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Abstract: During the last decennium, it has become widely accepted that ubiquitous bacterial viruses,
or bacteriophages, exert enormous influences on our planet’s biosphere, killing between 4–50% of the
daily produced bacteria and constituting the largest genetic diversity pool on our planet. Currently,
bacterial infections linked to healthcare services are widespread, which, when associated with the
increasing surge of antibiotic-resistant microorganisms, play a major role in patient morbidity and
mortality. In this scenario, Pseudomonas aeruginosa alone is responsible for ca. 13–15% of all hospital-
acquired infections. The pathogen P. aeruginosa is an opportunistic one, being endowed with metabolic
versatility and high (both intrinsic and acquired) resistance to antibiotics. Bacteriophages (or phages)
have been recognized as a tool with high potential for the detection of bacterial infections since
these metabolically inert entities specifically attach to, and lyse, bacterial host cells, thus, allowing
confirmation of the presence of viable cells. In the research effort described herein, three different
phages with broad lytic spectrum capable of infecting P. aeruginosa were isolated from environmental
sources. The isolated phages were elected on the basis of their ability to form clear and distinctive
plaques, which is a hallmark characteristic of virulent phages. Next, their structural and functional
stabilization was achieved via entrapment within the matrix of porous alginate, biopolymeric, and
bio-reactive, chromogenic hydrogels aiming at their use as sensitive matrices producing both color
changes and/or light emissions evolving from a reaction with (released) cytoplasmic moieties, as a
bio-detection kit for P. aeruginosa cells. Full physicochemical and biological characterization of the
isolated bacteriophages was the subject of a previous research paper.

Keywords: bacteriophage particles; Pseudomonas aeruginosa; immobilization and structural/functional
stabilization; bacterial biosensing; bio-reactive polymeric matrix; chromogenic/bioluminescent bio-
hydrogel

1. Introduction

Among the microorganisms that cause hospital infections one can highlight the
multidrug-resistant Pseudomonas aeruginosa, which represents a major threat to patients
in health care services [1–4]. The surge of multiple bacterial resistance to conventional
antibiotics [5,6] has been gaining increasing worldwide awareness, leading to a renewed
interest in phage particles by the scientific community, with these entities (devoid of any
metabolic machinery) being re-discovered as having high-potential in biopharmaceutical
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applications, such as antimicrobial or bacterial biosensing [1,2,7–12]. Although highly
innovative, these proposed concepts are not new, existing since about 3.5 billion years
and having been initiated when bacteria and phages established a predator-prey balance.
Phages can be found wherever their bacterial hosts exist. The total population of phages is
now estimated to be 108 species and 1031 particles in the biosphere, which makes them the
most plentiful entities on Earth [13–16]. Phage population is huge and full of novel genes
whose functions are essentially unknown [17], and, for this reason, they are considered the
“dark matter” of the biological universe [18]. P. aeruginosa has evolved over time, becoming
progressively more resistant to the available antibiotics, and is now considered one of the
six most dangerous pathogens responsible for hospital-acquired infections [19–21].

Speed, sensitivity, and specificity are the major requirements needed for method-
ologies aiming at bacterial pathogen detection. In addition, such methodologies should
be robust, cheap, and easy to operate, hence, being feasible for diverse types of samples
and conditions [22–24]. Requirements are especially important if application of such
pathogen detection methodologies are aimed at developing countries, where economic
resources are scarce and high mortality rates arise from bacterial infections [25]. Pulmonary
infections are usually diagnosed following microscopy observation of patient sputum
with confirmation via sputum culture procedures that are neither sensitive or specific.
The automated BACTEC® system (Becton, Dickinson, and Company) and FastPlaqueTB™
(BIOTEC Laboratories Ltd., Martlesham, UK) are much more efficient, but the major
drawbacks associated with this equipment are, on one hand, their high cost and, on the
other hand, the need for laboratory infrastructures, complicating their implementation in
most developing countries. In addition, positive cultures take a relatively long timeframe
(viz. 24 h) to be detected [26,27]. The TaqMan® (Applied Biosystems, Waltham, MA, USA)
detection kit provides a reliable and fast procedure for detecting P. aeruginosa cells, but it
also requires both expensive equipment and specific reactants. The conventional detec-
tion methodologies use selective culture media together with biochemical and serological
characterization [25,28,29], offering a high sensitivity, but the need for lengthy sample
enrichment and development of bacterial colonies are its major drawbacks.

Therefore, lytic phage particles have been attracting more attention as recognition
elements of pathogenic bacterial cells, by taking advantage of the high specificity of
phage particles to their bacterial host cells [13,22,25,28–33]. The bacterial cell-specific
phage-recognition mechanism has evolved naturally, with phage particles specifically
recognizing surface receptors on their bacterial host cells and strongly binding to them,
hence, being formidable tools for detecting bacterial pathogens [28]. The unique ability
of phage particles to specifically infect and kill their bacterial host cells [1,25,30,33–42],
discriminating between viable and non-viable cells, can be exploited for developing assays
that detect the release of bacterial cytoplasmic moieties [24,43,44]. Bio-detection of bacterial
cells through phage-induced lysis may be attained via colorimetric methodologies using
released ATP [45]. Regarding immobilization/stabilization of phage particles, and, despite
their resilience to abiotic factors, one must adopt innocuous immobilization procedures
such as simple physical immobilization within a biopolymeric hydrogel matrix [7,8,46–48].
Although not explored as extensively as other immobilization procedures, immobilization
within a biopolymeric hydrogel matrix would allow (at least theoretically) the use of mild
polymerization conditions, with concomitant structural and functional stabilization of
the phage particles and maintenance of their lytic viability. Research papers reporting
immobilization of phage particles in biopolymeric matrices aiming at developing bacterial
detection systems are very scarce [7,8,49]. The characteristics of a gelled nano-porous
matrix with entrapped phage particles display a high potential for bacterial biosensing
applications since, in addition to protecting the phage particles, the semi-solid nano-porous
matrix should facilitate its direct contact with the biological fluid sample under study and
the contact of any bacterial cells present therein with the immobilized phage particles via
bacterial cell diffusion into and within the matrix core [8].
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In the present research effort, three different lytic phages for P. aeruginosa were immo-
bilized via entrapment within porous biopolymeric and bio-reactive alginate matrices with
concomitant full structural and functional stabilization, aiming at their use as sensitive
bio-reactive hydrogels producing both color changes and/or light emission evolving from
reaction with (released) cytoplasmic moieties, as a bio-detection kit for P. aeruginosa cells.
Two different approaches were followed, with one involving development of color in a
chromogenic bio-hydrogel and the other involving fluorescent light emission, as a result of
the presence of viable P. aeruginosa cells in a contacting fluid.

2. Materials and Methods
2.1. Materials
2.1.1. Biological Materials
Bacteria

The collection strain of P. aeruginosa (ref. DSM 19880) used as a phage isolation host
was acquired from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmmH, Braunschweig, Germany). The bacterial strain of Staphylococcus aureus CCCD-
S009, used as control in the bio-detection assays using the chromogenic hydrogel, was
purchased from CEFAR (São Paulo, SP, Brazil).

Phages

Lytic phages for P. aeruginosa were isolated from samples of sewage water from
Hospital UNIMED “Miguel Soeiro” and from SAAE/Sorocaba in Sorocaba/SP, Brazil,
collected on 5 September, 2017. One of the phages used (phage JG004, ref. DSM 19871)
was acquired from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmmH, Braunschweig, Germany). Phage JG004 was propagated in the same P. aeruginosa
host (ref. DSM 19880), maintained at −86 ◦C following inoculation of a 1.5 mL-cryotube
containing Tryptic Soy Broth (TSB) and 30% (v/v) glycerol. Extensive characterization of the
isolated phage particles (ph0031, ph0034, and ph0041), from a physicochemical, biological,
and genomic points of view, was the subject of a previous publication by Harada et al.
(currently submitted for publication).

2.1.2. Chemicals

The culture media Tryptic Soy Broth (TSB) (ref. SIGMA 22092-500G) and Tryptic Soy
Agar (TSA) (ref. SIGMA 22091-500G) were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and solid agar was purchased from Gibco Diagnostics (Madison, WI, USA).
Nipagin® (methyl-parahydroxibenzoate) (ref. SIGMA 47889), glucono-δ-lactone (GDL)
(ref. SIGMA G2164-100G), alginic acid sodium salt from brown algae (ref. SIGMA A2033-
250G), D-Luciferin (ref. SIGMA L9504-50MG), luciferase from Photinus pyralis (ref. SIGMA
SRE0045-10MG), ADP (adenosine 5′-diphosphate sodium salt) (ref. SIGMA A2754-1G),
magnesium chloride (ref. SIGMA M8266-100G), casein from bovine milk (ref. SIGMA
C6554-500G), gelatin (ref. SIGMA 48723-500G-F), and sodium 1,2-naphthoquinone-4-
sulfonate (ref. SIGMA 70382-10G), were all purchased from Sigma-Aldrich (St. Louis,
MO, USA). Calcium carbonate (CaCO3) (ref. ANIDROL PAP.A-1506) was purchased from
ANIDROL (Diadema/SP, Brazil). The sterilizing filtration system used (Stericup™-GP,
polyethersulphate (PES) membrane with a 0.22-µm pore diameter) was purchased from
Merck-Millipore (Darmstadt, Germany). Tap water was ultra-purified to a final resistivity
of ca. 18.18 MΩ·cm and conductivity of 0.05 µS·cm−1, in a Master System All (model
MS2000, Gehaka, São Paulo, SP, Brazil).
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2.2. Experimental Procedures
2.2.1. Bacterial Strain and Growth Conditions

The bacterial strain of P. aeruginosa (DSM 19880), used in this study as phage host,
was acquired from DSMZ (Braunschweig, Germany). Fresh cultures of bacteria were
maintained in TSA at 4 ◦C and, before each assay, one isolated colony was transferred to
25 mL of TSB (Tryptic Soy Broth) and grown overnight at 37 ◦C. An aliquot of this culture
(100 µL) was then poured in 10 mL of fresh TSB and grown at 37 ◦C to reach an optical
density (OD600 nm) of 1.0, corresponding to ca. 109 cells/mL.

2.2.2. Preparation of P. aeruginosa Bacterial Lawns

One hundred µL of overnight grown P. aeruginosa DSM19880 bacterial suspension
were mixed with 5 mL of molten top agar–TSB (MTA-TSB) (maintained at ca. 47 ◦C) in
a 15 mL test tube and tapped gently. The contents of this tube were then poured onto an
agar plate with solid TSA, which was gently swirled, and the plates were allowed to dry
for 1–2 min.

2.2.3. Gelification/Polymerization Conditions for Producing Sodium Alginate-Based
Matrices

For preparing suitable hydrogel matrices aiming at structurally and functionally
stabilizing the phage particles, calcium alginate was used on the basis of previous re-
search works [7,8], using the internal gelification method [7,50,51]. As a mold for the
several hydrogels, six-well cell culture plates were used, with 2.00 g of polymeric solu-
tion being poured into each well. Calcium carbonate was used as the source of calcium
ions. The process (Table 1) was initiated by preparing calcium carbonate and sodium
alginate dispersions in ca. 80% (w/w) of the total mass of ultrapure water containing ca-
sein, gelatin, sodium-1,2-naphthoquinone-4-sulfonate, phage cocktail, and methylparaben
(biodetection system I) or, in the absence of light, luciferin, luciferase, ADP, Mg2+, phage
cocktail and the antifungal methylparaben (biodetection system II). In formulations 1–3
(Table 1), the phage cocktail encompassed 15 µL of each phage stock suspension (virion
amounts: phage ph0031, 6.60 × 1011 virions, phage ph0034, 1.80 × 1010 virions, phage
ph0041, 2.70 × 1010 virions), whereas, in formulations 4–5 (Table 1), the phage cocktail
encompassed 50 µL of each phage stock suspension (virion amounts: phage ph0031,
2.20 × 1012 virions, phage ph0034, 6.00 × 1010 virions, phage ph0041, 9.00 × 1010 virions).
Hence, samples of the phage stock suspensions were mixed and added to the polymeric
formulations in a concentration of 0.45% (w/w) (formulations 1–3, corresponding to approx-
imately 2.350 × 1011 virions/mL), and 5.00% (w/w) (formulations 4–5, corresponding to
approximately 7.833 × 1011 virions/mL). Periodically, these dispersions were stirred and
allowed to rest for at least 1 h, so complete hydration of the sodium alginate could occur. To
start alginate polymerization via release of the calcium ions dispersed in the formulations,
hydrolysis solutions (fresh aqueous GDL) were added and quickly homogenized with
the polymeric dispersions previously prepared, and the resulting mixtures immediately
transferred into the molds. Alginate polymerization via internal gelification was performed
for 72 h at room temperature, with the resulting hydrogel matrices being maintained at
4 ◦C until use. Table 1 displays the final compositions of the calcium alginate hydrogel
formulations containing entrapped phage particles.
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Table 1. Final compositions of the bacterial bio-detection systems encompassing calcium alginate biopolymeric matrices
containing entrapped phage particles.

Component
Bio-Detection System I Bio-Detection System II

Formulation 1 Formulation 2 Formulation 3 Formulation 4 Formulation 5

Phage cocktail
[% (w/w), m (mg)]

0.0045; 0.045
(45 µL)

0.0045; 0.045
(45 µL)

0.0045; 0.045
(45 µL)

0.050; 0.150
(150 µL)

0.050; 0.150
(150 µL)

Methylparaben
[% (w/w), m (mg)] 0.000966; 0.0966 0.000968; 0.0968 0.000969; 0.0969 0.0010; 0.0300 0.0010; 0.0300

Sodium alginate
[% (w/w), m (mg)] 1.50; 150 1.50; 150 1.50; 150 1.50; 45.00 1.50; 45.00

CaCO3 22.5 mM
[% (w/w), m (mg)] 0.2250; 22.50 0.2250; 22.50 0.2250; 22.50 0.2233; 6.700 0.2233; 6.700

GDL 48 mM
[% (w/w), m (mg)] 0.8600; 86.00 0.8600; 86.00 0.8600; 86.00 0.8600; 25.80 0.8600; 25.80

Casein
[% (w/w), m (mg)] 0.1000; 10.0 0.0500; 5.00 0.0100; 1.00 - -

Gelatin
[% (w/w), m (mg)] 0.1000; 10.0 0.0500; 5.00 0.0100; 1.00 - -

Sodium
1,2-naftoquinone-

4-sulfonate
[% (w/w), m (mg)]

0.1300; 13.0 0.0130; 1.30 0.0100; 1.00 - -

Luciferin
[% (w/w), m (mg)] - - - 0.1667; 5.00 0.1667; 5.00

Luciferase
[% (w/w), m (mg)] - - - 0.1667; 5.00 0.3333; 10.0

ADP
[% (w/w), m (mg)] - - - 0.00006667; 0.002 0.0003333; 0.010

Mg2+

[% (w/w), m (mg)]
- - - 0.00006667; 0.002 0.0006667; 0.020

Ultrapure water
[% (w/w), m (mg)] 97.08; 9708 97.30; 9730 97.38; 9738 97.10; 2913 96.93; 2908

TOTAL
[% (w/w), m (mg)] 100; 10,000 100; 10,000 100; 10,000 100; 3000 100; 3000

2.2.4. Evaluation of the Maintenance of Lytic Viability of the Immobilized Phage Particles

The influence of the biopolymeric matrix components upon formation of bacterial
lawns, structural cohesion of the polymerized matrices, and maintenance of lytic viability
of the immobilized phages was assessed for all formulations. All microbiological assays
consisted of preparing a P. aeruginosa lawn and putting the bio-hydrogels in contact with
the lawn with subsequent incubation at 37 ◦C for 24 to 48 h, after a macroscopical analysis
was performed to both the matrices and the bacterial lawns.

2.2.5. Tomographic Analyses via X-ray Transmission

Tomographic models of the biopolymeric hydrogels were obtained in a computed
X-ray transmission tomograph [52] from Bruker microCT (model SkyScan 1174, Kontich,
Belgium). The hydrogel samples were attached to a hollow support inside the tomograph
chamber, and image slices were gathered at 34 kV and 529 µA. For obtaining the tomo-
graphic images, a large number of image slices of the object were acquired by measuring
the intensity of X-rays transmitted through the sample, at different angular positions. The
samples were rotated with angular increments of 0.8◦, producing 225 radiographs (projec-
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tions) per image, with each integrating 1304 × 1304 (width × height) pixels with a spatial
resolution of 9.761 µm. An exposure of 3000 ms per projection was performed. At the
exit of the X-ray source, one used an Al filter with 0.25 mm thickness. For reconstructing
the three-dimensional tomographic images of the hydrogel samples, via an appropriate
composition of bi-dimensional images, mathematical algorithms were used. The three-
dimensional images had 1304 × 1304 × 1304 pixels and the same spatial resolution of their
bi-dimensional counterparts, thus, making the volume of data generated for each sample
isotropic with relation to the spatial resolution. With all the projections at hand (viz. radio-
graphs obtained at each angular position), one used the software NRecon™ from Bruker
(vs. 1.6.9.4, Kontich, Belgium) with the algorithm of Reference [53] for reconstructing the
tomographic images, whereas the software CTVox™ (vs. 2.6.0 r908-64bit, from Bruker
microCT), CTan™ (vs. 1.13.5.1-64bit, from Bruker microCT), and CTvol (vs. 2.2.3.0-64bit,
from Bruker microCT) were used for processing the tomographic images.

2.2.6. Scanning Electron Microscopy Analyses

The surface characteristics and the internal morphology of the biopolymeric hydro-
gels were analysed in a dispersive-energy scanning electron microscope (DESEM) from
LEO Electron Microscopy/Oxford (model Leo 440i, Cambridge, UK) coupled with an
EDS (Energy Dispersive X-ray) detector (model 6070, Cambridge, UK). Samples of the
biopolymeric hydrogel were either cut or cryo-fractured and sputter-coated with an Au
film (200 Å thickness) via cathodic pulverization in a metalizing device (Sputter Coater)
from EMITECH (model K450, Kent, UK). Photomicrographs were produced using electron
beams with accelerations of 20 keV and electric current of 100 mA.

2.2.7. Phage-Based Bacterial Biosensing Trials Using Bio-Detection System I

The system depicted in Figure 1 was designed and utilized. It consisted of a six-well
culture plate within which the chromogenic formulations were poured and allowed to
polymerize (formulations 1–3, Table 1).
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together with specific amounts of gelatin and casein were poured and allowed to polymerize.



Biosensors 2021, 11, 124 7 of 24

Three chromogenic gel formulations were prepared according to the data in Table 1
(viz. formulations 1–3). On top of each bio-hydrogel corresponding to formulations 1–3
(Table 1), 2 mL of P. aeruginosa bacterial suspension were added, corresponding to the
addition of ca. 5.66 × 107 CFU/mL (or 1.132 × 108 cells) to the surface of each bio-
hydrogel. The chromogels were formulated so as to produce a putative bioreaction
following phage-mediated lysis of the bacterial cells, viz.: (casein + gelatin) + cyto-
plasmic enzymes released upon phage-mediated cell lysis → glutamic acid + proline
sodium-1,2-naphthoquinone-4-sulfonate, pH≈8.0−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ orange chromophores (presence of proline) or
green chromophores (presence of glutamic acid). The chromogenic gel that produced
the best results in terms of color change was selected for further studies. Of the selected
formulation, six identical chromogels were prepared in a six-well culture plate and, on top
of them, different volumes of P. aeruginosa bacterial suspension (containing a given amount
of bacterial cells, viz. 1.560 × 108 cells, 7.800 × 107 cells, 3.900 × 107 cells, 1.950 × 107 cells,
9.750 × 106 cells, and 4.875 × 106 cells) were applied. As a control for these bacterial
biosensing experiments, the chromogel formulation selected on the basis of its better re-
sponsiveness was also tested by applying 1.000 × 107 cells of S. aureus CCCD-S009 (2 mL
of a bacterial suspension containing 5.0 × 106 CFU/mL) on its surface. The bacterial
biosensing assays were carried out during a timeframe of 6 h.

2.2.8. Phage-Based Bacterial Biosensing Trials Using a Bio-Detection System II

The system depicted in Figure 2 was designed and utilized. In order to produce a
relationship between the light/luminescence intensity developed in the bioluminescent
hydrogel and the bacterial load (P. aeruginosa) present in a biological fluid in contact with
the surface of the bio-hydrogel, optical sensors were integrated with a signal transducer in
the bio-detection kit. It consisted of small cylindrical equipment machined in rigid, white
PVC, which was approximately 6 cm in height and 6 cm in diameter. It was divided into a
lower part (A), where the hydrogel (Table 1, formulations 4–5) integrating the immobilized
phage cocktail is housed, and an upper part (B), housing the light sensors, covered (A).
Hence, the heart of the system designed consisted of a receptacle (A) for the biopolymeric
matrix containing the phage cocktail, above which the light sensors (LDR with 4 mm in
diameter from Advanced Photonix Inc. (Ann Arbor, MI, USA). InGaAs semiconductor
photodiode from Phograin Technology Co., Ltd. (Shenzhen, China)) were attached and
connected to an Arduino platform, which, in turn, was connected via a USB (Universal
Serial Bus) port to a notebook computer.

On top of the bio-hydrogel corresponding to formulations 4–5 (Table 1), 1 mL of P.
aeruginosa suspension was added, corresponding to the addition of ca. 4.66 × 107 cells
to the surface of each bio-hydrogel. The bioluminescent hydrogels were formulated so
as to produce a putative bioluminescent bioreaction following phage-mediated lysis of
the bacterial cells, viz.: (phage cocktail)in the gel + luciferinin the gel + firefly luciferasein the gel

+ ADPin the gel + Mg2+
in the gel + methylparabenin the gel + (cytoplasmic adenylate kinase +

ATP)released upon cell lysis→AMP + PPi (inorganic pyrophosphate) + oxyluciferin + CO2 + hν
(bioluminescence). To increase the amount of bioluminescence, producing a more intense
(positive) signal, the cytoplasmic adenylate kinase released upon phage-mediated cell
lysis would react with free (added) ADP to increase the amount of ATP produced, hence,
amplifying the amount of ATP. Hence, more ATP in the presence of firefly luciferase would
(at least in theory) produce a stronger bioluminescent signal. An electronic system was
designed and implemented, integrating two light sensors with different sensibilities, viz. a
4-mm LDR (light-dependent resistor) sensor and a solid state photosensor, so as to detect
any bioluminescence upon addition of P. aeruginosa suspension to the bio-reactive hydrogel.
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3. Results

In the research work described herein, we propose two bio-detection systems for P.
aeruginosa, based on a cocktail of phage particles structurally and functionally stabilized
within a biopolymeric matrix endowed with chromogenic/bioluminescent characteristics.
Three lytic phages were isolated from a hospital effluent in Sorocaba (Brazil), and elected
on the basis of their ability to form clear and dimensionally different plaques of lysis, which
is an imprint feature of virulent phage particles.

Burst of the host bacterial cell induced “from within” by the virion progeny is the
culmination of the lytic cycle of replication and, in addition to the release of virion progeny,
lysis of the infected host cell also releases intracellular components that can be advanta-
geously exploited as markers for the purpose of bacterial bio-detection [1,54,55]. This was
the basis for the research work undertaken.

The three different phages used in this work, viz. phages ph0031, ph0034, and
ph0041, were fully characterized in a previous work by Harada et al. (currently submit-
ted for publication). Plating serial dilutions of concentrated phage suspensions allowed
the determination of average phage particle concentrations of 4.40 × 1013 virions/mL,
1.20 × 1012 virions/mL, and 1.80 × 1012 virions/mL, for phages ph0031, ph0034, and
ph0041, respectively.

3.1. Lytic Activity of the Isolated Phages

The lytic activity of the isolated phages was evaluated to assess their infectious
potential, and the results obtained are displayed in Figure 3.

The lytic activity of the isolated phages was assessed by visual inspection of lysis
clearing zones, i.e., the ability of the phages to infect the bacterial host cell(s). As can be
observed by inspection of Figure 3, the presence of clear lysis zones following the addition
of 10 µL droplets of undiluted phage suspension (Figure 3a) or 10 µL of the phage cocktail
(produced by mixing 10 µL of each concentrated phage suspension) produced thereof
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(Figure 3b) and incubated overnight indicated the lytic activity of each phage on the host
bacterium. All lysis zones were categorized as clear [56,57].
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Figure 3. Results obtained following evaluation of the lytic activity of the isolated phage particles
ph0031, ph0034, and ph0041, and a comparison with the lytic activity of phage JG004 obtained from
the DSMZ collection (a) and of the lytic activity of the phage cocktail produced with the three isolated
phage particles (b) on a P. aeruginosa DSM19880 bacterial lawn.

Previous results by Harada et al. (currently submitted for publication) had indicated
that the isolated phages were tailed, belonging to the order Caudovirales and most likely to
the families Myoviridae (phages ph0031 and ph0034) and Siphoviridae (phage ph0041).

3.2. Evaluation of the Structural and Functional Stabilization of the Immobilized Phage Particles

Stabilization of the phage particles within the biopolymeric matrices, from the points
of view of both their structure and function, was achieved via entrapment of the phage
particles integrating the lytic cocktail in the biopolymeric matrices prior to gelification/
polymerization, with a uniform spatial distribution in the matrix. All phage viability assays
consisted of placing the biopolymeric matrix, one without a phage cocktail and another
integrating the phage cocktail, on top of a P. aeruginosa DSM19880 bacterial lawn in a Petri
plate, followed by incubation of the plates at 37 ◦C for 24–48 h. After this time period, a
macroscopical analysis was carried out on the plates, to observe the presence of bacterial
lysis zones promoted by the immobilized phage particles. The macroscopic aspect of the
bacterial lawn was observed for the two biopolymeric matrices, having the biopolymeric
matrix devoid of phage particles as a control. The results obtained are displayed in Figure 4.

Biosensors 2021, 11, x 10 of 25 
 

3.2. Evaluation of the Structural and Functional Stabilization of the Immobilized Phage Particles 
Stabilization of the phage particles within the biopolymeric matrices, from the points 

of view of both their structure and function, was achieved via entrapment of the phage 
particles integrating the lytic cocktail in the biopolymeric matrices prior to gelifica-
tion/polymerization, with a uniform spatial distribution in the matrix. All phage viability 
assays consisted of placing the biopolymeric matrix, one without a phage cocktail and 
another integrating the phage cocktail, on top of a P. aeruginosa DSM19880 bacterial lawn 
in a Petri plate, followed by incubation of the plates at 37 °C for 24–48 h. After this time 
period, a macroscopical analysis was carried out on the plates, to observe the presence of 
bacterial lysis zones promoted by the immobilized phage particles. The macroscopic as-
pect of the bacterial lawn was observed for the two biopolymeric matrices, having the 
biopolymeric matrix devoid of phage particles as a control. The results obtained are dis-
played in Figure 4. 

 
Figure 4. Results from evaluation of the lytic activity of the immobilized phages following integra-
tion within the bio-reactive polymeric matrix with concomitant structural and functional stabiliza-
tion. (a) Bio-reactive polymeric matrix devoid of phage particles. (b) Bio-reactive polymeric matrix 
integrating the cocktail of phage particles. 

From inspection of the two calcium alginate biopolymeric matrices depicted in Fig-
ure 4, it was not possible to observe any lysis zone in the bacterial lawn promoted by the 
control bio-polymerix matrix (Figure 4a). On the contrary, lysis of the bacterial lawn 
(transduced by the presence of clear zones) below and surrounding the biopolymeric ma-
trix integrating the phage cocktail was most evident (Figure 4b), leading to the conclusion 
that the gelification/polymerization process did not interfere with the lytic activity of the 
entrapped phage particles. 

3.3. Structural Microanalysis of the Bioluminescent/Chromogenic Hydrogel 
The DESEM images of both the surface and fractured cross-section of the biolumi-

nescent/chromogenic hydrogel allows observation of a rugged surface without cracks 
(Figure 5). Since the hydrogel had to be lyophilized prior to sputter coating with colloidal 
gold, its surface appeared to possess cell-like structures, once filled with water. 

Figure 4. Results from evaluation of the lytic activity of the immobilized phages following integration
within the bio-reactive polymeric matrix with concomitant structural and functional stabilization.
(a) Bio-reactive polymeric matrix devoid of phage particles. (b) Bio-reactive polymeric matrix inte-
grating the cocktail of phage particles.



Biosensors 2021, 11, 124 10 of 24

From inspection of the two calcium alginate biopolymeric matrices depicted in
Figure 4, it was not possible to observe any lysis zone in the bacterial lawn promoted
by the control bio-polymerix matrix (Figure 4a). On the contrary, lysis of the bacterial lawn
(transduced by the presence of clear zones) below and surrounding the biopolymeric matrix
integrating the phage cocktail was most evident (Figure 4b), leading to the conclusion
that the gelification/polymerization process did not interfere with the lytic activity of the
entrapped phage particles.

3.3. Structural Microanalysis of the Bioluminescent/Chromogenic Hydrogel

The DESEM images of both the surface and fractured cross-section of the biolumi-
nescent/chromogenic hydrogel allows observation of a rugged surface without cracks
(Figure 5). Since the hydrogel had to be lyophilized prior to sputter coating with colloidal
gold, its surface appeared to possess cell-like structures, once filled with water.
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Figure 5. DESEM (dispersive-energy scanning electron microscopy) photomicrographs of the bioluminescent/chromogenic
hydrogel surface ((a) ×50, (b) ×250, and of the cross-section fracture zone (c) ×250).

Nevertheless, from the results obtained in the DESEM analyses performed to the
bioluminescent/chromogenic hydrogel, a uniform morphology was observed. From ob-
servation of the fractured cross-section of the biopolymeric matrix (Figure 5c), a highly
porous matrix structure can be clearly seen between two thicker layers. A highly uniform
topography in the bioluminescent biostructure displayed in Figure 5 can also be observed.

3.4. Tomographic Analyses

The optimized bioluminescent/chromogenic matrix may be viewed as a natural poly-
mer composite exhibiting a very special porous microstructure that endows the hydrogel
with outstanding permeability properties. From the tomographic analyses performed
to a square section of the biopolymeric matrix (Figure 6), a homogeneous and porous
surface can also be observed. Three zones are evident in the bioluminescent/chromogenic
hydrogel. The left (thinner) and right (thicker) layers are rich in water (in green), while the
center layer (bluish) contains less water and more biopolymers. This was a very interesting
observation, since the phage particles were entrapped throughout the biopolymeric ma-
trix. Hence, the presence of a moist surface in the bioluminescent/chromogenic hydrogel
promotes a better penetration of bacterial (P. aeruginosa) cells once a contaminated liquid
sample is applied on its surface.
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Figure 6. Images obtained by X-ray tomographic analyses of the bioluminescent/chromogenic hydro-
gel, being (a) a leaning surface view allowing us to observe the top side (right thicker surface in green),
and (b) a leaning surface view allowing us to observe the bottom side (left thin surface in green).

Due to its higher atomic density, the bio-polysaccharide matrix (in blue and green in
Figure 6) absorbs more radiation, whereas void spaces appear in black. A comparative
analysis of the porosity of the bioluminescent/chromogenic hydrogel is displayed in
Table 2, resulting from bi-dimensional and three-dimensional morphological analyses.

Table 2. Results obtained from the X-ray tomographic analyses performed to the bioluminescent/chromogenic hydrogel.

Parameter
Bioluminescent/Chromogenic Hydrogel Morphological Analysis

Bi-Dimensional (2D) Three-Dimensional (3D)

Number of layers - 101.000

Pixel size (µm) 9.7610 9.7610

Total VOI (volume of interest), TV (mm3) 6.8340 6.8292

Object volume, Obj.V (mm3) 3.55432 3.4115

Percent object volume, Obj.V/TV (%) 52.0094 49.9542

Total VOI surface, TS (mm2) 28.2910 27.6702

Object surface, Obj.S (mm2) 432.0516 377.5217

Intersection surface, i.S (mm2) - 7.5075

Object surface/volume ratio, Obj.S/Obj.V
(mm−1) 121.5566 110.6616

Cross-sectional thickness, Cs.Th (mm) 0.02533 -

Object surface density, Obj.S/TV (mm−1) - 55.2802

Degree of anisotropy, DA - 3.2631 (0.6936)

Eigenvalue 1 - 3.5861

Eigenvalue 2 - 6.5491

Eigenvalue 3 - 11.7020

Number of closed pores, Po.N(cl) - 5125
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Table 2. Cont.

Parameter
Bioluminescent/Chromogenic Hydrogel Morphological Analysis

Bi-Dimensional (2D) Three-Dimensional (3D)

Volume of closed pores, Po.V(cl) (mm3) - 0.00472

Surface of closed pores, Po.S(cl) (mm2) - 2.7836

Closed porosity (percent), Po(cl) (%) 6.8883 0.1383

Mean fragmentation index, Fr.I (mm−1) −58.7603 −71.3382

Mean fractal dimension, FD 1.7048 2.6834

Volume of open pore space, Po.V(op)
(mm3) - 3.4130

Open porosity (percent), Po(op) (%) - 49.9766

Total volume of pore space, Po.V(tot)
(mm3) - 3.4178

Total porosity (percent), Po(tot) (%) - 50.0458

Euler number, Eu.N - −72,773.000

Connectivity, Conn - 83,998.000

Connectivity density, Conn.Dn (mm−3) - 12,299.7496

3.5. Phage-Based Bacterial Biosensing Trials Using Biodetection System I

Optimization of the bio-detection system designed to produce a putative colorimetric
bioreaction following phage-mediated lysis of the bacterial cells present in a fluid directly
applied over it, led to the results displayed in Figure 7.
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system I, displaying the time evolution of the color produced using a fixed (added) amount of
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Using the freely available, open source, image processing software ImageJ (Fiji, vs.
2.0.0-rc-68/1.52e) from the National Institute of Health (USA), the surface area of each
chromogel in Figure 7 was analyzed pertaining to its integrated color density, and the
results duly normalized by the integrated density of the chromogels for the last reaction
time assayed (Figure 8).
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Figure 8. Normalized integrated color density of the three chromogels containing phage particles,
sodium 1,2-naftoquinone-4-sulfonate, gelatin, and casein, further contacted with a fixed amount of
P. aeruginosa cells, throughout the bioreaction time, allowing us to select an optimized bio-reactive
chromogel. Values represent the mean of three independent assays. Error bars represent the
standard deviation.

The results displayed in Figure 8 allow us to clearly observe that the chromogel
corresponding to formulation 3 exhibited the highest decrease in normalized integrated
density during the first 180 min of contacting the bacterial cells present in the fluid directly
applied over it, meaning a more pronounced color change due to phage-mediated cell lysis.
Chromogel 2 exhibited the same trend, but not so pronounced. Regarding chromogel 1, a
reverse trend was observed, most likely due to the initial darker color of the biopolymeric
matrix, which negatively impacted visualization of the color changes. Hence, the chromogel
resulting from formulation 3 (Table 1 and Figure 8) was selected for further studies. Of the
selected formulation, viz. formulation 3, six identical chromogels were prepared (Figure 9)
in a six-well culture plate and a different amount of bacterial cells was applied on top of each
chromogel, viz. 1.560 × 108 cells (chromogel 1, top lef), 7.800 × 107 cells (chromogel 2, top
middle), 3.900 × 107 cells (chromogel 3, top right), 1.950 × 107 cells (chromogel 4, bottom
left), 9.750 × 106 cells (chromogel 5, bottom middle), and 4.875 × 106 cells (chromogel
6, bottom right). The development of color was followed every 30 min up to 360 min
of the experiment.

As a control for these bacterial biosensing experiments, the chromogel selected on
the basis of its better responsiveness, viz. the one evolving from formulation 3, was also
applied with 1.000 × 107 cells of S. aureus CCCD-S009 (2 mL of a bacterial suspension
containing 5 × 106 CFU/mL, bottom right in Figure 9) on its surface, and any color change
was followed after 0, 60, 120, 180, 240, and 360 min of contact of the hydrogel with the
cells of S. aureus CCCD-S009. No growth of this bacteria could be observed during the
timeframe of the assay, viz. 6 h. The objective of the chromogel system developed was to
attain bacterial detection within a short timeframe, and, therefore, longer times of the assay
were not interesting for the intended purposes.
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Figure 9. Results obtained using the selected bio-reactive chromogel with optimized concentrations
of phage particles, sodium 1,2-naftoquinone-4-sulfonate, gelatin, and casein, in bio-detection system
II, with evolution throughout the time of the color produced using variable added amounts of
P. aeruginosa cells. As a control for the colorimetric bioreaction, cells of S. aureus CCCD-S009 were
also contacted with the selected bio-reactive chromogel (Figure 9, bottom right).

Using the same image processing software ImageJ (Fiji, vs. 2.0.0-rc-68/1.52e), the
surface area of each chromogel was again analyzed pertaining to its integrated color density,
and the results were duly normalized by the integrated color density of the chromogels
immediately after addition of the bacterial suspension (Figure 10).
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3.6. Phage-Based Bacterial Biosensing Trials Using Biodetection System II

Figure 11 displays the biosensor receptacle for the bioluminescent bio-hydrogel
(Figure 11a) allowing to observe the position of the two light sensors employed, a solid-
state photosensor, and an LDR (Light-Dependent Resistor) sensor. The macroscopic aspect
of the freshly-prepared bioluminescent bio-hydrogel with added P. aeruginosa suspension
at t = 0 can be observed in Figure 11b, whereas the same bioluminescent bio-hydrogel with
added P. aeruginosa suspension after a 3-h timeframe assay can be observed in Figure 11c.
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bioluminescence following exposure to P. aeruginosa cells (c).

During this timeframe, the bio-hydrogel produced according to formulation 5 (Table 1)
developed bioluminescence (Figure 11c), whose signal was captured by the LDR sensor
(Figures 2 and 11a) and, with the aid of a computer program written in C++ language and
transmitted to the Arduino platform (Figure 2), produced the results depicted in Figure 12
in the form of normalized LDR signals (of original arbitrary units).
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Four major moments can be observed in the signal acquired by the LDR sensor
(Figure 12). Moment I may be attributed to diffusion of bacterial cells into just below the
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surface of the bio-hydrogel, not so deep, thereby contacting with some phage particles
and, after 30 min, some of the bacterial cells being lysed with concomitant release of
cytoplasmic contents and bio-reacting with the constituents of the bio-hydrogel, leading to
the first intense bioluminescent signals between 34–38 min, which is a result that is in close
agreement with the general duration of a lytic cycle. This includes replication of the phage
genome within the bacterial cytoplasm with concomitant synthesis of viral proteins and
assembly of more lytic phage virions in cycles of ca. 30 min each, which, with the help of
phage-synthesized holins and lysins, causes lysis of the bacterium and releases a wave of
newly formed virions. Moment II followed after another 30 min, now producing a more
intense and durable bioluminescent signal (moment III) between 62–82 min. The onset of
moment III is in close agreement with previous findings by Balcão et al. [8] in the sense
that it would take about 60 min for P. aeruginosa cells to penetrate 3 mm deep into the
calcium alginate hydrogel core. Between 100–182 min, moment IV clearly illustrates the
phage amplification by a massive infection of the bacterial cells with concomitant lysis
and bioreaction of cytoplasmic contents with the reactants added to the bio-hydrogel
formulation, producing durable luminescence in the bio-hydrogel until the end of the
assay timeframe.

The results obtained simultaneously from the solid-state photo sensor (photodiode)
are displayed in Figure 13.

Biosensors 2021, 11, x 17 of 25 
 

 
Figure 13. Evolution of the normalized solid-state photosensor signal throughout the bioreaction 
timeframe using the bioluminescent hydrogel in bio-detection system II. 

As can be seen from the inspection of Figure 13, the signal acquired by the photodi-
ode also allows us to observe the same four phases, but it was somewhat erratic without 
a clear correspondence with the signal from the LDR sensor. 

4. Discussion 
Based on their performance, all isolated phages produced clear lysis zones in the P. 

aeruginosa DSM19880 bacterial lawn, with phages ph0031 (lower right quadrant in Figure 
3a), ph0034 (upper right quadrant in Figure 3a), and ph0041 (lower left quadrant in Figure 
3a), producing lysis zones with diameters that were ca. 93%, 107%, and 93% of that pro-
duced by phage JG004 (upper left quadrant in Figure 3a), respectively. In addition, a sec-
ondary halo can be observed in the lysis zone produced by phages ph0034 and JG004, 
indicative of the production of phage depolymerases. These results were indicative that 
the cocktail joining the three isolated phages was suitable for integrating the bacterial bio-
sensing polymeric matrices. High titre suspensions (1013 (phage ph0031) and 1012 (phages 
ph0034 and ph0041) PFU/mL) were obtained for the three phages. 

According to previous results by Harada et al. (currently submitted for publication), 
the isolated phages belong to the order Caudovirales, since they are tailed, with phages 
ph0031 and ph0034 belonging most likely to the Myoviridae family and phage ph0041 be-
longing most likely to the Siphoviridae family. 

Analyzing the two calcium alginate biopolymeric matrices depicted in Figure 4, lysis 
of the bacterial lawn (transduced by the presence of clear zones) surrounding the biopol-
ymeric matrix integrating the phage cocktail was highly evident (Figure 4b), allowing us 
to conclude that the immobilized phage particles retained their lytic activity following the 
gelification/polymerization process. Despite the fact that the microbiological assays have 
revealed maintenance of the lytic viability of the immobilized phages, the theoretical mi-
cro-architecture of the alginate matrix with a low pore interconnectivity may, in fact, im-
pact negatively the access of the phage particles to their migrating bacterial host, by re-
taining the phage particles within the polymerized alginate matrix and promoting a lower 
diffusivity of the bacterial cells into the inner core of the bio-hydrogel. Hence, the bacterial 
lysis observed in the P. aeruginosa DSM19880 lawn may have been a result of the lytic 
activity of the phages dispersed in the more superficial layers of the calcium alginate ma-
trices. Nevertheless, the phage particles retained their lytic activity upon immobilization 

Figure 13. Evolution of the normalized solid-state photosensor signal throughout the bioreaction
timeframe using the bioluminescent hydrogel in bio-detection system II.

As can be seen from the inspection of Figure 13, the signal acquired by the photodiode
also allows us to observe the same four phases, but it was somewhat erratic without a clear
correspondence with the signal from the LDR sensor.

4. Discussion

Based on their performance, all isolated phages produced clear lysis zones in the
P. aeruginosa DSM19880 bacterial lawn, with phages ph0031 (lower right quadrant in
Figure 3a), ph0034 (upper right quadrant in Figure 3a), and ph0041 (lower left quadrant in
Figure 3a), producing lysis zones with diameters that were ca. 93%, 107%, and 93% of that
produced by phage JG004 (upper left quadrant in Figure 3a), respectively. In addition, a
secondary halo can be observed in the lysis zone produced by phages ph0034 and JG004,
indicative of the production of phage depolymerases. These results were indicative that
the cocktail joining the three isolated phages was suitable for integrating the bacterial
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bio-sensing polymeric matrices. High titre suspensions (1013 (phage ph0031) and 1012

(phages ph0034 and ph0041) PFU/mL) were obtained for the three phages.
According to previous results by Harada et al. (currently submitted for publication),

the isolated phages belong to the order Caudovirales, since they are tailed, with phages
ph0031 and ph0034 belonging most likely to the Myoviridae family and phage ph0041
belonging most likely to the Siphoviridae family.

Analyzing the two calcium alginate biopolymeric matrices depicted in Figure 4, lysis of
the bacterial lawn (transduced by the presence of clear zones) surrounding the biopolymeric
matrix integrating the phage cocktail was highly evident (Figure 4b), allowing us to
conclude that the immobilized phage particles retained their lytic activity following the
gelification/polymerization process. Despite the fact that the microbiological assays have
revealed maintenance of the lytic viability of the immobilized phages, the theoretical micro-
architecture of the alginate matrix with a low pore interconnectivity may, in fact, impact
negatively the access of the phage particles to their migrating bacterial host, by retaining the
phage particles within the polymerized alginate matrix and promoting a lower diffusivity
of the bacterial cells into the inner core of the bio-hydrogel. Hence, the bacterial lysis
observed in the P. aeruginosa DSM19880 lawn may have been a result of the lytic activity
of the phages dispersed in the more superficial layers of the calcium alginate matrices.
Nevertheless, the phage particles retained their lytic activity upon immobilization within
the polymerized matrix, which is a result only possible following their full structural and
functional stabilization.

Physical immobilization (entropic confinement) of phage particles within an entan-
gled polymeric matrix rich in water molecules, such as the one prevailing in hydrogels,
promotes alterations in the thermodynamic conditions of the nano-environment surround-
ing each phage particle, drastically decreasing water molecule motions in their micro-
neighborhood and leading to enhanced thermodynamic stability [2,58–60]. The net result is
an increase in the translational, rotational, and vibrational viscosities of the phage particles,
with concomitant rigidification of their three-dimensional architecture and consequent
decrease of entropy, hence, promoting structural and functional stabilization [1,2,58,59].
Such stabilization of the phage particles was, in fact, observed in a previous research
work [7], with the hydrogel maintaining its lytic activity during several months (data
not shown).

The DESEM analyses performed for the bioluminescent/chromogenic hydrogels
revealed a highly porous matrix between two thicker layers (Figure 5), which facilitate
mobility of the bacterial cells upon contact of the bioluminescent/chromogenic hydrogel
with aqueous samples containing P. aeruginosa cells.

The results from X-ray tomographic analyses made to the hydrogels (Figure 6) closely
agree with those obtained by DESEM (Figure 5), which indicated that the biolumines-
cent/chromogenic hydrogel possessed a highly homogeneous and porous biopolymeric
matrix. These are clearly important and positive results since such high porosity did not
entangle the entrapped phage particles, making them readily available for meeting the
bacterial cells contacting the surface of the biopolymeric matrix.

Anisotropy is related to a material being directionally dependent and being defined as
a difference in the properties of a material when measured along different directions, as op-
posed to isotropy, which implies identical material properties in all directions. The degree
of anisotropy, calculated as 1− {(Eigenvaluemin)/(Eigenvaluemax)}, is 0 for total isotropy
and 1 for total anisotropy. As can be observed from inspection of the data in Table 2, the
degree of anisotropy is 0.6936 for the bioluminescent/chromogenic hydrogel, a value that
is clearly closer to anisotropy than to isotropy. Since the bioluminescent/chromogenic
hydrogel can be considered an engineered biomaterial with an interconnected biopolymeric
network, this result is easily understandable by observing the DESEM images displayed in
Figure 5.

An analysis of the structure of the bioluminescent/chromogenic hydrogel allows one
to find that it has almost equal values of open and total porosities (Table 2). Adding to
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this, the mean fragmentation index (Table 2) is related to connectivity and produces a
value of relative convexity or concavity of the total object surface with concavity indicating
connectivity (and the presence of “nodes”) and convexity indicating isolated disconnected
structures (“struts”). Lower fragmentation indexes are related to better connected lat-
tices while higher fragmentation indexes are related to a more disconnected structure.
While scarce enclosed cavities and concave surfaces can push the fragmentation index to
(large) positive values, the results obtained for our bioluminescent/chromogenic hydrogel
were large and negative (Table 2), which are consistent with the DESEM analyses performed.
The importance of these results is due to the fact that phage particles were dispersed homo-
geneously within the biopolymeric matrix of the bioluminescent/chromogenic hydrogel
during polymerization, and, therefore, the hydrogel can be contacted with a biological
fluid containing bacterial cells with either of its surfaces.

As can be seen from inspection of Figure 7, inclusion of a higher amount of sodium
1,2-naftoquinone-4-sulfonate (SNQS) together with higher amounts of gelatin and casein
led to production of a very dark-brown chromogel, whose color changes were not so
perceptible during the timeframe of the assays. On the other hand, integration of the
lowest amounts of SNQS, gelatin and casein, in the biopolymeric matrix led to production
of a light-yellowish chromogel, whose color changes over time were more pronounced
following phage-mediated lysis of the bacterial cells present on a fluid directly applied
over it (Figure 7).

As apparent from inspection of the results displayed in Figure 7, the colorimetric biore-
action produced within the chromogels led to the release of proline, which, in turn, resulted
in orange chromophores conferring the orangish color to the bio-hydrogels. The chro-
mogel resulting from formulation 3 (Table 1 and Figure 8) was selected for further studies.
The bioreaction resulting from the hydrolysis of casein/gelatin by the cytoplasmic enzymes
released upon phage-mediated cell lysis led to the production of the imino-acid proline
(possessing a secondary amine, called an imine, instead of a primary one), which reacted
quantitatively and stoichiometrically with SNQS and produced orange chromophores. This
is a reaction that is in close agreement with reports by Troll [61]. As apparent from the
inspection of the results displayed in Figure 9, the colorimetric bioreaction produced within
the chromogels led to release of proline, which, in turn, resulted in visible color changes
arising from the orange chromophores produced, conferring an orangish color to all bio-
hydrogels with varying degrees of intensity along the assay timeframe and depending on
the initial number of bacterial cells applied on top of them.

The results displayed in Figure 10 allow us to clearly observe that increasing the
amount of bacterial cells contacting the chromogel leads to a negative trend of the nor-
malized integrated color density in the chromogel. This observation might closely agree
with the mucoid appearance of P. aeruginosa bacterial lawn on calcium alginate hydrogels,
at high bacterial concentrations, likely due to either production of alginate by the bacte-
rial cells themselves or to the activity of lyases produced by the bacterial cells causing
degradation of the alginate chains with concomitant reduction of viscosity [7,51], thereby,
leading to the decrease in normalized integrated color density observed (Figure 10). On the
contrary, for a lower number of bacterial cells in contact with the biopolymeric chromogel,
the normalized integrated color density increases by 20% after initiating contact of the
bacterial cells with the surface of the chromogel, and remains virtually constant throughout
the remaining timeframe of the assay. For bacterial cell numbers up to 107, no visible
change could be observed beyond 180 min of assay (Figure 10), allowing us to infer that the
presence of this bacterium in a fluid could be detected within a 3 h timeframe assay. When
using cells of S. aureus CCCD-S009 as a control for these bacterial biosensing experiments,
the chromogel selected on the basis of its better responsiveness, viz. the one evolving from
formulation 3, maintained its color throughout the assay timeframe (Figure 10), indicating
that no bioreaction could be observed (Figure 10) since the lytic phages entrapped within
the chromogel were strictly lytic and specific for P. aeruginosa cells. These results were, once
again, consistent with previous results of the host range determination for the isolated
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phages by Harada et al. (currently submitted for publication). Additionally, no growth of
this bacteria could be observed during the timeframe of the assay, viz. 6 h.

When testing the biodetection system II, the difference in the aspect of the biolu-
minescent biohydrogel before and after the assay timeframe was most clear with the
bioluminescent bio-hydrogel contacting with P. aeruginosa suspension becoming somewhat
fluorescent/bioluminescent after 180 min of contact with the bacterial cells. In the biolumi-
nescent bio-hydrogel with added P. aeruginosa suspension depicted in Figure 11c, a slightly
mucoid appearance on its surface could be observed, most likely due to exopolysaccharide
(likely alginate) production by the P. aeruginosa bacterial cells [7,8,51] (Figure 11).

According to the mathematical simulations performed by Balcão et al. [8] for this very
kind of bio-hydrogel matrix, porosity highly influences penetration of P. aeruginosa cells
into the core of the hydrogels. It was also observed by the same researchers that more
porous hydrogels become saturated after 3 h of exposure to the bacteria.

For the diffusion of bacterial cells in a porous matrix, such as the chromogenic/
bioluminescent hydrogels developed, the diffusion process occurs in the frontier between
two extremes, viz. bulk diffusion vs. Knudsen diffusion [8], since the magnitude of the
mean free path of the bacteria has the same order of magnitude of the mean pore diameter
in the matrix network. Similarly to the work developed by Balcão et al. [8], this was the
case with the biopolymeric hydrogels developed in the present research work. On average,
self-propelled P. aeruginosa cells have a much greater motion speed than that provoked by
spontaneous fluctuation within the medium [62].

In their work, Balcão and colleagues [8] obtained the value Dbact,eff = 1.290× 10−10 m2/s
for the effective diffusion coefficient for P. aeruginosa bacterial cells in a similar calcium
alginate hydrogel, which is a value that is of the same order of magnitude as that obtained
by Liu et al. [63] for Cellulosimicrobium cellulans GS6, concluding that it takes about 1 h for
P. aeruginosa cells to penetrate 3 mm deep into the calcium alginate hydrogel core. Balcão
and colleagues [8] inferred that a bio-detection device using such an alginate hydrogel
would respond quite rapidly.

As time elapses, bacterial cells that swarmed deeper into the bio-hydrogel core become
entrapped and thermodynamically more stable, which can be attributed to a thermody-
namic change in the microenvironment surrounding each bacterial cell due to the high
reduction in the movements of aqueous solvent molecules in their micro-neighborhood
within the core of the biopolymeric matrix [2,8,58], resulting in increased rotational, trans-
lational, and vibrational viscosities of the bacterial cells and, consequently, in a more rigid
three-dimensional architecture with a concomitant decrease of entropy [58].

According to Balcão et al. [8], the calcium alginate hydrogel integrates pores with
both larger diameters and larger throat diameters, which may facilitate a more rapid
and deeper penetration of the bacterial cells into its core, since the bacterial cells may be
considered equivalent to macromolecules in terms of both diffusion behavior and molecular
diffusion [63].

During alginate polymerization, hyper-entanglements form within the inner core
of the hydrogel matrix, which, associated with increased local viscosity, rapidly reduce
bacteria mobility and penetration and prevents a homogeneous dispersion within the
hydrogel [8,64].

Increasing cell density leads to an increased bacterial diffusion coefficient, which
can be attributed to the hydrodynamic disturbances caused by neighboring swimming
bacteria [65]. During swarming, P. aeruginosa cells produce a bio-surfactant at high cell
densities as a quorum sensing response and extract wetting liquid from the surface of the
polymeric matrix, with both the movement of individual cells and the swarm expansion
being aided by changes in the physical properties prevailing within and on the surface of
the thin liquid film recently developed [8].

The bio-detection system designed to produce bioluminescence following phage-
mediated lysis of the bacterial cells present on a fluid directly applied over it, produced the
results depicted in Figure 11c with formulation 5 (Table 1), integrating higher amounts of
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luciferase, ADP, and Mg2+ in the biopolymeric matrix, since the bio-hydrogel designed,
according to formulation 4, did not produce any results within 180 min of the assay.

As can be observed by inspecting Figure 12, four major moments can be defined
in the signal acquisition by the LDR sensor. Moment I (Figure 12) may be attributed to
diffusion of bacterial cells into just below the surface of the bio-hydrogel, not so deep,
thereby contacting some phage particles and, after 30 min, some of the bacterial cells being
lysed with concomitant release of intracytoplasmic contents and bio-reacting with the
constituents of the bio-hydrogel, leading to the first intense bioluminescent signals between
34–38 min (Figure 12). This is a result in close agreement with the general duration of a lytic
cycle [1]. This includes replication of the phage genome within the bacterial cytoplasm with
concomitant synthesis of viral proteins and assembly of more lytic phage virions in cycles
of ca. 30 min each which, with the help of phage-synthesized holins and lysins, causes
lysis of the bacterium [1,66,67] and releases a wave of newly formed virions. Moment II
followed after another 30 min, now producing a more intense and durable bioluminescent
signal (moment III) between 62–82 min. The onset of moment III is in close agreement
with previous findings by Balcão et al. [8], in the sense that it would take about 60 min for
P. aeruginosa cells to penetrate 3 mm deep into the calcium alginate hydrogel core. Between
100–182 min, moment IV clearly illustrates the phage amplification by a massive infection
of the bacterial cells with concomitant lysis and bioreaction of intracytoplasmic contents
with the reactants added to the bio-hydrogel formulation, producing durable luminescence
in the bio-hydrogel until the end of the assay timeframe.

As can be seen by inspecting Figure 13, the signal emanating from the photodiode
was somewhat erratic, without a clear correspondence with the signal from the LDR sensor.
Hence, the photodiode sensor was deemed not suitable for the intended purpose of the
bacterial bio-detection system II.

The bacterial bio-detection system II was designed to capture extremely low luminous
intensities. For this, two sensors possessing distinct characteristics were employed, viz. a
4-mm LDR sensor and a 3 × 4 mm photodiode. The LDR sensor is typically composed of a
CdS filament, whose resistivity varies with the intensity of incident light [68]. The spectral
sensitivity range is approximately 400–900 nm, which is more efficient in the range equiva-
lent to the human eye, making the LDR sensor recommended to capture yellow-greenish
luminescence [68]. The other sensor used was a solid-state photodiode, where the incident
light is directed to the P-N junction of the semiconductor, generating an electric current
to be picked up by the circuit. The sensitivity of the solid-state photodiode is broad, and
maximum in the infrared region, but with a relative response above 0.5 for the visible
spectrum [68].

The Arduino electronic prototyping platform [69], composed of a microprocessor,
digital and analog inputs and outputs, and a USB serial communication port, was used
for the sensor signal processing system. The electronic scheme used for bio-detection
system II is illustrated in Figure 2. The resistors selected and used were such that they
maximized both the sensitivity and the detection range for each sensor. The LDR and
photodiode signals (two points per second from each sensor) were sent to the input ports
A0 and A1 (Figure 2), processed by a program written in C++, and sent numerically to the
USB serial port, from where they followed the computer via a serial terminal. The data
captured in the terminal was then copied periodically to a data-processing program (viz.
Microsoft Excel). The results displayed in Figures 8, 10 and 12 allow us to conclude that
both biosensing devices were able to positively detect the presence of P. aeruginosa cells
within a 3 h timeframe assay.

In a previous research work by Harada et al. (currently submitted for publication),
the host range and efficiency of plating (EOP) of the isolated phages revealed that phages
ph0031, ph0034, and ph0041 were able to bind and infect several strains of P. aeruginosa
isolated from clinical isolates (data not shown), killing the bacteria (between 33% (phage
ph0034) and 89% (phages ph0031 and ph0041) of those strains). Although the host range
was wide, the EOP of the phages for those strains was generally low, likely because the
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phages were not able to produce a large amount of progeny virions. Nevertheless, the
bio-detection systems designed and tested in this research work should be able to detect
those (and other) strains from clinical isolates.

The screening of common pools often associated with P. aeruginosa and its rapid and
specific diagnosis have important epidemiological significance for the prevention and
control of infections related to this bacterial. Hence, the uniquely high specificity of phages
for a given bacterial species, along with a short life cycle, makes these metabolically inert
entities useful not only for treating bacterial infections but also for biological detection of
that pathogen.

5. Conclusions

In this research work, we propose two bio-detection systems for P. aeruginosa, based
on a cocktail of three different lytic phages isolated from environmental sources in Brazil,
which were structurally and functionally stabilized within a biopolymeric matrix. Based on
their lytic performance, all phages produced clear zones of lysis in P. aeruginosa lawns,
indicative that the cocktail joining the three isolated phages was suitable for integrating the
bacterial biosensing polymeric matrices. All phage particles isolated were tailed and, hence,
dsDNA phages, with two of them belonging to the Myoviridae family and one belonging to
the Siphoviridae family. The immobilized phage particles were viable and retained their lytic
activity after the polymerization process, leading to bio-reactive hydrogels, thus allowing
us to conclude that stabilization of both their structure and function was fully attained.
Using bio-detection system I, for bacterial cell numbers up to 107 CFU, no visible change
could be observed beyond 180 min of the assay, allowing us to infer that the presence of this
bacterium in a fluid could be detected within a 3 h timeframe assay using this biosensing
device. Using bio-detection system II, bioluminescence was developed when contacting
the hydrogel with the bacterium, whose signal was successfully captured by an LDR sensor
and transformed into numerical values with the aid of a computer program written in
C++ language and transmitted to an Arduino platform. From the bioluminescence signals
captured by the LDR sensor, four major moments could be defined that were in close
agreement with the general duration of a lytic cycle, and allowed to positively detect a
(P. aeruginosa) bacterial load in a timeframe of less than 180 min. Regarding the signal ema-
nating from the photodiode sensor, it was somewhat erratic without a clear correspondence
with a signal from the LDR sensor, and, hence, the photodiode sensor was deemed not
suitable for the intended purpose of bacterial bio-detection system II. The results obtained
in the present research effort allow us to conclude that both (viz. chromogenic and biolu-
minescent) biosensing devices were able to positively detect the presence of P. aeruginosa
cells within a 3 h timeframe assay. The use of bio-reactive hydrogels facilitates handling,
and, hence, are desirable for integrating a bioanalytical system with practical use. In the
research work described herein, the bio-reactive matrices were intended for stabilizing
phage particles and exhibit chromogenic/bioluminescent properties, following penetration
of P. aeruginosa cells supposedly present in (biological) fluids contacting a single surface of
the hydrogel, and a reaction with the stabilized phage particles.
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