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ABSTRACT: Waterborne bacterial infection is a health threat
worldwide, making accurate and timely bacteria detection crucial
to prevent waterborne disease outbreaks. Inspired by the intrinsic
capability of mannan-binding lectin (MBL) in recognizing the
pathogen-associated molecular patterns (PAMPs), a visual
biosensor is developed here for the on-site detection of both
Gram-positive and -negative bacteria. The biosensor was
synthesized by immobilization of the MBL protein onto the blue
carboxyl-functionalized polystyrene microparticles (PSM), which is
then used in a two-step assay to detect bacterial cells in water
samples. The rst step involved a 20 min incubation following the
MBL-PSM and calcium chloride solution addition to the samples.
The second step was to add ethanol to the resultant blue mixture
and observe the color change with the naked eye after 15 min. The biosensor had a binary (all-or-none) response, which in the
presence of bacterial cells kept its blue color, while in their absence the color changed from blue to colorless. Testing the water
samples spiked with four Gram-negative bacteria including Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae, and
Pseudomonas aeruginosa and two Gram-positive bacteria of Enterococcus faecalis and Staphylococcus aureus showed that the biosensor
could detect all tested bacteria with a concentration as low as 10%°> CFU/ml. The performance of biosensor using the water samples
from a water treatment plant also con rmed its capability to detect the pathogens in real-life water samples without the need for
instrumentation.
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I\/I onitoring the microbiological safety of potable water is Using this system, they could detect Gram-negative Escherichia

crucial to prevent outbreaks associated with waterborne coli (E. coli) and Gram-positive Staphylococcus aureus (S. aureus)
pathogens." These include bacteria, viruses, and parasites of with the reported detection limit of 103 CFU/mL in 20 min. In
which bacteria, due to their higher prevalence, are the most another study, Huang et al.® used 4-mercaptophenylboronic
important in water quality surveillance.>> The conventional acid (4-MPBA)-functionalized gold nanoparticles which could
methods for the detection of bacteria include plate count, change color from dark blue to red in the presence of bacteria in
nucleic acid, and immunological assays which require the 20 min. This biosensor allowed the detection of Gram-negative
transfer of samples to a laboratory and waiting for several hours E. coli, Salmonella pullorum, and Gram-positive S. aureus,
to obtain the results.* Despite their high accuracy, a long Enterococcus faecalis (E. faecalis), and Streptococcus mutans with
waiting time made other technologies such as biosensors, which the detection limit of 103 CFU/mL. Recently, Du et al.’
o er arapid on-site detection, of high interest.” _ developed a gold nanoparticle-based biosensor that changed
Biosensors are often classi ed into electrochemical, optical, color from red to blue in the presence of bacteria in 5 min. The
thermal, and mass-sensitive, depending on their signal trans- biosensor could detect Gram-negative E. coli, Pseudomonas
duction mechanism.” Visual biosensors are a subtype of aeruginosa (P. aeruginosa), Salmonella typhimurium (S. typhimu-

colorimetric optical biosensors which upon recognizing the
analyte transduce a colorimetric signal readable and interpret-
able by the naked eye.? Such visual biosensors capable of rapid _
detection of both Gram-positive and -negative bacteria in water Received: August 17, 2021
samples have been introduced in recent years. Sun et al.’ Accepted: March 1, 2022
developed a biosensor that could detect live bacteria by Published: March 15, 2022
measuring the presence of glucose in their environment.

When the bacterial cells were absent, the biosensor showed a

deep blue color, while in their presence it became colorless.

rium), Vibrio parahemolyticus, and Shigella exneri and Gram-
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positive S. aureus and Bacillus subtilis with the reported detection
limit of 10° 10" CFU/mL.

In order to recognize the bacterial cells, a number of
recognition elements including antibodies,'® aptamers,**
boronic acid derivatives,®'? and vancomycin®® were used in
biosensor development. However, the detecting capability of
these recognition elements is often limited to one bacterial
species or at best a group of Gram-positive or -negative bacteria.
Mannan-binding lectin (MBL) is a protein in blood circulation
capable of detecting a broad spectrum of both Gram-positive
and -negative bacteria.*

MBL is a 25 kDa tulip-shaped protein comprising four
domains of a cysteine-rich N-terminal, a collagen-like region, a
neck and a C-terminal carbohydrate-recognition domain
(CRD).*>*® MBL is a calcium-dependent protein, recognizing
the pathogen-associated molecular patterns (PAMPS) which are
conserved molecules present on a variety of microorganisms and
playing an essential role in their survival.*"*® Lipopolysaccharide
(LPS) and lipoteichoic acid (LTA) on Gram-negative and
-positive bacteria, respectively, are examples of such molecules
which induce the host defense response after attachment to
MBL and activating the complement system.**%°

In this study, MBL was used for the rst time as the
biorecognition element of the biosensor to detect both Gram-
positive and -negative bacteria. The biosensor comprised blue
polystyrene microparticles (PSM), as the signal transducer, with
the MBL protein chains (MBL-PSM) immobilized on its
surface. The biosensor had a binary (all-or-none) response,
visible to the naked eye, where the biosensor retained its blue
color in the presence of bacterial cells, while shifting from blue to
colorless when bacterial cells were not present. Using the
developed biosensor, four Gram-negative bacteria including E.
coli, P. aeruginosa, Acinetobacter baumannii, and Klebsiella
pneumoniae, and two Gram-positive bacteria of E. faecalis and
S. aureus were detected in water samples with a concentration as
low as 10*° CFU/mL.

MATERIALS AND METHODS

Synthesis of MBL-PSM. Recombinant human MBL protein (Sino
Biological, catalogue number 10405-HNAS) was immobilized on the
carboxyl-functionalized polystyrene microparticles (PSM; Spherotech,
catalogue number CPB-005-10). The step-by-step protocol of the
coupling procedure is described in the Supporting Information. In brief,
the PSM aliquot in Milli-Q water (18 M /cm resistivity) was
centrifuged at 12,000 rpm for 5 min. The supernatant was discarded and
the PSM were resuspended in 50 mM MES bu er (Sigma-Aldrich,
catalogue number M8902) to make a 5 mg/mL suspension. Next, 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride
(EDC; Thermo Scienti ¢, catalogue number 22980) and N-
hydroxysulfosuccinimide (Sulfo-NHS; Thermo Scienti c, catalogue
number 24510) were added to the bu er to make the nal
concentrations of 1.90 and 12.90 mg/mL, respectively. A freshly
dissolved 25 gof MBL in50 mM MESbu er (1 mg/mL) was added to
1 mg of PSM and allowed to mix on an orbital shaker at 250 rpm for
2.50 h. Next, ethanolamine (Sigma-Aldrich, catalogue number E9508)
was added to the medium and mixed for an additional 30 min on the
orbital shaker at 250 rpm. The medium was then centrifuged at 12,000
rpm for 5 min, and the supernatant was collected for bicinchoninic acid
(BCA) assay analysis. Finally, the MBL-PSM were resuspended in 200

L Dulbecco’s phosphate-bu ered saline (DPBS; Gibco, catalogue
number 14190250). The entire process was performed under ambient
conditions (relative humidity, 30 70%; temperature, 20 = 5 °C).

Characterization of the MBL-PSM. Conductometric Titration.
The density of carboxyl groups on the outer surface of PSM was
measured using a titrator (Excellence Titrator T5, Mettler Toledo,
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Switzerland). The PSM were diluted in Milli-Q water (solid content
0.45%), and the pH was adjusted between 2.50 and 3 using 0.10 M HCI
solution. The change in the conductivity of PSM at 23 °C after adding
0.10 M NaOH solution was used to calculate the mean number of
carboxyl groups per particle. The detailed calculation can be found in
the Supporting Information.

BCA Assay Analysis. BCA assay analysis was carried out to
determine the coupling e ciency of MBL protein with the PSM. The
supernatant collected at the end of the conjugation process was tested
using a Pierce Rapid Gold BCA Protein Assay Kit (Thermo Scienti c,
catalogue number A53227), following the manufacturer’s instructions.
In brief, the two reagents available in the kit were mixed shortly before
the test and added (100 L) to 10 L of the supernatant, as well as a
series of bovine serum albumin (BSA; Sigma-Aldrich, catalogue
number A2153) solutions (0 2000 g/mL) in a 96-well plate. The
plate then was immediately transferred to a microplate reader (In nite
200 pro, Tecan, Switzerland) and the absorbance was read at 480 nm
after 5 min of shaking at ambient conditions. The absorbance of the
supernatant was then compared against the standard curve plotted from
the BSA solutions.

Dynamic Light Scattering (DLS). The particle size and charge were
measured using a DLS analyzer (NanoBrook Omni, Brookhaven
Instruments, USA). The samples (pH 7.40) were transferred to a
disposable cuvette and analyzed at 5 automated acquisitions.

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-
D). The orientation of MBL protein attached onto the PSM was
assessed using the QSense Analyzer (Biolin Scienti ¢, Sweden). The
MBL-PSM diluted in Milli-Q water (5 g/mL) was incubated on a bare
gold sensor at 23 °C. After 7 h, the sensor was washed by DPBS ata ow
rate of 100 L/min for 30 min to wash away the unattached particles.
The adsorbed mass from the frequency and dissipation shifts was
calculated using the built-in viscoelastic model in the software Q-sense
D nd (Biolin Scienti c, Sweden).

The MBL-Based Biosensor Testing. The testing was carried out by
mixing 25 L of each sample with 4 L of the MBL-PSM and 3 L of
340 mM calcium chloride dihydrate (Merck, catalogue number
1023820250) in Milli-Q water. The mixture was then incubated for 20
min under ambient conditions, followed by mixing with 25 L of 70%
(v/v) ethanol in water. The color of medium after 15 min was measured
using the microplate reader at 660 nm.

Bacteria Cell Wall Components. LPSs from E. coli O128: B12
(Sigma-Aldrich, catalogue number L2755), P. aeruginosa (Sigma-
Aldrich, catalogue number L9143), and S. typhimurium (Sigma-Aldrich,
catalogue number L7261) were used as the characteristic components
of Gram-negative bacteria cell wall. LTAs from S. aureus (Sigma-
Aldrich, catalogue number L2515) and Streptococcus pyogenes (S.
pyogenes; Sigma-Aldrich, catalogue number L3140) were used as the
components found on the cell wall of Gram-positive bacteria. Each
component was mixed with Milli-Q water to prepare four
concentrations of 1, 2,50, 5, and 10 ppm. Potable water ([Ca®*] < 7
ppm) from a local water supply was tested as the negative control.

Bacteria Culture. Four Gram-negative bacteria including Acineto-
bacter baumanii (A. baumanii; ATCC 17978), E. coli (G102, O86:H2),
Klebsiella pneumoniae (K. pneumoniae; ATCC 13883), P. aeruginosa
(ATCC 27583), and two Gram-positive bacteria E. faecalis (ATCC
29212) and S. aureus (ATCC 6538) were used in this study. All species
were grown on LB agar plates from frozen glycerol stocks except for S.
aureus which was grown on nutrient agar. A single colony of each
bacterium was inoculated in 10 mL of LB broth medium and incubated
at 37 °C for 24 h under 200 rpm shaking. The bacteria concentration in
the suspension was determined by plating the stock on agar and
counting the number of colonies. The suspension was then centrifuged
at 12,000 rpm for 5 min, and the bacteria collected were washed with
DPBS twice and resuspended in Milli-Q water. The suspension was
then decimally diluted in Milli-Q water to achieve the following bacteria
concentrations of 10* 10% 107 and 10 CFU/mL. The concentrations
of the serially diluted suspensions were con rmed by spreading them on
agar plates in triplicate and incubating for 24 h before counting the
colonies. Potable water ([Ca?*] < 7 ppm) from a local water supply was
tested as the negative control.
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Figure 1. Summary of the characterizations performed on the biosensor herein synthesized. MBL; Mannan-binding lectin, MBL-PSM; Polystyrene

microparticles coupled with mannan-binding lectin protein.

Wastewater Samples. The capability of the biosensor to detect
pathogens in real-life wastewater was tested against the samples
obtained from a paper industry water treatment plant in Victoria,
Australia. The analytical data of the water used in this study is found in
Table S1. The samples were diluted 100 times with Milli-Q water to
adjust the hardness (to 7 ppm [Ca?*]), and the resultant samples were
tested once without further modi cation and after being autoclaved at
121 °Cand Itered (0.20 m syringe lIter).

Statistical Analysis. The obtained results were statistically analyzed
using Student’s t-test by Minitab 17 software (Minitab Inc., USA), and
the p < 0.05 was considered statistically signi cant.

RESULTS AND DISCUSSION

Characterization of the Synthesized Biosensor. The
conductometric titration, DLS, BCA, and QCM-D analysis were
carried out to characterize the synthesized biosensor, with the
corresponding results were summarized in Figure 1. The
conductometric titration estimated the presence of 2.80 x 107
carboxyl groups per PSM. The MBL protein chains were
coupled with the carboxyl groups on the PSM via their amine
groups. The BCA analysis revealed that this process ended up
attaching 81.98 + 5.85% of the used MBL to the PSM. The
obtained result was further con rmed by DLS analysis. The
conjugation of negatively charged MBL? signi cantly (p <
0.005) increased the zeta potential of carboxyl-functionalized
PSM from 29.10 £2.87 mVto 73.79+ 2.73mV. Note that
the nature of BCA assay, which measures the total protein
content, might measure the protein impurities of the commercial
MBL used in this study (>95% purity), resulted in estimating a
smaller attachment e ciency.??

A high attachment e ciency, in addition to its cost bene ts, is
critical for optimal biosensor performance. The dissociation
constant (Kp) of MBL to saccharides is relatively high (10 3
M),?® when compared with the known antibody antigen
interaction (10 '° to 10 ® M).** Hence, a large number of
MBL chains must be present on each PSM to potentially
enhance the biosensor avidity to the bacteria through
simultaneous multiple binding.?>?® In the serum, MBL
enhances its avidity by forming hexamers. The MBL chains

rst form a triple helix, referred to as “subunit”, at the collagen-
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like region which then link together through the disul de
bridges at their N-termini and form the hexamers.*®

The orientation of attached MBL chains on microparticles is
another critical factor for optimized biosensor functionality. The
importance of orientation has been previously demonstrated for
the a nity of the antibodies to their antigens.®* The
biorecognition site in the MBL protein resides at its C-terminal
which makes the ideal orientation the N-terminal attached to the
PSM, while the C-terminal is exposed. Of the 298 amino acids
constructing the MBL protein, 7 are cysteine.® Out of these 7
cysteine residues, 4 in the C-terminal are capped through the
disul de bonding, while the remaining 3 in the N-terminal
domain are exposed.”” The availability of these free cysteine
residues, combined with the high a nity of thiol groups on
cysteine to the gold surfaces,’® were the basis of the QCM-D
analysis here. Incubating the MBL-PSM on a gold sensor
resulted in the attachment of an estimated 14.17 + 1.75% of the
particles, expected to be the portion of particles mostly covered
with MBL with an undesired orientation (i.e., CRD not being
available). It is noteworthy that this high percentage can be
partially attributed to the water trapped between the MBL
chains which could result in an overestimation of the calculated
mass.”® Measuring the hydrodynamic diameter of the MBL-
PSM strengthens this hypothesis, as the MBL conjugation
signi cantly (p < 0.005) increased the mean hydrodynamic
diameter of the bare PSM from 431.25 + 2.97 nm to 767.84 +
19.88 nm.

Kang et al.”” chose a di erent approach and used engineered
MBL with deleted collagen-like region fused to the human IgG1
Fc (FcMBL). Deleting the collagen-like region was done in
order to eliminate the blood coagulation activity of this region
when MBL came in contact with blood in their blood-cleansing
device. However, since the present study dealt with water
samples, not blood, wild-type MBL was preferred over FCMBL,
as it could only add to the cost and complexity of the synthesis
procedure.

Principle of the Assay. Figure 2 illustrates the testing
procedure of the colorimetric assay used in this study. The water
sample was rst mixed with the MBL-PSM and calcium ions and
incubated for 20 min to ensure e cient binding between the
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Figure 2. Colorimetric assay procedure of the developed biosensor.
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analyte and the biosensor. Next, ethanol was added to the blue
mixture and incubated for a further 15 min. A visible color shift
from blue to colorless (Figure 2A) occurred as a result of the
gradual aggregation and separation of blue particles (Supporting
Video 1). This was interpreted as the analyte being absent or
existing below the assay’s detection limit. On the other hand, if
the blue color persisted at 15 min reading time, it was interpreted
as the analyte being present in the sample (Figure 2B). Indeed,
the aggregation eventually happens even in this sample if it is
given extra time (i.e., more than 5 min after the reading time).

The resulting particle aggregation observed after ethanol
addition can be explained by two mechanisms. Ethanol, being an
organic solvent, decreases the solubility of hydrophilic amino
acid-rich proteins such as MBL.** Only tryptophan has been
shown to have increased solubility after ethanol addition,®* but
since this represents only 1.30% of the total amino acid content
of MBL, the e ect is negligible. Ethanol also enhances the
interaction of calcium ions with MBL-PSM by decreasing the
dielectric constant of the medium.*>** This was responsible for
the further instability of the colloid and its eventual aggregation
by the known charge neutralization occulation mechanism.**
The zeta potential measurement of the 1 ppm E. coli's LPS
sample con rmed this, as the MBL-PSM showed a rapid
decrease in the net charge from 73.79 £2.73 mV to about 6
mV after 10 min. When the particles came together, it is
expected that they attach to each other by entangling their MBL
protein chains. Such an entanglement is possible given the
su ciently long Ien?th of each MBL chain which on average
reaches 19 # 4 nm.* To put this in perspective, the MBL chain
length is almost three times longer than the length of a typical
IgG antibody.*

MBL, as the recognition agent of the biosensor, identi es the
microbial saccharides including N-acetyl-D-glucosamine, man-
nose, N-acetyl-mannosamine, and fucose and binds to their 3-
and 4-hydroxyl groups.?®% It is hypothesized that when the
bacterial cells or the cell-wall components were present, they
attached to multiple MBL-PSM and created particle clusters by
interparticle bridging. Considering the relatively large size of
monomeric LPS and LTA, which can form spherical assemblies
with tens of nanometers in diameter®”* and their tendency to
self-assemble and grow in size up to 1 m,** this assumption is
reasonable. The DLS measurement con rmed this hypothesis as
the incubation of MBL-PSM with 2.50 ppm LPS of E. coli
resulted in an increase in the average particle size up to 2341 +
217 nm and the polydispersity index from 0.20 + 0.06 to 0.50 +
0.02 after 20 min. The clusters formed at this stage (Figure S1A)
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were di erent from the aggregates observed in the uncon-
taminated sample (Figure S1B) after ethanol addition. These
clusters, despite their large size ( 2 m), were still
homogeneously dispersed in the medium, yielding a blue
color. It can also be hypothesized that when ethanol was added,
the conformation of MBL changed by alteriné:] the hydrogen
bonding properties of the aqueous medium.**** As a result,
when the free MBL-PSM started to self-aggregate, the LPS/
LTA-MBL-PSM clusters began to disintegrate, releasing the
dissociated particles into the medium.“® The released particles
counter-balanced the e ect of self-aggregation, extending the
intensity of the blue color in the contaminated sample for a
longer time. Similar dissociation behavior has been previously
observed when antibodies came in contact with ethanol,** high
ionic strength medium,** and acids.*?

Detecting the Bacteria PAMPs. To nd the optimal
incubation time by which MBL-PSM were aggregated after
ethanol addition, LPS and LTA, as the respective characteristic
components of Gram-negative and-positive bacteria cell walls,
were used. LPS (endotoxin) makes up about 75% of the outer
membrane of Gram-negative bacteria.** It is anchored to the
bacteria membrane through a glycophospholipid domain called
“lipid A” which itself is attached to a core oligosaccharide and a
distal polysaccharide known as “O-antigen”.*>*® Teichoic acids
(TAs) are the constituent of about 50% of the membrane in
Gram-positive bacteria.*” They are found covalently linked to
the cell wall peptidoglycan as wall teichoic acid (WTA)*® or
tethered to the cell membrane (LTA).*® Wall teichoic acid has
also been demonstrated to be more diverse structurally, while
LTA often is less diverse among bacterial species.”® LTA makes
up about 10% of the Gram-positive bacteria membrane and is
made up of phosphate-linked repeating units of alcohols such as
glycerol or ribitol anchored to the membrane by glycolipid
domain. 9

The MBL PAMPs interaction in vitro is reported to require
20 min to establish proper binding under ambient con-
ditions.****>3 Qur experiments veri ed this number (Figure
S2), and thus all samples were incubated with the MBL-PSM
and CacCl, for 20 min prior to mixing with ethanol. After ethanol
addition, the color intensities of samples were measured at 660
nm after 5, 10, and 15 min, and the results were shown in Figure
3. It was found that an absorbance of 0.10 was the value below
which the samples changed their color from visibly blue to
colorless, as judged by the naked eye. Potable water and the
sucrose in Milli-Q water (10 ppm) reached the 0.10 limit 15 min
after ethanol addition. As MBL recognizes the saccharide
moieties on bacteria, sucrose in the concentration of 10 ppm was
included to verify that the biosensor does not generate false-
positive results when tested against the non-microbial
saccharides. Next, the LPS from E. coli, P. aeruginosa, and S.
typhimurium and LTA from S. aureus and S. pyogenes were added
to the Milli-Q water to prepare four concentrations of 1, 2.50, 5,
and 10 ppm. All tested PAMPs at 2.50, 5, and 10 ppm were
visibly blue after 15 min, while the measured absorbance for all 1
ppm samples dropped below the 0.10 blue/colorless borderline
absorbance.

The decreased analytical sensitivity of the biosensor in
detecting the PAMPs when compared with the previously
developed biosensors® *° can be attributed to the nature of
PAMPs tested in this study. The MBL ligand for E. coli is lipid A
residue of its LPS,>” while the ligands for S. aureus®*>* and S.
pyogenes®®*® are the N-acetylglucosamine of their WTA. The
commercial LPS used here has been extracted via the phenol
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Figure 3. Color changing behavior of the biosensor 5, 10, and 15 min after ethanol addition measured by a microplate reader at 660 nm. The 0.10 was
the absorbance value below which the samples shifted color from visibly blue to colorless. LPS; Lipopolysaccharide, LTA; Lipoteichoic acid.

extraction method. It has been demonstrated that this technique
generates LPS with about 60% of its original lipid A content.*
Additionally, as the main ligand of MBL on S. aureus and S.
pyogenes resides on their WTA, measuring LTA which is
considered a poor ligand for MBL in these bacteria®* resulted in
having a lower analytical sensitivity. Another example is S.
typhimurium whose MBL ligand resides on the core
oligosaccharide of its LPS, but the attached O-antigen
diminished its interaction with the MBL CRD.?® It has been
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recommended that the LPS level in potable water supply must
not exceed 0.10 ppm, as it can have adverse health e ects.®” The
LPS level in the e uent from water treatment plants is usually
much lower than this amount.®® This makes the developed
biosensor unsuitable for the measurement of free PAMPs, as it
was designed for the detection of whole bacterial cells.
Detecting Gram-Positive and -Negative Bacterial
Cells. Figure 4 illustrates the performance of developed
biosensor detecting four Gram-negative (i.e., E. coli, P.
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Figure 4. Color changing behavior of the biosensor in water samples spiked with 10*  10* CFU/mL of Gram-positive and -negative bacteria vs potable
water measured by a microplate reader at 660 nm. The 0.10 was the absorbance value below which the samples shifted color from visibly blue to
colorless. Values represent the mean =+ standard deviation, n = 3, *p < 0.05, **p < 0.01, ***p < 0.005 (obtained by Student’s t-test).

aeruginosa, K. pneumoniae, and A. baumannii) and two Gram-
positive (i.e., S. aureus and E. faecalis) bacteria. The measured
blue color intensity for all six species in all four estimated
concentrations of 10%, 10% 10% and 10* CFU/mL were above
the 0.10 blue/colorless borderline (the optical images were
shown in Figure S3). The blue color intensities in all
contaminated samples were signi cantly greater than that of
the potable water. However, no statistically signi cant di er-
ences were observed among di erent concentrations of each
bacterium, indicating the intensity of blue color was not
in uenced by the bacteria concentration tested. It is worth
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mentioning that despite achieving a higher analytical sensitivity
compared with the previous studies,” ° the developed biosensor
still is not suitable for water safety standard testing. According to
the United States Environmental Protection Agency (EPA), the
analytical sensitivity of a test for determining the safety of
potable water must be at least 1 CFU/100 mL.%

The colony production is a distinctive feature of live bacteria,
which separates them from dead, nonviable, or resting-state
ones.®® Regardless of this unique feature, the chemical
composition of live bacteria is not signi cantly di erent from
the rest.%® This theoretically makes it possible to detect them, as
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Figure 5. Biosensor performance tested on the wastewater samples. The sample was diluted 100 times and tested without further treatment and after

autoclave/ ltering.

well as those which are dead, nonviable, or in a resting state using
the developed biosensor. A possible explanation for its capability
in detecting low levels of CFU partially relies on the presence of
such cells, in addition to the live ones.®®

Wastewater Samples from the Water Treatment Plant.
Testing the water samples obtained from a water treatment plant
con rmed the feasibility of detecting the bacterial cells in this
type of water. As Figure 5 shows, the biosensor/sample medium
retained its blue color when bacteria were present and lost its
color in their absence. Due to the high water hardness, the
sample was diluted 100 times to decrease the calcium ion
concentration. It was observed that a very high calcium content
could aggregate the MBL-PSM regardless of bacteria presence
or absence even before the ethanol addition. This phenomenon
was observed when the calcium concentration in both
wastewater and potable water was above 7 ppm. Below this
concentration, no change in the biosensor performance
discernible by the naked eye was observed.

CONCLUSION

The present study reports the development of a visual biosensor
capable of detecting Gram-positive and -negative bacteria in
water samples. The biosensor provided a culture-free, rapid, and
on-site detection, detecting the bacteria at concentrations as low
as 101%° CFU/mL.This makes the current biosensor at least 10
times more sensitive than the visual biosensors with similar
functionality reported in the literature. Testing the biosensor on
wastewater demonstrated its capability to detect bacteria in real-
life samples. However, it was found that the performance could
be compromised when testing the water samples with high ionic
concentrations.
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The step-by-step protocol of MBL attachment to PSM;
calculation of the mean number of carboxyl groups per
particle; wastewater sample analytical data; scanning
electron microscopy images of the MBL-PSM; required
time to establish a proper binding between MBL and
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PAMPs; and optical images of the bacterial cell containing
samples 15 min after ethanol addition (PDF)

Color changing behavior of biosensor (MBL-conjugated
blue microparticles) when testing the contaminated and
potable water. The biosensor was rst added to each
sample and incubated for 20 min. Next, ethanol 70% (v/
v) was added to the mixture and the color change was
observed after 15 min. A visible color shift from blue to
colorless occurred in the potable water while contami-
nated water remained blue. (MP4)
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