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Tetracyclines comprise a large group of broad-spectrum antibiotics used in human and veterinary medicine. Its mechanism of action,

via oral ingestion, is to inhibit bacterial protein synthesis, but a large amount (70%) is eliminated without being metabolized, which

presents a risk for the arising of antibiotic-resistant species. In this study, the degradation of Tetracycline TC by non-thermal plasma

NTP and the antimicrobial sensitivity of the treated solution are investigated. The degradation was followed by chromatographic

analysis while the efficiency of NTP in inhibiting the action of TC on bacteria was evaluated by antimicrobial sensitivity test by disk
diffusion method. The results showed a high rate of TC degradation, over 90%, in 10 min of NTP treatment for a 60 mL (107 mg L)
sample and very slow increase up to 94% in 30 min. The antimicrobial sensitivity test of TC after degradation by NTP showed no

antibiotic activity. Therefore, our findings are encouraging, since the removal efficiency is below the minimum threshold require, to

prevent with high probability, outgrowth of antibiotic-resistant bacteria. In addition, the results confirm that the NTP treated solution

is safe to the environment.
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INTRODUCTION

Antibiotics are one of the largest groups of pharmaceutical
compounds used in human and veterinary medicine.'> Among
antibiotics, Tetracyclines constitute a large group of broad-spectrum
antibiotics used in human and also have a common and important
application in veterinary medicine.'?

The antibiotic mechanism of action consists of inhibiting bacterial
protein synthesis and large amount (70%) of ingested by human
or animals is eliminated via the kidneys and in bile without being
metabolized.'** Due to their large occurrence in aquatic systems
has become a concern as biological impacts and potential risks to
the environment. It has also been shown that residual antibiotics
can promote the selection of genetic variants of microorganisms
resulting in the occurrence of antibiotic resistant pathogens.>*” The
tetracyclines are soluble in water and non-biodegradable, classified as
xenobiotic and very difficult to remove from wastewater by sewage
treatment plants.” Therefore, appropriate technologies for removing
antibiotics from wastewater are urgently needed.

Advanced oxidation processes (AOP), such as electrocatalysis,
photocatalysis, ozonation, fenton oxidation, electro-oxidation
and recently non-thermal plasma (NTP) have been employed to
remove persistent organic compounds like antibiotics in aquatic
environments.®'° The NTP process applied to wastewater remediation
provides an environmentally cleaner approach as it avoids the addition
of chemicals such as chlorine and prevents the arising of antibiotic-
resistant organisms. NTP is a non-equilibrium partially ionized gas
generated by high voltage electrical discharge consisting of electrons,
ions, excited and neutral species, UV light and photons.'!-*

The most common NTP regimes are: corona discharge, dielectric
barrier discharge (DBD), spark discharge, streamer discharge and
glow discharge.'>!

*e-mail: nito.debacher@ufsc.br

NTP has many applications in different sectors like industry,
human health, veterinary medicine, agriculture and environment.'*"
The application of NTP in the wastewater treatment has gained much
interest due to the in situ formation of several reactive species, which
can be applied in advanced oxidation processes.”**!

The process of dissociation and ionization under NTP occurs
mainly in the liquid gas interface and the most common reactive
oxygen species (ROS) formed by air-NTP in aqueous medium are
*OH, H,0,, and O, are shown in Egs. 1-7.2%

e—+ H,0 —» *H + *OH + e— (D)
e— + H,0 — H,0" + 2e- 2)
H,O0* + H,0 - H;0" + *OH 3)
*OH + *OH — H,0, 4)
H,O + hv — *H + «OH (®)]
H,O, + hv — + «OH + OH (6)
0, >0 + 0 (6)
°0+0,—> 0, (7)

In addition, nitrogen-NTP produces in water nitrite species
Eqgs. 8-18 which lowered pH and form a strong oxidant peroxynitrite,
which also contribute to AOP.2>*

e—+ N, > *N + *N+ e— 8)

N,* + 2H,0 — 2NOe + 4¢H, )
NOe¢ + O* — *NO, (10)

2¢NO, + H,0 — HNO, + HNO, (11)
H* + NO,” + H,0, - HONO, + H,0 (12)
ONOOH + H,0 2 ONOO™ + H,0* (13)
ONOOH — HNO, (14)
ONOOH =2 ¢NO,+ *OH (15)
HNO, + H,0, - ONOOH + H,0 (16)
NO,™ + 2H* & NO* + H,0 (17)

NO* + H,0, = ONOOH + H* (18)
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Due to its great versatility, NTP is widely studied in AOP applied
to the degradation of drugs such as TC in wastewater. Several studies
can be found in the literature focusing on the efficiency of drug
degradation such as Tetracycline TC by NTP using different chemical
analysis techniques.?>** However, to the best of our knowledge, there
are no studies demonstrating the effectiveness of NTP in inhibiting
the antibiotic action of TC on bacteria after treatment.

Therefore, the aim of this study was to investigate the degradation
of TC by NTP and to evaluate the antimicrobial sensitivity of the
solution treated by NTP. The degradation of TC was followed by
chromatographic analysis while the efficiency of NTP in inhibiting
the action of TC on bacteria was evaluated by antimicrobial sensitivity
test by disk diffusion method.

MATERIALS AND METHODS
Samples preparation

All chemicals were of reagent grade and used without further
purification. Tetracycline hydrochloride, PM 480.90 (C,,H,,N,0O;.
HCI) was supplied by the Prati-Donaduzzi laboratory. Tetracycline
hydrochloride has three ionization groups® with pK,, = 3.3;
pK, =7.7; pK;5 = 9.7, is soluble in water and forms a clear, yellow
to yellow-orange solution. The experimental samples solutions were
prepared using 500 mg capsules diluted in deionized water. The
working solution concentration was determined by chromatography
using a standard TC sample. Solutions used in the experiments were
prepared by deionized water from a Millipore Milli-Q system.

The bacteria colony used was strains Escherichia coli (E. coli)
ATCC 25922, kindly supplied by the Oswaldo Cruz Foundation, Rio
de Janeiro, Brazil.

NON-THERMAL PLASMA TREATMENT

The NTP reactor (Figure 1)** has flat-tipped electrodes with
borosilicate glass walls and Teflon top. A pump (Big air 420) injected
the plasma gas (air) at flow rate of 10 L min'. The electrodes were
connected to an AC power supply of 17 kV and current of 30 mA.
The samples (60 mL) were treated by NTP (in triplicate) for 10, 15
and 30 min under constant magnetic stirring and temperature.

The NTP reactor parameters of conductivity, pH, temperature,
turbidity and color were measured by a multiparameter meter (Hanna
HI 9829) using pH-meter (Sensoglass SP 1800), thermometer,
turbidimeter (EQ67) and color test kit (CO-1-Hach) 0-100 units.

- (b)

Figure 1. Scheme of non-thermal plasma set up and reactor: (a) power
source (1), magnetic stirrer (2), reactor (3) and air pump (4); and (b) photo
of the reactor

Evaluation of antimicrobial sensitivity

The antimicrobial sensitivity test was carried out with disk
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diffusion using the Kirby-Bauer method performed by measuring
(in millimeters) the inhibitory halos which is a qualitative test to
determine the phenotypic susceptibility, with good reliability and
low cost. The results shows whether or not there was degradation
of the antibiotic and the potential for resistance or sensitivity of the
pathogen.?*?’

The E.coli strain was tested using the methodology described by
Jorgensen and Ferraro,” a sample of standard 5 x 105 CFU mL"! was
plated in plate count agar (PCA). After 20 h of incubation at 37 °C,
five colonies were carefully selected and diluted in 5 mL of 85%
saline solution and the turbidity was adjusted to 0.5 on the McFarland
scale. With a sterile swab, the bacteria were inoculated onto Mueller
Hinton Agar plates.

After 15 min, 6 mm-diameter filter paper disks, impregnated
with 30 uL of 107 mg L' of control solution, 15 pL of 100 mg L' of
control solution and 7.5 pL of 50 mg L™ of the control solution and
solutions treated by NTP for 10 min, 15 min and 30 min, were placed
on separate plates and incubated at 37 °C for 22 h. The inhibition
halos (when detected due to the presence of antibiotics in the solution)
were measured with a digital caliper.

Chromatographic analysis

The degradation of tetracycline samples by NTP were followed by
high performance liquid chromatography (HPLC) with diode arrays
detection (DAD), using a Thermo Scientific system, (Ultimate 3000),
consisting of quaternary pumps, self-sampling thermostat, column
oven and diode array detector.””

The chromatographic separation was performed in Colum
C18 (4.6 x 250 mm x 5 pm) Thermo Scientific, at a temperature
of 35 £ 1 °C. The mobile phase (A) was acetate buffer (pH 8.8),
ammonium acetate, disodium EDTA and triethylamine; and (B)
acetonitrile (Grade HPLC — J. T. Baker) (85/15% v/v). A 20 uL
sample was injected with a flow rate of 1.5 mL min" in isocratic
mode and scanned at wavelengths of 280 and 365 nm. A 5-point
calibration curve was used and the analysis was carried out in
triplicate observing the selectivity parameters of linearity indicated
by the analytical curve, correlation coefficient and the detection and
quantification limits.

The calibration compliance of the analytical data from the
chromatography, which a satisfactory status with high correlation
coefficient are shown in Table 1.

Table 1. Calibration compliance of analytical data from the chromatography

Sample: Tetracycline

Selectivity
(NC95%) P-value: 0.03836 <0.05
Lower limit: 12.57 min
Upper Limit: 12.67 min
Linearity
Linear analytical curve: y = 0.94 x -6.14
X = concentration (mg L!). y = area (mAU)
Correlation coefficient: 0.9999
Detection and quantification limits
DL: 0.3758 mg L'
QL: 0.7754 mg L'

Statistical analysis

The following software were used for data reliability and
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statistical analysis: Microsoft Excel for mean and standard deviation
SD of the data; R-Studio and STATISTICA 7.0 to carry out analysis
of variance; ANOVA test to compare the sample population means
and thus identify whether they differ significantly from each other
and Tukey test to compare all acceptable pairs of means.

RESULTS AND DISCUSSION
Chromatography

Table 2 shows the results of the chromatographic analysis of the
TC degradation by NTP against time of 0 min, 10 min, 15 min and
30 min, and the respective relative standard deviations. The data are
also shown in degradation %, Figure 2, as can be observed a high rate
of degradation, over 90%, was observed in 10 min of NTP treatment
fora 60 mL (107 mg L") sample of TC. The percentage of degradation
increases very slowly after 10 minutes of NTP treatment, therefore,
it can be considered that the best performance of TC degradation by
NTP was achieved up to 10 min of treatment.

Table 2. Relationship between NTP treatment time and TC degradation

TC Concentration TC Degradation

Time (min) (mg L) % RSD
0 107.71 0 2.07
10 8.72 91.90 3.03
15 7.81 92.75 2.68
30 6.44 94.02 0.14
*RSD: relative standard deviation (acceptable < 5%).
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Figure 2. Tetracycline degradation % by NTP for 10, 15 and 30 min of
treatment

A similar study from Li er al*' on TC degradation by NTP,
achieved 93.3% reduction using a concentration of 50 mg L', 20 min
of treatment, which is consistent with the results reported here.
He er al.*® used 250 mL solution of 100 mg L' of TC and TiO, as
catalyst under NTP and obtained 45.7% of degradation in 24 min.
Tang et al.'® obtained 82.6% of TC degradation in 15 min by NTP-
activated persulfate using 900 mL of 40 mg L' solution.

The process of dissociation and ionization in NTP occurs mainly
in the liquid gas interface and the most common reactive oxygen
species (ROS) formed by air-NTP in aqueous medium as shown in
Egs. 1-7. In addition, nitrogen NTP produces in water nitrite species
Eqgs. 8-18 which lowered pH and form a strong oxidant peroxynitrite
which also contribute to TC degradation.?

Quim. Nova

Jeong et al.? showed in their study of kinetics and mechanism
of TC degradation by AOP, that the TC degradation first step occurs
by the addition of the electrophilic *OH to the aromatic ring forms
a resonance-stabilized carbon-centered radical with subsequent
addition of oxygen. Followed by the elimination of a hydroperoxyl
radical giving a phenolic product with subsequent deamidation, as
shown in Figure 3.

Fang et al.” recently also demonstrated that NTP discharge can
efficiently degrade TC from water in which *OH and O, played the
major role in the process. Suggesting two pathways, first step the
cleavage reaction of amino group, hydroxylation reaction, and ring-
opening reaction, among which the C-OH bond formation in the
oxidation reaction of hydroxyl radicals and, second step the C=0
bond formation in the oxidation reaction of ozone, Figure 3.

The chemical modification of TC by NTP changes the relationship
between the structure and activity of the molecule.’! Therefore,
modification of the TC scaffold can inhibit interaction with proteins
and thus losing the antibiotic activity since TC exert their antibiotic
activity by binding to the bacterial ribosome and thereby interfering
with protein translation.**?

The configuration of the carbon atom C-4 is an essential
requirement for the pharmacological action of TC compound. In
addition, the presence of the amide group at C-2 is considered as a
structural feature required for the biological action of TC. Another
important observation related to increased enzyme inhibitory power
was the absence of methyl groups and hydroxyl at position C-6. All
these features are shown in Figure 3.
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Figure 3. Schematic drawing of proposed dominant attack by active species
of NTP on TC molecule**

Physicochemical characterization

Table 3 shows the results of pH, conductivity, color, turbidity and
temperature of the samples treated by NTP at time: 0 min (control,
without plasma treatment), 10, 15 and 30 min.

The physicochemical parameters evaluated (Table 3) showed
significant changes during NTP treatment. The solution temperature
increased due to the effect of NTP discharge on the water surface and
reach equilibrium around 50 °C.

The pH of the NTP treated solution decreased 1.6 pH unities in
10 min and almost 2 pH unities during 30 min and the conductivity
increased substantially from 141.00 mS cm™ to 1363,00 mS cm'.
Changes in pH and conductivity under NTP discharge are due to
the formation of ionic species in solution related to peroxynitrite
formation under air-NTP as described by the Eqs. 8-18.2 It should
also be noted that the decrease in pH and increase in conductivity
enhance the stability of *OH radicals.?*-*

The solution turbidity and color showed a slight increase in
the first 10 min and then gradually decreased with time under NTP
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Table 3. Physicochemical data of the TC solution of 100 mg L' samples treated by NTP at time: 0 min (no treatment), 10 min, 15 and 30 min

Parameters 0 min 10 min 15 min 30 min
Temperature (°C) 22.00 50.66 + 0.44 52.00 + 0.66 51.66 £ 1.11
pH 4.35 2.73 £0.09 2.78 £0.29 244 £0.12
Conductivity (S cm™) 141.00 551.33 £31.34 801.33 +£40.12 1363.00 = 10.81
Color 5.00 95.00 + 1.00 89.67 £3.11 41.00 +2.00
Turbidity (NTU) 0.92 1.67 +0.39 1.18 +0.37 1.02 +£0.27
treatment, Table 3, Figure 4. As can be observed in Figure 4, TC 15-30| HH
solution forms a clear yellow (no treatment) to yellow-orange solution | ’
in water under NTP treatment.
The changes in the color and turbidity of the solution are related 1030 =+ Tukey multiple comparisos of means
to changes in the chemical structure of TC under NTP discharges, : 5% Family-wise confidence level
formation of ionic species and reduction of pH, which alters the 0-30 g
physicochemical properties of the solution. Furthermore, the amino Fit: aov(formula = conc ~time)
group of TC has a pK,, = 3.3 and, therefore, at a solution pH below to15 : stime  diff I upr padj
3.3 (Table 3), this group will be protonated,” inducing changes in the I 1530 115 2e200  asoss 0724177
physical properties of the solution like color and turbidity. ;‘2;“ i(')lfog 91721727;.%‘; i;ﬁgﬁgw 2;3;3;;,‘3;
0-15 10-15 0.91 -2.702094 4.522094 0.8496057 H_|
0-15 99.90 96.287906 103.512094 0.0000000
0-10 99.99 95.377906 102.6020%4 0.0000000
0-10 —
0 20 40 60 80 100

v
y/
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Figure 4. Color and turbidity of TC solution of 100 mg L': 0 min; 15 min
and 30 min of NTP treatment

Statistical analysis

Table 4 shows the reproducibility and reliability of the data
by the ANOVA test for statistical analysis to compare the sample
population means and thus identify whether they differ significantly
from each other.

Table 4. ANOVA test statistical analysis of the data

Mean Sq
df Sum Sq (MS) f p value Pr(>F)
Time 3 22504 7501 3931 5.2 10713 ##x
Residuals 8 15 2

Signify codes: 0 “**** 0.001 “*** 0.01 “**0.05 > 0.1 *” 1
df = degrees of freedom; MS = mean square; F = Between group variability/
Within group variability.

The ANOVA analysis provides data on the difference in the
concentration averages according to the NTP exposure time. The
p-value (5.2x10'%) was much less than oo = 0.05 (95% CI), indicating
that there is at least one variable with highly significant difference. In
this case, the Tukey test, which compares all possible pairs of means,
was used to check which distribution provides the biggest differences
or similarities and the results are shown in Figure 5.

Based on Table 4 and Figure 5, it can be seen that pairs with
significant differences are those with positive lower bounds (Iwr),
and it is clear that the pairs formed at time zero differ significantly.
The application of the Bartlett test, which test for homogeneity of
variances reaffirmed the non-homogeneity of the variances, with a
p-value (6.785 x 10) lower than a = 0.05 (95% CI) indicating a

Figure 5. Tukey chart and representation of the lower limits

significant difference between the concentrations.

However, the TC concentration averages for NTP exposure times
of 10 min, 15 min and 30 min, suggest that belongs to the same data
group and the closest means are those of 10 min and 15 min.

Disk diffusion antimicrobial sensitivity

Bacteria as E. coli that are sensitive to antibiotic, the attack occurs
by passive diffusion or active transport across the cell membrane,
inhibiting protein synthesis.?¢3¢37

Table 5 and Figure 6 show the antimicrobial sensitivity of
TC after degradation by NTP performed by disk diffusion using
the Kirby-Bauer method. In the Petri dish are shown the control
disk with inhibitory halo and samples exposed to NTP for 10 min,
20 min and 30 min (in triplicate) without the inhibitory halos. The
control sample (t = 0) particularly showed the active presence of the
antibiotic and microbial sensitivity. At the disks contained the TC
solutions treated by NTP for 10, 15 and 30 min no inhibitory halos
was observed, indicating no antibiotic activity or a TC concentration
below the minimum needed for bacterial inhibition, with bacterial
resistance being observed.

The minimum needed for bacterial inhibition was studied by
Valeria et al.*® using the E. coli strain to several antibiotics, including
tetracycline and with 15 pg in the disk an inhibitory halo of 18 mm
was generated. Therefore, the results obtained here of antimicrobial
sensitivity to TC in wastewater after degradation by NTP process
are encouraging, since the efficiency of antibiotic removal is below
the minimum required to prevent bacterial resistance to antibiotics.

CONCLUSIONS

The results showed a high rate of TC degradation, over 90%, in
10 min of NTP treatment for a 60 mL (107 mg L"!) sample and very
slow increase up to 94% in 30 min. Therefore, it can be considered
that the best performance of TC degradation by NTP was achieved
up to 10 min of treatment. Furthermore, statistical analysis of the
data showed that exposure to NTP for 15 min or 30 min produced
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Table 5. Inhibitory halos (diameters in mm) and respective NTP treatment times (min)
Plates Control (0 min) 10 min 15 min 30 min
1 @ 12.10 mm (dose 30 pg) * ® 7.5 mm + 0.35 mm 0 mm 0 mm
2 @ 8.03 mm (dose 15 ug) ** 0 mm 0 mm 0 mm
3 @ 8.14 mm (dose 15 ug) *** 0 mm 0 mm 0 mm
4 @ 7.15 mm (dose 7.5 pg) **** 0 mm 0 mm 0 mm

Inhibitory halos (diameters, mm) and respective NTP treatment times (min). Control sample: * (C = 107 mg L', 30 uL); ** (C = 100 mg L', 15 pL); *** (C =
50 mg L, 15 pL); *##* (C =50 mg L', 7.5 uL).

and 30 min of NTP treatment (triplicates)

similar results, indicating that the best performance was obtained up
to 10 min of treatment.

The antimicrobial sensitivity test of TC after NTP degradation

performed by disk diffusion showed no antibiotic activity. Therefore,
our findings are encouraging, since the removal efficiency is below
the minimum threshold require, to prevent with high probability,
outgrowth of antibiotic-resistant bacteria. Furthermore, the results
confirm that the NTP-treated solution is safe for the environment.
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