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In this work, a selective medium was developed for pyocyanina-dependent qualitative detection of
Pseudomonas aeruginosa in raw microbial samples using electrochemical analysis. To obtain an
optimum nutritive formulation, the effect of different media (BYEB, LB, SDB, MHB, TSB, and NB),
positive ions (K*, Na*, Ca**, Fe**, and Mg?*) and selected additives (1-naphthylamine, acetamide, and
benzylpenicillin sodium) on the amount of synthesized pyocyanin were investigated and compared.
NB was found to be the most favourable medium for the electrochemical detection of pyocyanin, and
Mg®* was shown to be the most effective supporting additive ion for the detection. 1-Naphthylamine
was shown to be the most effective supporting antibiotic reagent when supplied in the medium to
enhancing the presence of pyocyanina compared to the other two antibiotics. The results indicated that
the improved selective medium (ISM) can effectively inhibit/limit the growth of various
microorganisms other than P. aeruginosa and obviously enhance the production of pyocyanin in
environmental samples that contained P. aeruginosa. This study provided a method for simple and fast
electrochemical detection of P. aeruginosa in complex microbial samples.
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1. INTRODUCTION

The ubiquitous gram-negative bacteria Pseudomonas aeruginosa is an opportunistic pathogen
that causes infections in immune-compromised populations such as patients with cystic fibrosis [1-2].
P. aeruginosa is the most frequently identified microorganism in biofilms ©! and exhibits strong
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resistance to different antibiotics [4]. P. aeruginosa has been found in all environments including
plants, animals and humans due to its ability to utilize various organic materials as the carbon
resources including diesel and jet fuel [5-6]. The bacteria produces the blue-green pigment called
pyocyanin, a redox-active phenazine, which is widely known to be able to kill mammalian and even
bacterial cells through the generation of reactive oxygen intermediates [7]. Pyocyanin produced by P.
aeruginosa is a redox active molecule [8], and theoretically, its concentration can be measured by
electrochemical analysis. Two widely recognized methods have been used for pyocyanin detection:
high-performance liquid chromatography (HPLC) [9] and UV spectrophotometry [10]. However,
currently, the analysis of complex biological sample analysis often involves a costly and time-
consuming pre-purification step. Compared to other analytical methods, electrochemical techniques
show several advantages, including rapid detection, low cost, and high sensitivity [11]. Previous
studies have reported the electrochemical detection of pyocyanin [12-13] in P. aeruginosa [14]. It is
known that the production of pyocyanin in P. aeruginosa is regulated by the Lasl/R quorum-sensing
(QS) system [15]. In clinical and environmental samples, the bacterial flora were often under nutrient-
deprivation conditions that led to the concentration of the P. aeruginosa QS signal molecules hardly
reaching the threshold level [16-17], which suppressed the phenazines producing the genes [18] and
subsequently causing low pyocyanin production.

It is necessary and useful to develop a selective medium that supports rapid proliferation of P.
aeruginosa and increases pyocyanin production. This could be helpful for fast electrochemical
detection of P. aeruginosa via pyocyanin in original bacterial samples.

2. EXPERIMENTAL METHODS

2.1. Materials

Pyocyanin (5-methyl-1(5H)-phenazinone, from Pseudomonas aeruginosa, > 98% (HPLC),
CAS No0.85-66-5) (Sigma-Aldrich, China mainland) and other chemicals used in this study were of
analytical grade. Mueller-Hinton broth (MHB) (Oxoid, UK), tryptic soy broth (TSB) (Oxoid UK),
Luria-Bertani (LB) broth (Oxoid, UK), Sabouraud dextrose broth (SDB) (Sigma-Aldrich, Hong Kong),
buffered yeast extract broth (BYEB) (Oxoid, UK) and nutrient broth (NB) (Oxoid, UK) were utilized
in this study. Silver nanoparticles (mmd=15 nm, 50 ug/mL) and gold nanoparticles (mmd=15 nm, 50
pug/mL) were purchased from Nanjing MKNANO Tech. Co. Ltd., and single-layer graphene
(XFNANO®, Nanjing) was obtained through a generous gift from Prof. Tao Xiaoming, Polytechnic
University.

Pyocyanin was dissolved in anhydrous methanol to a 1 mg/mL stock solution and was stored at
4 °C. The pyocyanin stock was diluted with PBS (pH=7.4) prior to use. One gram of 1-naphthylamine
was dissolved in 20 mL of DMSO and filtered through a 0.22-um filter membrane to be a stock
solution. All other chemicals used in this work were prepared in ultra-pure water (18.2 MQcm™; Milli-
Q®, Millipore) based on the manufacturer’s instructions. The electrochemical analysis of pyocyanin
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was performed through differential pulse voltammetric (DPV) measurements carried out using a
CHI1230C (CH Ins. China) electrochemical workstation at the ambient temperature.

2.2. Bacterial strains used in this study

Staphylococcus aureus ATCC29213 (S. aureus), Escherichia coli ATCC25922 (E. coli),
Candida albicans ATCC10231 (C. albicans) and Pseudomonas aeruginosa PAO1 ATCC 15692 (P.
aeruginosa) were obtained from the American Type Culture Collection (ATCC, USA). Acinetobacter
baumanmii (A. baumanmii), Klebsiella pneumoniae (K. pneumoniae) and Sphingomonas paucimobilis
(S. paucimobilis) were isolated from dust particles in a nursing home (Kwun Tong, Kowloon, Hong
Kong).

2.3. Selection of electrode

The pyocyanin stock solution (1 mg/mL) was diluted with 0.1 M PBS to the final concentration
of 30 pg/mL. Then, the DPV curves were recorded on the CHI1230C workstation using the three-
electrode system [working electrode: glassy carbon electrode (GCE, ¢ 5 mm) and/or gold disc
electrode (Au, @ 5 mm), counter electrode: platinum wire (Pt, @ 0.5 mm); and reference electrode:
Ag/AgCl electrode (3 M KCI) and/or saturated calomel electrode (SCE, saturated KCI)].

2.4. Construction of standard curve

To generate the standard curve, the pyocyanin stock solution was diluted with fresh NB
medium to a series of known concentrations ranging from 0 to 50 pg/mL. Subsequently, the DPV
curves were recorded using an Ag/AgCI-GCE-Pt electrochemical cell.

2.5. Selection of culture medium

Ten microliters of the overnight log-phase cultures of P. aeruginosa were inoculated into 10
mL of each different liquid medium including MHB, TSB, LB, SDB, BYEB, NB and PBS.
Subsequently, each liquid medium was incubated for 48 h at 37 °C with shaking under 200 rpm
(dynamic culture). After the incubation, the cultures were routinely tested with the DPV curves of
pyocyanin.

2.6. Test effects of different ions and supplements on pyocyanin production

Single colony of P. aeruginosa was inoculated into 10 mL of MHB medium containing 0.05
M of each positive ion for Na*, K*, Ca?*, Fe**, and Mg?*. Three different selective antibacterial agents
were also tested: 1 mg/L 1-naphthylamine, 2 g/L acetamide, and 10 mg/L penicillin G sodium salt
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were each prepared in 10 mL of MHB. After 48 h in the dynamic culture as described above, the
samples were tested for pyocyanin by the DPV curves.

2.7. Composition of the improved selective medium

The improved selective medium (ISM) consisted of 1-naphthylamine, acetamide, penicillin G
sodium salt, calcium ion and magnesium ion mixed into the NB medium (Oxoid, UK). The recipe (per
litre) was as follows: D(+)-glucose, 1 g; peptone, 15 g; sodium chloride, 6 g; yeast extract, 3 g; 1-
naphthylamine, 1 mg; acetamide, 2 g; CaCl,, 2 g; MgCl,, 2 g; and penicillin G sodium salt, 10 mg;
pH=7.2+0.2 (25 °C).

2.8. Effect of ISM on the growth of bacteria.

Single colonies of S. aureus, E. coli, A. baumanmii, C. albicans, K. pneumoniae, P. aeruginosa
and S. paucimobilis grown on Mueller-Hinton agar (MHA) plates were respectively inoculated into 10
mL of MHB and incubated overnight under 37 °C with shaking at 200 rpm. Subsequently, the
overnight bacterial broth culture was serially diluted to a final density of 1~2x10° colony-forming
units (CFU) /mL with fresh ISM. After a further 24 h dynamic culture, the viable number for each
bacterial broth culture was evaluated by the plate counting method.

2.9. Environmental sample acquisition and assessment

Fifty-five environmental sampling swabs were randomly collected from different common
areas in nursing homes in Hong Kong. All samples were labelled and inoculated into 10 mL of ISM
and then incubated for 48 h at 37 °C with shaking under 200 rpm. The cultures were directly conducted
through electrochemical detections according to the description above. Meanwhile, the above cultures
were further inoculated onto agar media using repeated plate streaking, and different bacteria were
recognized by colony morphology identification. The bacterial strains in different colonies were
identified using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF) system (Bruker, Germany) according to manufacturer’s instruction.

2.10. Optional method: using nano-modified electrodes

Fifty micrograms single-layer graphene was dissolved in 1 mL of chloroform and
ultrasonicated (60 W, 40 KHz) for 30 min under 0 °C. Subsequently, 200 pL of suspension of single-
layer graphene, nano-silver sol and nano-gold sol were respectively mixed with 200 uL of 15%
polyvinyl alcohol and incubated under 80 °C hot bath for 30 min. Then, 50 uL gelatinous liquid was
dripped onto the surface of the GCE and dried under 60 °C. After repeating the dripping and drying
operation several times, the nano-modified GCE was used as the working electrode for the detection of
pyocyanin. The sterile NB medium was used as the blank control group and was also detected using
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the aforementioned nano-modified electrodes.

3. RESULTS AND DISCUSSION

3.1. Determination of reference curves of pyocyanin
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Current/ A

Figure 2. DPV curves of different

0.0

-1.0x10° - 2508051
1 Y=4E-07X + 4E-06
J . HO0E05 R =0.9956
2 )
= 150E-05-
1.5x10° 45 |, o] -
-1.9x £ LO0E0s4 et
= 1 e
4 so0e-06.-
L ]
5 00000 — T 1
-2.0x10° - 0 10 20 30 40 50
Concentration (ng/mL)
T ! L) I ! I L) I ! I L) I
0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6

Potential / V
concentrations of pyocyanin and standard curves for

the determination of pyocyanin.



Int. J. Electrochem. Sci., Vol. 13, 2018 3794

GCE electrodes showed an enhanced peak current (Ip) signal compared to the Au electrodes as
shown in Fig. 1. As a result, the use of GCE electrode as the working electrode could be more
favourable for pyocyanin detection than the use of the Au electrode. The value of Ip remained stable
whenever Ag/AgCl or SCE was utilized as the reference electrode, and only the peak potential (Ep)
varied in a certain range (from -0.288 to -0.344 V). The Ip values of the two kinds of reference
electrodes are insignificant (F-test, p=0.517>0.1), implying that the reference electrode appeared to be
less effective for the quantitative determination of pyocyanin. However, the Ag/AgCI electrode showed
fewer disturbance peaks than the SCE electrode. The optimum three-electrode cell was obtained using
Ag/AgCI, GCE and Pt electrodes. CV curves for different concentrations in the 5-50 ug/ mL range
were examined, and the values of Ip were identified to be directly proportional to the concentration of
pyocyanin (Fig. 2). The best-fit linear equation for pyocyanin detection was Y=4x10"X+4x10" with
the R? value of 0.9956.

3.2. Effects of culture medium on pyocyanin production

Previous research had revealed that the nutrient source (especially the carbon source) and salt
concentrations had a significant effect on pyocyanin production ™. To acquire an optimum nutrition
formula for the sufficient yield of pyocyanin in electrochemical analysis, different culture mediums
were investigated. From the DPV curves (shown in Fig. 3), we can visually evaluate the strength of the
Ip signal. It can be seen that the NB medium was the most favourable medium for the electrochemical
detection of pyocyanin among all six investigated media.
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3.3. Effects of positive ions on pyocyanin production
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Figure 4. Effects of different positive ions and the selective supplements on the production of
pyocyanin.

For pyocyanin production optimization, the effects of different positive ions (K*, Na*, Ca®,
Fe**, Mg?") and selective supplements (1-naphthylamine, acetamide, benzylpenicillin sodium) on the
biosynthesis amount of pyocyanin were evaluated by the quantitative detection of pyocyanin. The
contents of pyocyanin in the 48-hour P. aeruginosa culture in the presence of different positive ions
were calculated according to the standard curve. As shown in Fig. 4, the enhanced pyocyanin
production in P. aeruginosa culture supplied with different positive ions showed different outcomes in
the order of Na‘'<K'<Ca**<Fe**<Mg?*. At the same time, 1-naphthylamine presented an obvious
pyocyanin high-yield effect, and acetamide and penicillin showed no effect.

3.4. Selective effect of the ISM on bacterial growth

Based on the above observations, the improved selective medium (ISM) was obtained through
recipe optimization, and consisted of three components: conventional nutrients (same as NB medium),
pigment enhancer (Fe** and Mg”") and selective supplement (1-naphthylamine, acetamide, and
penicillin). Viable bacteria counts were carried out to confirm whether ISM could effectively limit the
proliferation of bacteria other than P. aeruginosa. The results (Fig. 5) indicated that ISM could
obviously inhibit the growth of all tested bacteria (S. aureus, E. coli, etc.) other than P. aeruginosa.
This could be caused of the natural (genotypic) resistance of P. aeruginosa. P. aeruginosa exhibits
strong intrinsic resistance to certain types of chemical disinfectants ?°?!! and antibiotics (such as
penicillin and kanamycin) [22]. Moreover, P. aeruginosa could be resistant to acetamide by secreting
acetaminase. As a result, acetamide could also be used to effectively inhibit the different bacteria
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belong to the groups of Bacillus, Pseudomonas, Enterobacteriaceae, and Staphylococcus [23].
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Figure 5. Viable bacterial counts of different strains grown in 48-hour ISM culture.

3.5. Direct detection of the environmental P. aeruginosa samples

Bacterial contaminations have been well-documented in the living areas of nursing homes
(NHs), especially in the frequent-touch areas. P. aeruginosa was identified as an important pathogen
that frequently caused nosocomial and community-acquired infections especially in frail elderly
population. Fifty-five sample swabs collected from nursing homes were investigated, and the results
are shown in Table 1. Six samples were confirmed to have a positive test result (including P.
aeruginosa) by the electrochemical response of pyocyanin after 48 h of dynamic culture in ISM. This
was in agreement with the MALDI-TOF results. This indicated that ISM could be used as the medium
for the easiest way to qualitatively detect pyocyanin in P. aeruginosa by an electrochemical technique.

Table 1. Distribution of P. aeruginosa in the living areas of a nursing home. The “positive samples”
indicated samples that contained P. aeruginosa and pyocyanin.

Publi

. Toilet Dining Residents c Public Drains Drains
Sample sites hall of .
handle roombed phon  key of toilet
table o canteen
Sampling quantity 5 10 10 5 5 10 10
Number of 1 0 0 0 3 9

positive samples
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3.6. Nano silver enhanced electrochemical response of pyocyanin
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Figure 6. DPV curves of pyocyanin (A) and blank control group (B) using different nano materials
modified GCEs as the working electrode.

Additionally, we discovered a new pathway to enhance the electrochemical response of
pyocyanin through the electrode surface modification. As shown in Fig. 6, the values of Ip were
obviously increased (F-test, p=0.0096<0.01) after nano-silver modification, and this suggested
that the electrochemical analysis efficiency and the sensitivity were improved when the modified
electrode was used for pyocyanin detection.

4. CONCLUSION

A selective medium was developed successfully in this study and was demonstrated to be
suitable for rapid and direct detection of the content of pyocyanin in P. aeruginosa in the complex
microbial samples through electrochemical analysis. This method provided a more rapid and efficient
technique for the simultaneous detection of the presence of pyocyanin and P. aeruginosa in original
samples containing complicated microbial populations.
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