
water

Article

Biofunctionalization of Cork with Moringa oleifera Seeds and
Use of PMA Staining and qPCR to Detect Viability of
Escherichia coli

Nury Infante 1, Refugio Rodríguez 1,*, Yaneth Bartolo 1, Olga Sánchez 2, Isabel Sanz 3 , Lizeth Bermeo 4 and
Jordi Morató 5

����������
�������

Citation: Infante, N.; Rodríguez, R.;

Bartolo, Y.; Sánchez, O.; Sanz, I.;

Bermeo, L.; Morató, J.

Biofunctionalization of Cork with

Moringa oleifera Seeds and Use of

PMA Staining and qPCR to Detect

Viability of Escherichia coli. Water 2021,

13, 2731. https://doi.org/10.3390/

w13192731

Academic Editor: Anna Barra

Caracciolo

Received: 15 August 2021

Accepted: 28 September 2021

Published: 2 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biotechnology and Bioengineering, Center for Research and Advanced Studies of the National
Polytechnic Institute, Mexico City 07360, Mexico; nury.infante@cinvestav.mx (N.I.);
ybartolo@cinvestav.mx (Y.B.)

2 Department of Genetics and Microbiology, Faculty of Biosciences, Universitat Autònoma de Barcelona,
08193 Barcelona, Spain; olga.sanchez@uab.es

3 Department of Marine Biology and Oceanography, Institute of Marine Sciences (ICM-CSIC), 08003 Barcelona,
Spain; isanz@icm.csic.es

4 Grupo de Ciencia e Ingeniería en Sistemas Ambientales, Facultad de Ingeniería Civil, Universidad del Cauca,
Cauca 190001, Colombia; yurylibermeo@unicauca.edu.co

5 Sustainability and Health and Environmental Microbiology Laboratory, Universitat Politècnica de
Catalunya-BarcelonaTech, Edifici Gaia, 08222 Terrassa, Spain; jordi.morato@upc.edu

* Correspondence: rrodrig@cinvestav.mx

Abstract: Cork matrices biofunctionalized with Moringa oleifera seed extracts (MoSe) have potential
for use as a biofilter with antibacterial properties to reduce waterborne pathogens. The aim of this
study was to evaluate the effect of cork biofunctionalized with active antimicrobial compounds of
MoSe (f -cork) on the inhibition of Escherichia coli (InhEc). The LacZ gene from a strain of E. coli was
used as the target sequence using viability quantification Polymerase Chain Reaction (qPCR) and
differentiation of viable and dead bacteria through selective cell viability PMA staining. To perform
this, a 27−4 fractional factorial design and a biofiltration system were used to evaluate the effect of
the active protein in MoSe immobilized in granulated cork on InhEc. We found that the potential
for antimicrobial activity increased with f -cork for an effective maximal bacterial reduction (99.99%;
p < 0.05). The effect of f-cork functionalized with MoSe on E. coli viability was of 0.024% and 0.005%
for the cells exposed to PMA, respectively, being the relevant conditions in treatment 2: (0 L/min)
without aeration, (5%) MoSe and (5 mm) cork particle. In conclusion, the f-cork functionalized with
MoSe presented biosorbent and antibacterial properties that effectively reduced the E. coli growth.

Keywords: cork-based biofilter; Escherichia coli; viability qPCR; Lac Z gene; propidium monoazide;
disinfection; antimicrobial activity

1. Introduction

Pathogenic bacteria from expanding human settlements can be an important cause of
disease, giving rise to global health concerns, such as diarrhoea, episodes associated with a
lack of access to safe drinking water and inadequate sanitation, which result in millions of
deaths annually [1]. Escherichia coli and intestinal Enterococci are among the main bacteria
used as faecal indicators and can be found frequently in irrigation and drinking water
systems, groundwater, water reservoirs and rivers [2–4]. These water supplies, found to be
contaminated with faecal bacteria due to untreated or inadequately treated water and thus
considered to be unfit for human consumption, are of rising concern [5,6].

For human settlements, water pollution control, other nature-based solutions (NbS)
and green infrastructure can be effectively used in combination with biofiltration systems
for water’s reuse and its sustainable sanitation [7]. Many biotechnological alternatives
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have been proposed to treat wastewater, such as the application of natural coagulants, such
as plant seed extracts, which has been shown to reduce and/or neutralize colloid loads
and to remove pathogens [8]. However, one of the major limitations to the purification of
water with natural coagulants is the release of organic matter [9,10]. Thus, a new strategy
has been established with a functionalization process to retain the active protein adsorbed
on a porous material that maintains the antimicrobial and clarification capacity of the seed
extracts of Moringa oleifera, Mangifera indica and Prunus armeniaca, among others [8,11].

Some studies reported that the major antimicrobial activity of seed extracts has been
attributed to active ingredients of the positively charged protein chain and their hydropho-
bic sections, which penetrates and disturbs the bacterial cell wall. Likewise, phytochemical
analysis showed the presence of highly effective bioactive compounds, such as alkaloids,
polyphenols, tannins, flavonoids and saponins, that presented antibacterial properties
by inhibiting extracellular microbial enzymes, by depriving the substrates required for
microbial growth and by avoiding oxidative phosphorylation [11–13]. Additionally, the
biofiltration technique has been used as a water treatment technology to remove pathogens,
the first biofilters being developed using rock or slag as a filter medium [14]. A large
number of alternatives have been utilized to design biofilters, such as peat, different types
of coal, tea leaves, coconut waste, shellfish, banana and orange peel, pine needles, bamboo
leaves and grass roots, that eliminate heavy metals and microorganisms such as bacteria,
fungi and different types of algae [15].

In this line, cork has been presented as an environmentally friendly material and
sustainable resource with the potential to remove emergent pollutants and waterborne
pathogens [16–18]. Some studies have shown that cork residues can be modified to increase
their effectiveness as possible biosorbents of pollutants in wastewater treatment [19,20].
The chemical composition of cork depends on its origin, containing 40–60% suberin, 10–50%
lignin, 5–15% polysaccharides and 10–25% of extractable components that include waxes
and tannins [21,22]. It has been demonstrated that enzymatic coupling of the phenolic
residues in cork matrices with functionalized biopolymers and nanoparticles reduces the
growth of E. coli efficiently [23]. For this reason, the aim of this study was to evaluate the
effect of cork functionalized with M. oleifera seed extract (MoSe), which as far as we know
has not yet been elucidated, since studies with this material have been mainly focused on
its use as a biocatalytic functional matrix with silver nanoparticles that efficiently reduced
the growth of E. coli [23]. However, to confirm the antimicrobial effect of MoSe, it is neces-
sary to apply faster methods than conventional ones to demonstrate the membrane cell
disturbance caused by the bioactive compounds present in the seed extract [24,25]. Studies
have reported that among these could be phytochemical compounds with antimicrobial
properties that can reduce high cellular concentrations of pathogenic bacteria such as E. coli,
Salmonella sp. and Staphylococcus sp. [26].

One of the alternatives for confirming the inhibitory effect of cork biofunctionalized
with seed extract on bacteria is the differentiation of viable and dead bacterial cells using
selective nucleic acid intercalating dyes, such as ethidium monoazide (EMA) and propid-
ium monoazide (PMA), and the subsequent detection and quantification of viable cells by
quantitative PCR [27]. These compounds can penetrate only into dead cells to compromise
membrane integrity and to intercalate with DNA, via their photoinducible azide groups,
in turn inhibiting DNA amplification during PCR [28]. Using this approach, the present
study evaluated the cell viability of E. coli as a representative indicator of faecal contami-
nation of water, using viability quantitative PCR (vqPCR) with PMA dye to evaluate the
bacterial inhibitory effect of cork biofunctionalized with MoSe as a potential disinfection
bioremediation technology for water contaminated with E. coli.

2. Materials and Methods
2.1. Bacterial Growth Kinetic and Selection of the Reporter Gene

Escherichia coli NBRC 102203 was identified by the Microbial Culture Collection, CIN-
VESTAV, Mexico City. Cells were used to carry out the viability test through amplification
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of the LacZ gene. The bacterium was isolated from wastewater a Xochimilco canal, Mexico
City and grown in tryptic soy broth (TSB) medium (Sigma-Aldrich, St. Louis, MO, USA) in
an orbital shaker (New Brunswick Scientific, NJ, USA) at 37 ◦C, 120 rpm for 12 h. Then, cells
were sown in tryptic soy agar (TSA) (Sigma-Aldrich, St. Louis, MO, USA) plates and Chro-
mocult coliform medium (Merck, Darmstadt, Germany) using the micro-drop technique
with serial dilution in 0.85% sterile saline solution (NaCl). Next, cell growth was monitored
by optical density at 600 nm to evaluate the inhibitory effect of cork functionalized with
MoSe and to carry out the viability test (vqPCR) [28,29].

Escherichia DH5α cells were used as hosts for preserving and propagating all recom-
binant DNA constructs. Escherichia DH5α cells carrying LacZ inserts in a pJET1.2/blunt
cloning vector (Thermo Fisher Scientific, MA, USA) were grown in LB (Luria–Bertani) liquid
medium supplemented with 30 µg/mL ampicillin (Sigma-Aldrich, St. Louis, MO, USA).

As it is constantly expressed in the DNA of the bacterium, LacZ gene (beta-D-galactosidase),
used in axenic culture at the laboratory level, was selected to carry out the vqPCR tests,
following the procedure described by Foulds et al. [30].

2.2. Genomic DNA Extraction

E. coli cells were processed, and genomic DNA was extracted by using an E.Z.N.A.®

Tissue DNA Kit ( Omega Bio-Tek, Norcross, GA, USA). Likewise, all the samples generated
during this study were centrifuged, pellets were washed three times with PBS (phosphate
buffer solution) and DNA samples were analysed in a Nanodrop 1000 Spectrophotometer
(Thermo Scientific, Wilmington, MA, USA) in order to determine their concentration and
purity.

2.3. Real-Time PCR for Detection of E. coli
2.3.1. LacZ Gene Amplification

To verify the DNA quality of some of the samples, the LacZ gene was amplified by
PCR with the conditions already established by Foulds et al. [30] and Ferreira et al. [31].
The PCR product was subjected to 1% agarose gel electrophoresis and stained with SYBRTM

Safe DNA Gel Stain (Thermo Fisher Scientific, MA, USA) (0.5 µg/mL). Table S1 shows
the sequences of the primers used for amplification of the LacZ gene and the size of the
PCR product. Furthermore, the PCR product was cloned into the vector pJET1.2 using
the manufacturer’s protocol of the CloneJET PCR cloning kit (Thermo Fisher Scientific,
MA, USA). According to the protocol of Ausubel et al. [32], to verify that the amplicon
corresponds to the LacZ gene of E. coli NBRC 102203, competent chemical cells of E. coli DH5-
alpha were transformed with the LacZ/pJET1.2 construct. Finally, two clones previously
identified by colony PCR were selected for DNA sequencing analysis using the kit primers.
The sequencing analysis of the LacZ gene in the LacZ/pJET1.2 construct was carried out by
the sequencing service of the Laboratorio Nacional de Servicios Experimentales (LaNSE)
CINVESTAV-IPN, (Mexico City, Mexico).

2.3.2. LacZ Gene Standard Curves

A standard curve of the LacZ gene was obtained to estimate the cell concentration
present in the dilutions [28]. The different dilutions of a DNA solution of known concentra-
tion allow the acquisition of a line that relates the concentration to the cycle threshold (CT)
value.

2.3.3. Quantitative Real-Time PCR

Experiments were performed using 5×HOT FIREPol EvaGreen qPCR Mix (Capillary).
The reaction mixture consisted of 5 µL of genomic DNA template, 4 µL of master mix and
0.3 µL of each primer and PCR water to achieve a final volume of 20 µL. A LightCycler 1.5
thermal cycler (Roche, Basel, Switzerland) was used. The thermal cycler program was set
at 95 ◦C for 15 min, followed by 40 cycles of 95 ◦C for 30 s, 52 ◦C for 1 min and 72 ◦C for
20 s. Positive and negative controls were included for all qPCR reactions. The negative
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control consisted of adding 5 µL of PCR water to the capillary instead of DNA template.
The positive control was one of the dilutions used for the performance of standard curves
and data were expressed as absolute abundance (gene copy number/mL of sample) [33].

2.4. Sample Concentration, PMA Treatment and Relevant Test Controls

Samples of the biofilter system effluent (see Section 2.7) were centrifuged in an Ep-
pendorf Microcentrifuge 5424 (Hamburg, Germany) 10,000× g for 5 min and washed
three times with PBS. Then, 10 µL of PMA (2.5 mM) was added, following the Blue-V
PMA Viability Kit protocol (Qiagen, Hilden, Germany). Dead and live cell samples were
confirmed by growth on Chromocult coliform agar plates. The corresponding samples
with PMA were irradiated for 10 min (after incubation in the dark for 10 min) using a
PhotoActivation System for Tubes-PhAST Blue (GenIUL, Terrassa, Spain).

Viability Test (vqPCR) with PMA Treatment

A bacterial suspension of E. coli NBRC 102203 was adjusted with PBS to a cell concen-
tration of 108 cells/mL at a wavelength of 600 nm in a final volume of 50 mL. This bacterial
suspension was added to the biofiltration system of cork functionalized with MoSe. The
viability test was carried out at two times (0 and 6 h). For each test time, the samples were
divided into those without treatment (absence of PMA) and with treatment (presence of
PMA). Test samples are described in Table S2.

2.5. Live/Dead Cell Viability Assays

Samples of the biofilter system effluent were stained with a BacLight double staining
kit for bacteria (Thermo Fisher Scientific, Spain) and visualized in a Zeiss epifluorescence
microscope. This kit uses two nucleic acid stains: green, fluorescent staining of SYTOTM 9
and red fluorescent staining of propidium iodide, which differ in their ability to penetrate
bacterial cells. SYTOTM 9 dye can penetrate all bacteria, while propidium iodide can
penetrate only bacteria with damaged membranes [11].

2.6. Functionalization of Cork with MoSe

The M. oleifera seeds were provided by the Polytechnic University of Catalonia, and
collected in the Canary Islands, Spain. Initially, the seeds were crushed, dried at 60 ◦C for
24 h and sieved to obtain a particle size of 0.9 mm. The stock solution was made of dried
M. oleifera seeds in distilled water and NaCl (0.85%), achieving two concentrations of 5%
and 10%, which were consecutively filtered using 40 µm filter paper [34]. Additionally,
the granulated cork was cleaned with hydrochloric acid (HCl, pH 2), sodium hydroxide
(NaOH, pH 10) and ethanol (96%) followed by three rinses with distilled water to remove
the sediment. We worked with two particle sizes (3 mm and 5 mm), smaller and larger,
respectively. The material was dried at 50 ◦C for 12 h and consecutively sterilized (15 min
at 121 ◦C). Two hundred millilitres of the seed extract stock solution were added and the
mixture stirred with a magnet, ensuring that the solution covered the filter material for 2 h.
Subsequently, the material was washed with distilled water until part of the solution was
removed and dried at 50 ◦C for 12 h [23].

2.7. Biofiltration System with Filter Cartridges

The filter cartridge system was constructed with PVC pipes (diameter 0.032 m; length
0.20 m), with a polyethylene grid at the upper end (0.0808 m2) and a piece of geotextile
with two holes at the lower end. The filter cartridge was additionally enclosed by two
plugs (diameter 0.032 m) attached to a section of polyethylene pipe (diameter 0.06 m).
The upper tube was connected to a peristaltic pump (ET-PBV4336574, Etatron) which was
connected to the inlet tank under constant stirring at 250 rpm; the lower part of the tube
allowed collection of the treated water in the effluent container and the entry of aeration
into the system. Each filter cartridge had a volumetric capacity of 160 mL, of which 110 mL
corresponded to the volume displaced by the cork. Therefore, it had a useful volume of
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50 mL. The filter cartridges were organized in a system of four filters (Figure 1), replicates
of cork functionalized with MoSe and granulated cork not functionalized with MoSe as
control. To determine the efficiency of E. coli cell death, the influent flow was equally
divided between the cartridges at a constant flow of 3 mL/min [35].
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Figure 1. Biofilter system functionalizated with MoSe.

The operation of the biofiltration system was carried out with the conditions es-
tablished in each treatment from the 27−4 fractional factorial experimental design (see
Section 2.7.1). Initially, the filtering cartridges were filled with f -cork functionalized with
MoSe and not-functionalized cork (control) and were incorporated in the filtering system
(Figure 1). To test the viability of the bacteria, the inffluent flow was injected with aliquots
of 50 mL of water inoculated with E. coli (~1 × 108 CFU/mL). Then, water contaminated
was incubated in the filtering cartridges as hydraulic retention time at room temperature
for 6 or 12 h. Additionally, bacterial load of the inffluent water circulated constantly
through filtering systems at a flow rate between 3 and 7 (mL/min). Once the test had been
completed the number of viable bacteria from effluent were taken at 0, 6 and 12 h, seeding
took place in Chromocult coliform agar with serial dilutions, and then plate cells were
counted using the micro-drop technique and incubated at 37 ◦C for 12 h.

2.7.1. Fractional 27−4 Experimental Design Using Cork as Filter Material

A 27−4 fractional factorial design was used to study the effect of cork functionalized
with MoSe on InhEc for a total of eight treatments [36] as shown in Table 1. The fixed
factors were recirculation (Rec), aeration (Air), seed extract concentration (Conc), electric
conductivity (EC), hydraulic retention time (HRT), cork particle size (PS) and lysis time
(LT). The matrix of treatments and independent factors is presented in Table 2.
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Table 1. Independent factors and their low and high values of a 27−4 fractional factorial design for
the reduction of E. coli in trickling cork biofilters functionalized with MoSe.

Factors
Level

Low
−1

High
1

Recirculation (mL/min) Rec 3 7
Aireation (L/min) Air 0 4

Seed Concentration (%) Conc 5 10
Electric Conductivity (µs/cm) EC 1700 4000
Hydraulic retention time (h) HRT 6 12

Cork particle size (mm) PS 3 5
Lysis time (h) LT 6 12

Table 2. Experimental matrix of a 27−4 fractional factorial design with the levels of the independent
factors in eight treatments.

Treatments Rec Air Conc EC HRT PS LT

T1 (3)-1 (0)-1 (5)-1 (1700)-1 (12)1 (5)1 (2)-1
T2 (7)1 (0)-1 (5)-1 (1700)-1 (6)-1 (5)1 (3)1
T3 (3)-1 (4)1 (5)-1 (1700)-1 (12)1 (3)-1 (3)1
T4 (7)1 (4)1 (5)-1 (4000)1 (6)-1 (3)-1 (2)-1
T5 (3)-1 (0)-1 (10)1 (4000)1 (6)-1 (3)-1 (3)1
T6 (7)1 (0)-1 (10)1 (4000)1 (12)1 (3)-1 (2)-1
T7 (3)-1 (4)1 (10)1 (1700)-1 (6)-1 (5)1 (2)-1
T8 (7)1 (4)1 (10)1 (4000)1 (12)1 (5)1 (3)1

Rec (recirculation), Air (aeration), Conc (seed extract concentration), EC (electric conductivity), HRT (hydraulic
retention time) PS (cork particle size) and LT (Lysis time).

2.8. Antimicrobial Activity of Cork Functionalized with MoSe

E. coli was grown at 37 ◦C for 12 h in TSB broth culture. Subsequently, the amount
of microorganism was sufficient to reach a concentration of 1.5–3.0 × 108 CFU/mL. Thus,
the bacterial suspension simulated those conditions of the waters to be treated in terms of
conductivity and pH to evaluate the effect of cork functionalized with MoSe. Samples were
taken at 0, 6 and 12 h and were grown on Chromocult coliform agar from serial dilutions
incubated at 37 ◦C for 12 h. The E. coli inhibition results were expressed as a percentage
reduction of microorganisms, using the following formula: the difference between the
CFU/mL at time zero and the CFU/mL at the end of 6 and 12 h [37].

2.9. Statistical Analysis

Analysis of variance (ANOVA) was used and determined for 95% reliability (p < 0.05).
Additionally, generalized minimum regression analysis and the LSD (least significant
difference) test of comparison of means were used after applying Student’s t-test for the
comparison of two means with weighted variance when the ANOVA presented significant
differences. The analysis of LSD means allowed the determination of treatments that
presented significant differences, classifying them into different groups depending on the
similarity between the means. All statistical analyses were conducted using the software
SAS (version 9).

3. Results
3.1. Growth Kinetic of E. coli and Amplification of LacZ Gen

The microorganism grew exponentially for 8 h and reached the lag phase at t = 12 h
(Figure S1). The cell concentration obtained at 8 h was 4.5 × 108 CFU/mL, although at
6 h it was 1.5 × 108 CFU/mL, high enough to extract a significant quantity of DNA; a cell
concentration above 1 x 105 CFU/mL is required to achieve better suppression of DNA
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amplification by PMA treatment in the PMA-qPCR assay to avoid overestimating the total
amount of viable E. coli.

The electrophoresis gel obtained from the PCR product of LacZ gene amplification can
be observed in Figure S2. A positive result was obtained for the amplification of a 142 bp
product. Likewise, sequencing analysis of the LacZ/pJET1.2 construct of two candidate
clones showed 100% homology with the LacZ gene from E. coli NBRC 102203. Figure S3
shows the electrophoretic analysis of the PCR products for identification of the candidate
clones containing the LacZ/pJET1.2 construct. Positive clones, those that amplified with the
primers of pJET1.2/blunt, obtaining a molecular size of 262 bp (120 bp + 142 bp = 262 bp).
The 120 bp added to the LacZ gene during amplification corresponds to a fragment from
the pJET1.2/blunt vector, due to the primers pJET-F and pJET-R.

A standard curve for the LacZ gene was obtained to quantify the cell concentration
present in the dilutions and the viability of E. coli. The concentration of microorganisms
in the sample was inversely proportional to the amount of target DNA and hence the
limits of detection were from 101 to 108 cells/mL, which gave mean CT values of 33.95
and 19.11, respectively. Linear regression determined R2 = 0.996. The LacZ gene induces
β-D-galactosidase activity and it has been proved a good marker and a rapid method for
detecting E. coli in environmental waters.

3.2. Functionalization of Cork with MoSe and Effect on InhEc

The biofilter of granulated cork was functionalized with MoSe (f -cork) and was used
applying a 27−4 fractional factorial design to optimize the reduction of the logarithmic
units of E. coli. (Figure 2).
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Figure 2. Bacterial load of the effluent water circulated through non-modified cork (control, black
bars) and through the f -cork (grey bars) in the eight treatments. The initial E. coli count for the
contaminated water was ~1 × 108 CFU/mL.

The effect of f -cork indicated a notable bacterial inhibition. In contrast, the reduction
bacterial count cartridges filled with cork granulated using the biofiltration system that
did not show any bacteria inhibition. The bacterial contamination of water decreased by 6
and 7 log CFU/mL between treatments with f -cork. The greatest bacterial reduction was
evidenced in treatment 2, 4 and 6.

The biofilter of granulated cork was functionalized with MoSe (f -cork) and was used
applying a 27−4 fractional factorial design to optimize the reduction of the logarithmic units
of E. coli. When performing the statistical analysis, a significance level of p < 0.0001 was
obtained for ANOVA of the generalized linear procedure (GLM), presenting a moderately
high positive correlation; the independent factors that presented a significant effect were
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Air, Conc, PS and LT. The effect of functionalized cork on InhEc was observed in eight
treatments, as shown in Table 3. Additionally, the linear regression model values were
p < 0.0001 and R2 = 0.8; the equation model was: Inh (%) = 98.42 + 0.20 Air − 0.12 TP −
0.35 TL, with Air (high level), PS (low level) and LT (low level) having a significant effect.

Table 3. Effect of cork functionalized with MoSe on the inhibition of E. coli.

Treatments Rec
(mL/min)

Air
(L/min)

Conc
(%)

EC
(µs/cm)

HRT
(h)

PS
(mm)

LT
(h)

CFU/mL
Cork

CFU/mL
f -Cork

InhEc
(%)

T1 3 0 5 1700 12 5 2 9.9 × 105 2.1 × 102 99.98
T2 7 0 5 1700 6 5 3 1.7 × 105 1.0 × 101 99.99
T3 3 4 5 1700 12 3 3 7.1 × 105 7.6 × 102 99.89
T4 7 4 5 4000 6 3 2 6.6 × 105 1.8 × 101 99.99
T5 3 0 10 4000 6 3 3 5.3 × 104 1.9 × 102 99.98
T6 7 0 10 4000 12 3 2 9.9 × 105 8.3 × 101 99.99
T7 3 4 10 1700 6 5 2 1.7 × 105 1.9 × 102 99.98
T8 7 4 10 4000 12 5 3 9.9 × 105 5.7 × 102 99.69

Rec (recirculation), Air (aeration), Conc (Concentration of MoSe), EC (Electric conductivity), HRT (hydraulic retention time) PS (particle
size of cork granulated), LT (Lysis time), f-cork (Cork functionalized with MoSe) and InhEc (Inhibition of E. coli).

When comparing means between treatments using the LSD test, significant differences
were observed, forming two groups: treatments 6, 4, 2, 1 and 5 on the one side and 7, 3 and
8 on the other. Treatments 6, 4 and 2 presented the highest percentage removal of E. coli
(>99.99%), unlike the other treatments, and the independent factor for which a significant
effect was observed a low level of Air (without aeration). Likewise, the independent factor
of Recirculation a high level (7 mL/min) was common among these treatments. Treatment
6 was made up of the following factors: 7 mL/min Rec, without Air, 10% MoSe, 4000 µs/cm
EC, 12 h HRT, 3 mm PS and 2 h LT, while treatment 4 was characterized by 7 mL/min Rec,
4 L/min Air, 10% MoSe, 4000 µs/cm EC, 6 h HRT, 3 mm PS and 2 h LT. Finally, treatment 2
was selected for the vqPCR assay, with the following factors: 7 mL/min Rec, without Air
(0 L/min), 5% MoSe, 1700 µs/cm EC, 6 h HRT, 5 mm PS and 3 h LT.

3.3. LacZ vqPCR Assay

The effect of the cork biofilter functionalized with MoSe on the viability of E. coli at two
times (0 and 6 h) evaluated with a qPCR assay is shown in Figure 3; the conditions in the
biofiltration system included a concentration in the bacterial suspension of 108 cells/mL
in the solution with treatment 2, selected from a 27−4 fractional factorial design with the
following factors: 7 mL/s Rec, without Air (0 L/min), 5% MoSe, 1700 µs/cm EC, 6 h HRT,
5 mm PS and 3 h LT. The qPCR assay was performed after application of PMA and DNA
extraction.

According to the CT displacement with PMA treatment and the qPCR assay, the
results presented wide variation between the samples obtained for Control of dead bacteria
with PMA (CDBP) and Control of dead bacteria without PMA (CDBF) at two times (0 and
6 h) (see Supplementary Material, shown in Tables S3 and S4). The CT value indicates the
number of cycles in which the fluorescence generated in a reaction crosses the fluorescence
threshold and, therefore, there is amplification of the LacZ gene.

When performing statistical analysis of the genomic copy number, ANOVA yielded
values of p > 0.0001 and R2 = 0.96, evidencing that there was no significant difference at the
initial time (0 h) between the control with PMA treatment and the replicates, in contrast to
those obtained for the final time (6 h; p < 0.0001 and R2 = 0.79). The CT values for Control of
live bacteria with PMA (CLBP) were slightly higher than those for Control of live bacteria
without PMA (CLBF). This is due to the portion of dead cells that occurs in a microbial
culture. This CT change generally varied between 1 and 3 CT values. On the other hand,
CDBP exhibited, as expected, a prominent CT shift compared to CDBF. This CT shift made
very clear the distinction between dead and live cells.
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In addition, there were not large differences presented between the number of genomic
copies at t = 0 h, remaining in the range of 106–108 genomic copies/mL as shown in Figure 3.
However, for CDBP, a large difference in gene concentration was indeed obtained, with
a change from 108 to 101 genomic copies/mL, evidencing the effect of PMA; it should be
noted that in this killing control, heat was used to eliminate bacteria. The values obtained at
t = 6 h presented a significant change between the number of replicates for treatment with
cork biofunctionalized with MoSe: 1–8 × 102 and 1–2.5 × 102 for R1P and R2P, respectively,
different to the 1–4 × 105 genomic copies/mL using the cork biofilter control without MoSe
functionalization with PMA treatment (CP). Thus, in this study a decrease in the number
of E. coli genomic copies/mL was obtained using treatment 2 with factors that affected
the bacterial growth, among them oxygen limitation (0 L/min) and larger granulated cork
particles (5 mm).

Subsequently, to assess the differences in the number of genomic copies between
treatments, analysis of means was performed with the Fisher LDS test, and five groups
were obtained in which there was no difference among them (R1PF and R2PF) (p > 0.0001).
Concerning the CT values, three groups were obtained, and they did not present a signif-
icant difference (R2SP, CPF and CDBF). Additionally, a large decrease in the number of
gene copies was observed in the replicates R1CP and R2CP with respect to CP and CDBP.

Quantitative PCR of samples treated in the biofiltration system with PMA (vqPCR) and
without PMA was carried out to evaluate the efficiency of the f -cork, and the results showed
notable differences between treatments (Table 4). The number of copies/mL was constant
over time in untreated samples (approximately 108 copies/mL), unlike in the samples
treated with PMA. Thus, at 0 h, we measured similar values in the treated and untreated
samples, while at 6 h, a large decrease in the copy number/mL was always observed in the
samples treated with PMA, resulting in 1.03 × 103 and 1.80 × 102 copies/mL for f -cork
and PMA (R1P and R2P), respectively. The PCR amplification efficiency (% vqPCR) was
then strongly reduced in the replicates with f -cork and cells exposed to PMA, with values
of 0.024% and 0.005% of viable microorganisms, respectively.
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Table 4. Quantitative evaluation of LacZ gene at different times in treatments with and without
PMA (vqPCR). qPCR results are expressed as copies/mL. Data represent means of two independent
experiments performed in duplicate.

Treatment Time 0 Time 6 % vqPCR

CP 1.26 × 107 8.83 × 105 7.03
CPF 4.68 × 108 4.52 × 107 -
R1P 4.16 × 106 1.03 × 103 0.024

R1PF 1.48 × 107 1.78 × 103 -
R2P 3.45 × 106 1.80 × 102 0.005

R2PF 1.58 × 107 6.25 × 103 -
CDBP 3.75 × 101 1.52 × 105 0
CDBF 1.20 × 108 1.20 × 108 -
CLBP 2.24 × 107 5.45 × 106 16.40
CLBF 4.67 × 108 7.66 × 107 -

CP (Biofilter control without f-cork with PMA), CPF (Biofilter control without f-cork and without PMA), R1P
(Replicate of biofilter with f -cork and PMA), R1PF (Replicate of biofilter with f -cork and without PMA), CDBP
(Control of dead bacteria with PMA), CDBF (Control of dead bacteria without PMA), CLBP (Control of live
bacteria with PMA) and CLBF (Control of live bacteria without PMA).

3.4. Live/Dead Bacterial Cell Viability Test Using Cork as Filter Material

Live/dead staining of the bacterial strain was conducted to determine the effect of
cellular inhibition by f -cork. Figure 4 shows the difference in InhEc between the control
treatment without functionalization of cork and that with f -cork, with a greater than 99.99%
reduction of bacteria evident after 6 h. Treatment 2 was selected (see Section 3.2.) to carry
out the live/dead test.
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An improvement of InhEc was observed for the treatment with f -cork and the limita-
tion of aeration had a strong effect with respect to the bacterial inhibition. The removal of
pathogens elicited a 6–7 log CFU/mL reduction of bacteria; the final microbial count using
treatment 2 was about 1 × 101 CFU/mL, (See Section 3.2), confirmed by epifluorescence
microscope.

4. Discussion
4.1. Growth Kinetic of E. coli and Amplification of LacZ Gene

In this study, a large enough amount of E. coli cells was obtained to extract a significant
quantity of DNA according to the studies by Yuan et al. [29], who recommended a cell
concentration above 1 × 105 CFU/mL to achieve better suppression of DNA amplification
by PMA treatment in the PMA-qPCR assay to avoid overestimating the total amount of



Water 2021, 13, 2731 11 of 16

viable E. coli. The study of Fiksdal and Tryland [38] indicated that the LacZ gene induces
β-D-galactosidase activity, and it has been proved a good marker and a rapid method for
detecting E. coli in environmental waters.

4.2. Functionalization of Cork with MoSe and InhEc

The main factors that had a highly significant (p < 0.001) effect were aeration, MoSe
concentration, cork particle size and lysis time. These factors, combined with surface
modification of the cork filter medium with MoSe possessing inhibitory properties, pre-
sented a significant (p < 0.001) effect on InhEc, similar to the results obtained by Mohanty
et al. [39], who indicated that surface modification with a disinfectant agent of the polyca-
tionic coatings utilized for coating the collector surface confers antimicrobial properties
and facilitates microbial attachment to filter media, contributing to a net negative charge
on the cell membrane. Although increasing the concentrations between 5 and 10% of MoSe
used in treatments did not present difference on bacterial inhibition, the conditions that
presented the greatest inhibitory effect were obtained in treatment 2 with a concentration
of MoSe (5%). Possibly, this optime dose was enough to achieve the critical micellar con-
centration (CMC) a main characteristics of surfactant macromolecules, such as proteins
of the M. oleifera seeds, with coagulant activity as well as hydrophobic interactions [40].
This behaviour of the seed extract might be due to the increase in the entropy that occurs
when the hydrophobic region of the surfactant is isolated from the water, after which
there is a loss of the structure of the water molecules. Therefore, as the CMC increases,
the surface tense decreases until it remains constant, when the surfactant reaches micelles
spontaneously, and it is at this point that the CMC is reached [41]. Additionality, the in-
crease the concentration of protein with hydrophobic sections affect the antibacterial effect,
explained by several factors, such as the properties of the tensoactive agent (adsorption,
surface forces, physicochemical properties, protein emulsifier concentration and internal
osmotic stresses) and hydrophobic interactions between the bacterial cell surface charge,
microbial surface-active compounds, bacterial aggregates, outer membrane protein and
bacteria attachment [42–45].

In addition, the efficiency of InhEc using the system functionalized with MoSe was
maintained during the test, probably because MoSe was physically adsorbed on the cork
and not removed by the washings using the recirculation factor and stock solution with
cell aggregates. These results are supported by the study of Garcia et al. [35], in which
they evaluated the antimicrobial effect of chitosan and silver nanoparticles (CS/AgNPs)
embedded on cork and found a 4 and 5 log CFU/mL decrease of bacterial contamination
in water; the amount of nanoparticles explained the relation between their retention
on cork and the durability of antibacterial efficiency, nanoparticles achieving better and
more stable adhesion when the coating was more uniform. However, dissolution of the
physically adsorbed CS/AgNPs from the cork surface could have affected the antibacterial
performance of the material. In contrast, the work by De Oliveira et al. [46] evaluated the
functionalization with M. oleifera of magnetic nanoparticles (Fe3O4) for S. aureus removal
and showed that the antibacterial effect was more efficient when using a combination of
M. oleifera and magnetite (Fe-Fe2O4) with constant removal rates compared to Fe-Fe2O4 or
M. oleifera acting alone, since the functionalization of Fe-Fe2O4 with M. oleifera produced
a coagulant within the surface area containing functional groups and minerals. That
antibacterial effect was consistent with our study, where the combination of MoSe and
cork improved the adsorption and InhEc efficiency. Additionally, some of the reasons
why the seed extract increased the filter’s antibacterial potential may be justified by the
study carried out by Francesco et al. [23], who assembled a biopolymer with laccase and
silver nanoparticles on cork for the removal of pathogens in wastewater and noticed
that the composition of cork could cause an enhanced antibacterial effect. These authors
evidenced that its composition depends on its origin and can contain 40–60% suberin,
10–50% lignin, 5–15% polysaccharides and 10–25% removable components, including
waxes and tannins. Lignin, suberin and tannin molecules have many phenolic residues,
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which can be enzymatically oxidized into reactive quinones that can react with the amino
groups of biopolymers; thus, the covalent immobilization of biopolymers in cork can
supply a durable antibacterial effect and synergistically enhance their activity.

4.3. LacZ vqPCR Assay

In this study, a decrease in the number of E. coli genomic copies/mL was obtained us-
ing treatment 2 (see Section 3.2.); these results could be supported by Domingues et al. [47],
who determined some physical and chemical surface properties of cork granulates (di-
mensions 1–2 and 3–4 mm), indicating the presence of macropores. Likewise, an increase
in particle size reduces the accessibility to internal pores and diminishes the surface area
available for the uptake of pollutants in a possible biosorbent. In addition, with respect
to oxygen limitation, Losen et al. [48] evaluated the oxygen parameters for growth of
E. coli, especially in culture with the lowest oxygen transfer capacity or respiratory activity;
they indicated that oxygen is a very sensitive parameter and can yield highly valuable
information about the carbon metabolism of the cultured cells. The primary metabolism of
E. coli responds quickly to oxygen limitation, changes in pH and acetate concentration.

Additionally, a large decrease in the number of gene copies was observed in the
replicates R1CP and R2CP with respect to the biofilter control (CP) and the killed control
(CDBP) for the treatment using PMA. Once it has penetrated into the cells, it inserts into
the DNA and when illuminated with visible light, it binds to the genetic material. This
is due to a PMA photolysis process in which the azide group becomes a highly reactive
radical that can form a covalent bond with DNA. The PMA that remains free in the medium
is simultaneously inactivated by reacting with the water present in molecules. Binding
of PMA to DNA results in strong inhibition of amplification during PCR, such that only
genetic material from unmodified cells (living cells with uncommitted membrane) can be
amplified [49,50].

The decrease in the number of gene copies at the end of the treatment (6 h) in contrast
to that at the beginning (0 h) can be supported by the study carried out by Kubota et al. [51],
in which it was suggested that the lipopolysaccharide layer of Gram-negative bacteria
could have an affinity with the surface of cork. However, it should be noted that both the
cork and MoSe contain phytochemical compounds that could interfere in the affinity of
the attachment process. Bacterial inhibition potential was exposed by Rashid et al. [52]
and Nazzaro et al. [53], who reported that the fatty acid profile derived from M. oleifera
oil showed a high content of oleic acid (>70%), generating biochemical and antibacterial
activity, respectively, against E. coli.

These results reveal the disruption of the cell wall in E. coli. Likewise, the use of
PMA was indispensable since it allowed us to determine this effect. In this study, we
evaluated the use of cork as an organic matrix with biosorbent function and MoSe with
active antimicrobial compounds, generating the main physiological responses occurring
in immobilized cells which may contribute to improving the efficiency of immobilization
techniques. The qPCR assay indicated a reduction in the number of copies of the LacZ gene
in E. coli and a loss of viability with the PMA treatment, confirming that the efficiency of
the immobilization (adsorption) of microbial cells depends on the properties of the support,
microbial cell surface and environmental conditions [54]. Thus, the metabolic response
of immobilized cells was resistance to inhibitors that make alterations to the composition
and organization of the cell wall and cell membrane. This potential is associated with
the compound benzyl-isothiocyanate which inhibits bacterial growth by disrupting the
mechanisms of membrane and enzyme synthesis [55].

4.4. Live/Dead Bacterial Cell Viability Test Using Cork as Filter Material

Cork might contain a resin that potentiates antimicrobial activity, together with some
components that possibly generate a synergy and a greater effect of chemisorption of
bacteria, similarly to the results reported by Francesco et al. [23]. Recently, Xiong et al. [25]
obtained a biofilter functionalized with MoSe and sand that decreased the bacterial load.
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The mechanism was also explained by Jerri et al. [11], who stated that the cationic protein
MOCP present in the seeds contains a glutamine-rich portion that can be adsorbed in the
sand through electrostatic attraction, while maintaining coagulant-flocculation capacity,
improving antimicrobial activity and the removal of pathogens and avoiding the release
of organic matter. They reported a 3–4 log reduction of bacteria with the functionalized
sand. Likewise, the f -sand (sand functionalized with MoSe) samples presented the capacity
to attract bacteria through electrostatic forces and destroy them by means of a protruding
hydrophobic loop on the protein that may penetrate the bacterial cell wall [56].

5. Conclusions

Biological filter systems have the capacity to significantly reduce pathogen microor-
ganisms in effluents with nature-based solutions, treating wastewater and supplying
microbiologically safe water. This study showed an attractive potential antibacterial system
using cartridges of granulated cork functionalized with MoSe that effectively reduced the
growth of E. coli by > 99.99%. Likewise, the vqPCR technique used at t = 0 and 6 h indicated
the usefulness of this fast method and its sensitivity to show the functionalization effect of
MoSe concerning bacterial viability (% vqPCR), which was reduced to 0.024% and 0.005%
for the replicates with f -cork and cells exposed to PMA, respectively. Additionally, the
live/dead test using fluorescence microscopy confirmed this antibacterial effect. Thus, we
encourage the use of natural products to reduce microbiological parameters in water that
are harmful to the environment and human health.

The concept of using functionalized biomaterials from natural extracts with antimicro-
bial properties justifies future research with a biotechnological application and to improve
water quality in human settlements. Even though the present study results are preliminary,
using M. oleifera seeds as a disinfectant agent for improving E. coli removal by cork-based
biofilters appears promising.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13192731/s1, Table S1: Primer sequences of LacZ gene, Table S2: Viability test of biofilter
functionalized with MoSe, Table S3: Effect of the biofiltration system on E. coli at the initial time zero
h using qPCR with and without PMA, Table S4: Effect of the biofiltration system on E. coli in the
final time 6 h using qPCR with and without PMA, Figure S1: Growth kinetic of E. coli strain NBRC
102203 as Log CFU/mL, Figure S2: Electrophoresis of the amplification from LacZ gene, Figure S3:
Electrophoretic analysis of the PCR products obtained by “Colony PCR” to detect the candidate
clones carrying out the construct LacZ/pJET1.2.
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