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ABSTRACT: Respiratory infections caused by multi-drug-resistant Pseudomonas
aeruginosa often yield poor outcomes if not detected right away. However, detecting
this pathogen in respiratory samples with a rapid diagnostic test is challenging because
the protective biofilms created by the pathogen are themselves surrounded by a high-
viscosity sputum matrix. Here, we introduce a method for liquefying respiratory samples
and disrupting bacterial biofilms on the spot within a minute. It relies on the generation
of oxygen bubbles by bacterial catalase through the addition of hydrogen peroxide. When
coupled with a mobile biosensor made of paper, the resulting diagnostic kit was able to
detect P. aeruginosa infections in sputa from patients with excellent sensitivity and
specificity within 8 min. The quick turnaround time along with few infrastructure requirements make this method ideal for the rapid
screening of P. aeruginosa infections at the point of care.
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Unattended infections can progress to systemic inflamma-
tion and multiorgan dysfunction (i.e., sepsis), leading to

a poor prognosis and potential long-term sequelae.1 It is
known that sepsis survival rates decrease when the
antimicrobial treatment is delayed.2 Accordingly, protocols
for sepsis management recommend an empiric antibiotic
regime as soon as possible, and preferably within the first hour
of suspecting sepsis.3 Yet, infections caused by antibiotic-
resistant pathogens still yield poor outcomes even when
antibiotics are administered in a timely manner.4 This is
particularly problematic in the context of sepsis caused by
Pseudomonas aeruginosa infections because many strains are
only treatable with one antibiotic: colistin. Colistin is rather
toxic when administered intravenously and not routinely
recommended within the first empirical antibiotic regime.5 In
this situation, patients can rapidly progress to deadly septic
shock. Pathogen identification through bacteriological culture
takes too long to guide the first antibiotic treatment. Multi-
drug-resistant P. aeruginosa is highly prevalent in hospital-
acquired pneumonia, and pneumonia is the underlying
infection in 45% of sepsis cases in the US and Europe.6

Thus, there is a specific need to develop technologies for the
rapid detection of P. aeruginosa in respiratory samples. Such a
test would alert clinicians to infections by this hazardous
pathogen, thus providing much-needed guidance during the
administration of the first antibiotic regime.
Using a rapid biosensor could tackle this issue by revealing

the presence of P. aeruginosa in respiratory samples at the point
of care.7−13 Paper-based immunosensors would be ideal
candidates for this application since they can be disposed of

by incineration, thus destroying any hazardous respiratory
pathogens. However, detecting P. aeruginosa in respiratory
samples such as sputum and bronchial aspirate with
immunosensors is challenging due to the barriers surrounding
the pathogen. First of all, the sample matrix is made of highly
cross-linked mucins with a highly viscous or even semisolid
consistency.14 Pathogens trapped within this matrix are not
readily available for detection. Second, within this matrix, P.
aeruginosa further encases itself in a biofilm.15,16 Bacteria
trapped within the biofilm are also not detectable. Thus, the
detection of P. aeruginosa in these samples requires the
liquefaction and homogenization of samples as well as the
rupture of bacterial biofilms to avoid false negatives. Current
approaches for processing respiratory samples are cumbersome
and often require infrastructures such as a vortex, an incubator,
or a particle manipulator.17−22 Furthermore, it has not been
proven that these methods disrupt biofilms. A method that
instantly liquefies respiratory samples and also disrupts biofilms
could enable the detection of respiratory pathogens at the
point of care. This would enable a personalized approach for
administering the first antibiotic regime since nosocomial
infections by this pathogen require a different therapeutic
approach than the rest.
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In this paper, we describe a new approach for disrupting P.
aeruginosa biofilms and liquefying sputum samples in one step.
It only requires adding an aqueous solution of hydrogen
peroxide to the sample. Bacterial catalase enzymes generate
oxygen bubbles that break the biofilm and liquefy the sample
matrix within a minute (Figure 1A). No additional
instrumentation or separation steps are required. Catalase
has been previously used as an enzyme label or biorecognition
element in biosensing,23−25 and as a building block for micro/
nanomotors,26−28 biofuel cells,29 and drugs.30 Here, we
introduce a novel use of this enzyme for liquefying respiratory
samples prior to immunodetection. Catalase is produced by P.
aeruginosa, as well as by staphylococci, and Enterobacteriaceae,
which also generate biofilms and are highly prevalent in
patients with hospital-acquired pneumonia.6 It is also present
in other bacterial and fungal species, making this approach
useful for dissolving respiratory samples for a wide array of
pathogens. Once the pathogens have been released from the
matrix and their biofilms, they are available to be detected with
a rapid diagnostic test at the point of care. Here, we
demonstrate this concept using paper immunosensors with a
mobile readout (Figure 1B). In these devices, a drop of
liquefied sample is applied to a paper substrate and dried for 30
s (Figure 1B(i)). This step traps bacterial antigens in the
cellulose matrix. Next, the paper is folded to transfer antibody-
decorated gold nanoparticles from a reservoir to the detection
zone for 5 min (Figure 1B(ii)). The specific recognition of P.
aeruginosa antigens attached to the paper generates a colored
spot (Figure 1B(iii)), which is then quantified with a
smartphone app in a matter of seconds (Figure 1B(iv, v)).31

The whole process, including sample liquefaction and
pathogen detection, can be performed in less than 8 min by
a frontline healthcare worker. This quick turnaround time
makes our detection kit suitable for guiding antibiotic
prescriptions at the point of care, a much-needed development
for improving sepsis management.

■ MATERIALS AND METHODS
Liquefaction of Sputum Samples. Sputum samples were

collected by the Microbiology Unit at Son Espases University

Hospital (Balearic Islands). Quantitative culture for bacterial
pathogens was carried out by plate counting of bacterial colonies
after seeding serial dilutions of sputum previously homogenized with
Sputasol (6.5 mM dithiotreitol). Samples with a bacterial load ≥105
colony-forming units (cfu) were considered respiratory tract
infections. Sputum samples negative for bacterial infection,
determined using Gram’s stain screening test, were included as
controls.

Prior to liquefaction, raw samples containing Pseudomonas
aeruginosa (PA+), Staphylococcus spp., or different species of the
Enterobacteriaceae family (PA−) as infection-causing pathogens or a
mixed flora (MF) were collected and kept at −20 °C until used. After
thawing at room temperature (RT), 10 mg was collected in a 1.5 mL
Eppendorf tube and liquefied by adding 0.3 M H2O2 in PBS at a
constant 20:1 ratio (v/w) for 60 s. To demonstrate that sputum
liquefaction is due to the oxygen bubbles produced by catalase,
enzymes in the PA+ and MF sputum samples were inhibited by
adding 100 μL NaN3 at different concentrations for 2 h at RT. Then,
the solution was carefully removed and 0.3 M H2O2 was added.
Videos and photographs were obtained using a LEICA MC170 HD
digital camera coupled to a ZuZi stereo microscope with transmitted
illumination.

In Vitro Disruption of P. aeruginosa Biofilms. Pseudomonas
aeruginosa (PA) biofilms were obtained by a closed system in 96-well,
round-bottom microtiter plates. Plates were filled with 100 μL sterile
Luria−Bertani (LB) broth culture and inoculated with the PAO1
strain. After 24 h of incubation in a 5% CO2 atmosphere and at 37 °C,
biofilm formation occurred as a ring around the well. To carry out
studies of PA biofilms by confocal laser scanning microscopy
(CLSM), we followed a previously published protocol, with some
modifications.33 Briefly, eight-well microslide ibiTreat chambers
(ibidi) were filled with 300 μL LB, inoculated with the PAO1 strain,
and incubated in a 5% CO2 atmosphere and at 37 °C for 24−48 h in a
closed system.

To study the effect of H2O2 in the biofilm microstructure, the LB
broth culture was carefully removed from plates after biofilm
formation and then the wells were gently rinsed, keeping flocs
untouched, by repeatedly filling and emptying with PBS (final volume
of 100 μL per well). Finally, 50 μL PBS containing increasing
amounts of H2O2 was added and incubated for 5 min. Micrographs
were obtained using a Cell Observer inverted microscope (Carl
Zeiss). Images were obtained in the same coordinate of each
microwell before and after H2O2 treatments using 5× objective lenses
with bright-field illumination. Densitometric analysis was performed
with Photoshop by calculating the pixel intensity (PI) of the whole

Figure 1. Schematic representation of sample liquefaction (A) and P. aeruginosa detection (B) with the proposed method. (A) Bacteria are trapped
in biofilms within respiratory samples (i) and the addition of H2O2 (ii) causes catalase enzymes to generate oxygen bubbles (iii), which liquefy the
sample and destroy biofilms in one step (iv, v). (B) Origami immunosensors consist of a piece of paper folded into four 2 cm × 2 cm squares (i);
the top square contains a nanoparticle reservoir.32 After adding the sample, the immunosensor is folded and the nanoparticles are transferred to the
detection area (ii); after washing away excess reagents, the recognition of bacterial antigens by antibody-decorated gold nanoparticles generates a
colored spot (iii); and the spot is detected and quantified by aligning the paper biosensor with a smartphone app (iv) and pressing a button (v).
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image using the histogram function with the luminosity channel. The
colorimetric signal S was taken as the integer value after subtracting
the background signal. The increase in the colorimetric signal (ΔS)
was obtained by subtracting S measured after H2O2 treatment from S
before H2O2 treatment. To evaluate with higher resolution the effect
of H2O2 on the biofilm architecture, LB broth was carefully removed
from microslides prepared for CLSM studies, and live cells and
extracellular polymeric substances (EPS) were, respectively, stained
with 17 μM SYTO9 (Invitrogen) and 100 μg·mL−1 concanavalin A-
tetramethylrhodamine isothiocyanate (ConA-TRIC, Invitrogen) in
0.1 M sodium bicarbonate (pH 8.3).34 CLSM images were obtained
using an LSM 710 confocal microscope (Carl Zeiss) before and after
H2O2 treatments using 63X oil immersion objective lenses. CLSM
measurements were also made on biofilms grown under Fe starvation
conditions to downmodulate catalase activity35 (following the method
shown in Figures S5 and S6).
Experiments to disrupt biofilms attached to the plates were

performed as follows: first, the plates were decanted to remove all
planktonic cells and flocs. They were then rinsed in three sequential
steps by immersing the plate in sterile PBS, decanting, and tapping
paper towels over them. Next, 175 μL PBS containing increasing
concentrations of H2O2 was added for 60 s. To demonstrate the
release of antigens from the biofilms attached to the plate, the
supernatants after hydrogen peroxide treatment were analyzed with
ELISA as explained in the Supporting Information.
The following experiments were performed to elucidate whether

adding H2O2 for 60 s would kill cells and detach them from the
biofilm. After following the above-mentioned biofilm disruption
protocol, H2O2 was removed by immersing the plates in PBS once.
Next, wells were decanted by inverting the plate and filled with 100
μL PBS. The remaining bacteria that adhered to the inner surface of
the wells were gently detached by bath sonication (two cycles of 30 s
at 160 W with 1 min intervals) and stained with 5 μL of 75 μM P-Io
(propidium iodide, BD Pharmingen) for 15 min at RT. The plates
were then centrifuged at 3000 rpm for 5 min, excess of P-Io was
removed by discarding supernatants, and bacterial pellets were
resuspended with 100 μL PBS. Finally, stained bacteria were pipetted
into a 96-well black plate (Greiner Bio-One) and the P-Io
fluorescence was measured in a Sinergy H1 microplate reader
(Biotek). After autofluorescence subtraction, the percentage increase
of P-Io fluorescence intensity (FI) was expressed as [(FI after H2O2
treatmentFI without H2O2 treatment)/FI without H2O2 treatment]
× 100.
Detection of P. aeruginosa with Origami Immunosensors.

Gold nanoparticles (AuNPs) with a diameter of 40 nm were
synthesized following the Turkevich method as described previ-

ously.32 Trisodium citrate at a final concentration of 0.75 mM was
added to a boiling gold chloride hydrate solution with a concentration
of 0.50 mM for 10 min on a heated plate with vigorous stirring.
Nanoparticle growth was confirmed by the appearance of a dark red-
wine color. When the solution reached RT, the AuNPs were
consecutively pegylated, concentrated, and functionalized with avidin
according to the procedure described previously.32 Antibody-
decorated nanoparticles were obtained by adding 10 μL polyclonal
biotin anti-Pseudomonas aeruginosa developed in rabbit (Invitrogen)
to 100 μL avidin-decorated nanoparticles for 1 h. Free biotin-binding
sites were capped with 0.1 mM biotin−PEG (O−[2-(Biotinyl−
amino)ethyl]−O′−(2-carboxyethyl)−polythylene glycol, Mw: 3.000,
Sigma) for 30 min. Excess reagents were washed away by three
consecutive centrifugation steps at 4 °C and 6000 rpm during 6 min
using PBST as washing buffer. Origami immunosensors were
fabricated as follows: Whatman paper #41 was cut into 2 cm × 8
cm strips, which were folded like an accordion to yield four 2 cm × 2
cm squares as shown in Figure 1B. The top square was modified with
wax. To accomplish this, waxed paper (PME) was cut into 2 cm × 2
cm squares. A 5 mm × 5 mm circle was cut in the center using a hole
puncher. The wax was transferred to the Whatman paper by pressing
with a hot iron, causing the melted wax to penetrate into the paper.
The procedure was repeated on the other side of the paper to
completely seal it. In the circle at the center of the paper that
remained unwaxed, a nanoparticle reservoir was fabricated by adding
3 μL of 30% polystyrene sulfonate (PSS, MW 700.000, Sigma) and
letting it dry at RT.32 Then, 1 μL antibody-decorated nanoparticles
were added and dried at RT.

To detect P. aeruginosa, 10 μL of sample was spotted onto the
receiving paper substrate and dried with a hair drier for 30 s.
Subsequently, the paper biosensors were blocked by adding 1 mL of
PBS−BSA. The paper was immediately folded to transfer antibody
nanoparticles from the reservoir to the detection zone by pressing
with a clamp for 5 min. Next, the reservoir was peeled off and the
receiving paper was washed five times with PBST. Finally, the
colorimetric signal was measured immediately afterward with a
densitometry app as explained below. Bacterial suspensions in PBS
containing P. aeruginosa (PAO1 strain) were used as samples for
calibrating the immunosensors. The suitability of the proposed
method for detecting pathogens in real patient samples was tested
with a panel of sputum samples obtained from the Microbiology Unit
at Son Espases University Hospital with approval from the local ethics
committee (protocol IB 4005/19 PI).

Densitometry App. App development has been described
elsewhere.32 It was installed in a Huawei POT-LX1 smartphone. To
quantify signals, the user aligns the square piece of paper with a virtual

Figure 2. Sputum liquefaction. (A) Photographs of sputum samples (10 mg) containing P. aeruginosa (PA+) or a mixed flora (MF) before (0 s)
and after the addition of 0.3 M H2O2 for 5, 15, 30m, or 60 s. (B) Photographs of PA+ sputum samples pretreated with different concentrations of
NaN3 before and 60 s after the addition of 0.3 M H2O2.
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frame. This fixes the distance and angle of the smartphone with
respect to the assay. After pressing “set,” the app automatically finds
the region of interest and quantifies the increase of pixel intensity with
respect to the background. Compensation for different illuminance
and uneven illumination conditions is calculated automatically. When
the app has performed 50 valid measurements, the screen displays the
average value. The process takes less than 10 s. Figure S8 shows a
comparison between the app and a manual method for densitometric
analysis using a scanner and image processing software ImageJ.
Data Analysis. Statistical analysis was performed using GraphPad

Prism software. Data are expressed as mean ± standard deviation
(SD) or median with the 25th and 75th percentile. The Kruskal−
Wallis test was used to compare values of biomass and bacterial
membrane permeability among differently treated biofilms or values
of immunosensor signals among different sputum samples. A P value
<0.05 was considered statistically significant.

■ RESULTS

Our method for the rapid detection of P. aeruginosa in
respiratory samples is based on the generation of bubbles by
the enzyme catalase, which liquefies the sample (Figure 1A).
Microparticles have been previously used for mechanically
disrupting sputum samples.17 We hypothesized that oxygen
bubbles could have a similar effect without using mixers to stir
the sample. Since the catalase is produced by P. aeruginosa, and
bacteria are trapped within the biofilm, we envisioned that the
bubbles would not only liquefy the sputum but also disrupt the
biofilm simultaneously. To study whether oxygen bubbles
could liquefy sputum, 10 mg of sputum samples containing P.

aeruginosa (PA+) or a mixed flora (MF) were introduced in an
Eppendorf tube and treated with 200 μL of 0.3 M H2O2. In
Video S1, PA+ samples generate bubbles that liquefy the
sample within 60 s. The sample looks transparent after
dispersing the bubbles (Figure 2A), which shows that it has
been completely liquefied. Mixed flora samples also generate
bubbles, although more slowly, which indicates that they
contain fewer catalase enzymes (Video S2). Samples still
contain dark spots 60 s after the addition of hydrogen
peroxide, which indicates that they are not fully liquefied. To
demonstrate that the bubbles are generated by catalase, the
sputum containing P. aeruginosa was pretreated with different
concentrations of a catalase inhibitor (NaN3). In Videos S3−
S5, samples incubated with NaN3 generate fewer bubbles as
the concentration of inhibitor increases.
In Figure 2B, samples appear opaque and unchanged by the

addition of hydrogen peroxide when pretreated with NaN3.
These experiments demonstrate that the bubbles are generated
by the catalase-mediated hydrolysis of H2O2. They also
indicate that the main factor behind sample liquefaction is
the enzymatic generation of bubbles since samples that do not
generate these bubbles remain solid after the addition of
hydrogen peroxide (Figure 2B, 1 M NaN3).
Next, we studied whether the hydrogen peroxide treatment

could disrupt the biofilms and liberate bacterial antigens. To
this end, P. aeruginosa biofilms were grown at the bottom of a
96-well plate. After washing away excess planktonic cells while

Figure 3. Biofilm disruption. (A) Photographs of P. aeruginosa biofilms grown in a 96-well plate before and after adding H2O2 at different
concentrations for 0, 15, 30, and 60 s. (B) Micrographs of the biofilms before and 60 s after adding H2O2 at the concentrations shown in (A). (C)
Increase in the colorimetric signal (illuminance, ΔS) calculated from micrographs in (B). (D) Detection of bacterial antigens released from biofilms
attached to the plate after adding H2O2 at different concentrations for 60 s; error bars are the standard deviation (n = 6). (E) Percentage increase of
propidium iodide (P-Io) fluorescence intensity (cell death) after adding 1 M H2O2 (white bar) or 0.1 M NaOH (green bar) as a positive control for
60 s. Bars represent the mean value, and error bars are the standard deviation (n = 5).
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keeping the suspended aggregates or flocs untouched, H2O2
was added at different concentrations and the generation of
bubbles was recorded for 60 s (Figure 3A). Biofilm disruption
was documented by taking a photograph before and after the
treatment (Figure 3B). In Figure 3A, samples without H2O2
did not generate any bubbles, and micrographs of the biofilms
in Figure 3B showed that they were mainly unaltered. When
the concentration of H2O2 was higher than 0.01 M, samples
started to effervesce. As the concentration of H2O2 increased,
the amount and size of the generated bubbles also increased
(Figure 3A). In Figure 3B, images look less opaque when the
concentration of H2O2 increased because the biofilm flocs were
being dissolved. Densitometric analysis of the images shown in
Figure 3B confirmed this trend (Figure 3C).
In Figure 4A, confocal 3D images of biofilms show intense

fluorescent signals and accurate colocalization of SYTO9
(green) and ConA-TRIC (red) dyes (Figure 4A(i,ii)),
indicating a dense biomass encrusted in the EPS matrix.
After addition of 0.3 M H2O2, both signals drastically decrease
(Figure 4A(iii,iv)), which demonstrates a deep disruption of
the biofilm architecture (cells and substances surrounding
them). In Figure S4, confocal 3D images show that despite
biofilm disruption the cell viability is conserved, confirming the
fact that biofilm disruption is predominantly caused by the
generation of bubbles and not by the biocide action of H2O2.
To further demonstrate that the catalase-induced generation of
bubbles is key for biofilm disruption, the same experiments
were repeated with biofilms grown in the presence of an Fe
chelator, which diminishes catalase activity and reduces the
production of bubbles.35 In Figure 4B, confocal 3D images of
Fe-starved biofilms show that both green and red signals
(Figure 4B(iii,iv)) are similar to those observed before the
addition of H2O2 (Figure 4B(i,ii)). This means that the biofilm
architecture is much less altered than that in Figure 4A, even
though the cells are less protected from the biocide action of
H2O2 (catalase activity is lower) and generate less EPS (the
red signal is less intense than that in Figure 4A). These results
demonstrate that the generation of bubbles is the main factor
behind biofilm disruption induced by H2O2 (Figures 4B(i,iii)
and S4) regardless of the amount of protective EPS (Figure
4B(ii−iv)).
To demonstrate that H2O2 can induce the release of bacteria

from the biofilms attached to the plate, we first washed away
excess planktonic cells and flocs and added H2O2 at different
concentrations. Then, supernatants were collected at different

times and analyzed with ELISA using the method shown in
Figure S1. In Figure 3D, the ELISA signal increased as the
concentration of H2O2 increased, which indicates that bacterial
antigens were found at higher concentrations in the super-
natants after the treatment. This further supports the
hypothesis that pathogens were liberated from the biofilm
due to the generation of bubbles. The ELISA signal slightly
decreased when the concentration of H2O2 was 1 M, even
though the biofilms seem to be completely dissolved in Figure
3B,C. Supplementary experiments showed that the addition of
H2O2 interfered with antibody−antigen interactions when
supplied at 1 M (Figure S2), which explained the decrease in
signal seen in Figure 1D. Increasing the incubation time with
H2O2 to 3 or 5 min resulted in more bacterial antigens being
released from the biofilms at low concentrations of hydrogen
peroxide, but the maximum signal at 0.3 M remained
unaffected (Figure S3). Consequently, a H2O2 concentration
of 0.3 M and an incubation time of 60 s were chosen for
subsequent experiments, since these conditions completely
liquefied sputum samples (Figure 2) and liberated antigens
from biofilms (Figure 3D) without hampering immunodetec-
tion to a large extent (Figure S2).
Hydrogen peroxide can induce intracellular production of

highly reactive hydroxyl free radicals that could compromise
membrane permeability.36 In Figure 3E, a cell viability test
showed that the membrane permeability of P. aeruginosa cells
was not affected by the addition of H2O2 with a concentration
as high as 1 M when it was added for only 60 s. This indicates
that the ELISA signals recorded in Figure 3D originated from
biofilm disruption, which was mainly caused by the generation
of bubbles, and that the biocide action of H2O2 plays a less
relevant role when added at 0.3 M for only 60 s. This was also
confirmed by confocal 3D imaging of biofilms after live/dead
staining (Figure S4). Biofilms grown under Fe starvation
conditions generated fewer bubbles and released fewer
antigens upon treatment with hydrogen peroxide (Figures S5
and S6). This experiment corroborated the evidence that the
production of catalase by the pathogens was the key factor
behind the effervescence and antigen release shown in Figure
3.
After demonstrating the enzymatic rupture of biofilms and

concomitant liquefaction of sputum samples, we sought to
apply this method for the rapid detection of respiratory
infection by P. aeruginosa. To accomplish this, we combined it
with a mobile immunosensor for the rapid detection of bacteria

Figure 4. Live cells and extracellular polymeric substances in P. aeruginosa biofilms after H2O2 treatment. (A) Three-dimensional confocal imaging
before (i, ii) and after (iii, iv) 0.3 M H2O2 treatment in control biofilms or (B) biofilms with low catalase activity grown in the presence of an Fe
chelator (0.25 mM 2-2′-bipyridyl) for 48 h. Green (SYTO9) and red (ConA-TRIC) colors indicate the presence of live cells and extracellular
polymeric substances (EPS), respectively. Scale bar: 15 μm.
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developed in our laboratory and schematized in Figure 1B.
First, we calibrated the immunosensor with bacterial
suspensions of known concentration. In Figures 5A and S8,
the signal S increased as the concentration of P. aeruginosa
increased linearly in the concentration range between 104 and
109 cells·mL−1. The limit of detection, expressed as the sample
that yields a signal higher than three times the standard
deviation of the blank, was 105 cells·mL−1, which is the clinical
threshold value for respiratory infections. Next, we studied
whether the immunosensor was compatible with the sample
liquefaction method and whether the matrix could interfere in
the detection of P. aeruginosa. To test this, a sputum sample
from a patient suffering from an infection by P. aeruginosa and
a sample containing a mixed flora were fractioned and treated
with different concentrations of hydrogen peroxide for 60 s. In
Figure 5B, samples that were treated only with PBS (0 M
H2O2) could not be differentiated with the immunosensor
because bacteria in the sample were still trapped in the matrix,
in accordance with our initial hypothesis. As the concentration
of H2O2 increased, the signal S also increased because more
antigens were being released from the matrix and the biofilm,
in accordance with the results shown in Figures 2 and 3. These
results also demonstrate the excellent specificity of our
detection kit, which can differentiate an infection by P.
aeruginosa from a sample containing a mixed flora in a
biological matrix as complex as sputum.
To further support this point, a panel of sputum samples

that were either positive or negative for infection by P.
aeruginosa, as well as samples classified as mixed flora, was
tested. The method here consisted of a 60 s liquefaction step,
followed by immunodetection with mobile biosensors within 7
min. In Figure 5C, all samples classified as a respiratory
infection by P. aeruginosa yielded a signal two times above the
standard deviation of the average value of negative samples.
Using this criterion, only one negative sample out of 44 was
incorrectly classified as positive. Furthermore, only two out of
32 mixed flora samples yielded a false-positive result. All 16
samples infected with other catalase-producing pathogens were
also correctly classified as negative, which demonstrates that
higher signals obtained in samples containing P. aeruginosa
originated from the specific recognition of bacterial antigens,
and not from differences in sample liquefaction. The test
diagnostic sensitivity (true-positive rate) is 100%, and the

specificity (true-negative rate) is 96.7%. While further
experiments with a larger cohort of patient samples should
be performed to establish the diagnostic sensitivity and
specificity, our preliminary results indicate that the proposed
method is suitable for the rapid identification of respiratory
infections by P. aeruginosa at the point of care.

■ DISCUSSION

The routine method for treating sputum samples prior to
pathogen detection through bacteriological culture involves the
addition of dithiothreitol (DTT), which reduces disulfide
bonds that cross-link mucins in the matrix. This usually
requires adding DTT for at least 30 min in a temperature-
controlled bath, followed by sample dispersion with a vortex.
In contrast, our enzymatic method generates bubbles that
disrupt biofilms (Figures 3, 4, and S4) and liquefy the sample
(Figures 2 and S9) within 60 s. The bubbles are generated via
the enzymatic conversion of hydrogen peroxide (Figures 2B,
S5, and S6), which does not reduce disulfide bonds to a large
extent (Figure S7). The proposed method for detecting
bacterial biofilms has some notable strengths and limitations
compared to the DTT method. For example, our method is
more advantageous for point-of-care measurements because it
is faster and requires less equipment than the DTT protocol.
However, samples that do not contain catalase-producing cells
may not be completely liquefied with the H2O2 method
(Figure S9). This is advantageous in the context of P.
aeruginosa detection because samples that are not liquefied will
not release potential interferents. In other words, our method
improves the selectivity toward P. aeruginosa detection because
pathogens that do not produce catalase will remain trapped in
the matrix. Another potential limitation is that adding
hydrogen peroxide for extended periods of time will kill the
cells and therefore these will not grow under standard bacterial
culture procedures. However, it could expedite the detection of
pathogens when coupled with methods that do not require
viable cells, for example, for PCR analysis or immunodetection.
Finally, it should be noted that polyclonal antibodies may not
be able to distinguish between different bacteria from the
Pseudomonas genus. However, the prevalence of infections due
to bacteria other than P. aeruginosa is so low that its impact on
clinical diagnosis would be minimum.37

Figure 5. Detection of P. aeruginosa with the mobile immunosensors shown in Figure 1B in solutions containing bacteria at known concentrations
(A), in sputum samples classified as infected by the pathogen (PA+) or containing a mixed flora (MF) after addition of H2O2 at different final
concentrations (B), and in a panel of patient samples (C). Error bars are the standard deviation (n = 3). X is the average and SD is the standard
deviation. In (A), the dotted line shows signals above three times the standard deviation of the blank. In (C), PA+ samples contain P. aeruginosa
(>105 cells·mL−1, red), PA− samples contain catalase+ bacteria different from P. aeruginosa (>105 cells·mL−1, green), and MF contains a mixed
flora (blue). Negative samples for bacterial infection were determined by a Gram’s stain screening test (black). Horizontal bars represent the mean.
The dotted line shows signals above two times the standard deviation of the negative samples. P-value was obtained using a Kruskall−Wallis test.
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■ CONCLUSIONS
In this paper, we introduce a method for disrupting biofilms of
P. aeruginosa and liquefying respiratory samples in one step. It
only requires adding a solution of hydrogen peroxide. The
formation of oxygen bubbles by catalase is the key factor for
dispersing the matrix and the cells. The release of antigens
from the sample allowed us to detect P. aeruginosa in sputum
samples with a rapid diagnostic test made of paper that utilizes
a smartphone as a reader. The whole process, including sample
liquefaction and pathogen detection, took less than 8 min. This
rapid turnaround time makes the detection kit an ideal method
to screen for hospital-acquired respiratory infections that may
lead to sepsis.
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