruginosa through the
detection of sputum PYO at the bedside.
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