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Abstract: This study presents a multi-residue method for simultaneous qualitative and quantitative
analysis of eight antibiotics from some common classes, including beta-lactam, tetracyclines,
lincosamides, glycopeptides, and sulfonamides in 39 aquaculture and river water samples from the
Mekong Delta (Vietnam) using liquid chromatography-tandem mass spectrometry (LC-MS/MS). As a
result, doxycycline (DXC), oxytetracycline (OTC), lincomycin (LCM), sulfamethoxazole (SMX), and
sulfamethazine (SMZ) were detected with high frequency over 65% and an average concentration of
22.6–76.8 ng·mL−1. The result suggests that antibiotic residues in the aquaculture and river waters are
considered as an emerging environmental problem of the region. To address this issue, we fabricated
the well-defined TiO2 nanotube arrays (TNAs) and nanowires on nanotube arrays (TNWs/TNAs)
using the anodization method. The TNAs had an inner tube diameter of ~95 nm and a wall thickness
of ~25 nm. Meanwhile, the TNWs/TNAs had a layer of TiO2 nanowires with a length of ~6 µm
partially covering the TNAs. In addition, both TNAs and TNWs/TNAs had pure anatase phase
TiO2 with (101) and (112) dominant preferred orientations. Moreover, the TNAs and TNWs/TNAs
effectively and rapidly degraded the antibiotic residues under UV-VIS irradiation at 120 mW/cm2 and
obtained over 95% removal at 20 min. Indeed, the photocatalytic reaction rate constants (k) were
in the range of 0.14–0.36 min−1 for TNAs, and 0.15–0.38 min−1 for TNWs/TNAs. Noticeably, the k
values of TNWs/TNAs were slightly higher than those of TNAs for LCM, DXC, OTC, SMZ, and SMX
that could be attributed to the larger surface area of TNWs/TNAs than TNAs when TNWs/TNAs had
an additional ~6µm TNWs top layer.

Keywords: liquid chromatography-tandem mass spectrometry; TiO2 nanomaterials; antibiotics;
aquaculture wastewater; photocatalysts

1. Introduction

Antibiotics are widely used for treatment and prevention of infectious diseases in humans and
in domestic and food-producing animals, including fish [1,2]. The use and overuse of antibiotics in
aquaculture is of great concern because it may cause antibiotic residues in aquatic environments and
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potential ecosystem alteration. Extended exposure to low doses of antibiotics leads to the selective
proliferation of resistant bacteria that could transfer the resistance genes to other bacterial species,
and this causes a serious risk to the effectiveness of treatment of diseases, public health, and the
eco-toxicological environment [3,4].

Antibiotic residue in an aquatic environment has been reported in recent studies through discharge
from domestic sewer systems and environmental waters and wastewaters [5–10]. A nationwide survey
conducted by the United States Geological Survey (USGS) Toxic Substances Hydrology Program [11]
and the EU Water Framework Directive 2000/60/EC (WFD) [12] reported the presence of human and
veterinary drugs in aquaculture and livestock products. This provides a framework for community
action in the area of water policy for protection and management of inland waters, transitional waters,
coastal waters, and groundwater.

Vietnam has faced alarming environmental problems, especially water pollution due to industrial
development, urbanization, and rapid population growth. Rivers have been polluted with organic
matter, nutrients, and bacteria due to untreated industrial effluents from many industries such as dyeing,
paper mill, tanning, chemical manufacturing, fertilizer, plating, and food processing industries [13,14].
The Mekong Delta is the key agricultural production and aquaculture area of Vietnam. It comprises
13 provinces and covers an area of around 40,816 km2 with a total population of over 17.5 million.
The annual average aquaculture output reached 400 thousand tons in 2018 [15]. However, antibiotics
are increasingly used in aquaculture for the prevention and treatment of diseases. As a result,
antibiotic residues in aquaculture wastewater of the Mekong Delta region (Vietnam) is considered
an emerging environmental problem due to their adverse impacts on the ecology environment and
human health [16,17].

An accurate quantification of pharmaceuticals at low concentrations in practical environmental
samples is challenging due to the matrix complexity. Optimized methods using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) have been developed to analyze
multi-residues of antibiotics in the aquatic environments, including beta-lactam [18–23],
fluoroquinolones and macrolides [18,19,23–27], tetracyclines and sulfonamides [19,24,25,28–32],
lincosamides [18,33], and phenicol [24,34]. Yet, few studies have been conducted on the analysis of
antibiotic residues in aquaculture wastewater and river water samples. In addition, unlike the other
high-risk popular pharmaceutical wastes such as sulfonamides antibiotics and fluoroquinolones [35–37],
an analytical method for vancomycin has been little studied [23].

Multi-residue analytical methods using LC-MS/MS provide high sensitivity for studying the
occurrence and fate of pharmaceuticals in the environment. However, simultaneous analysis of
multiple classes of antibiotics with different physicochemical properties in matrix samples is a great
challenge, which calls for systematic studies to develop the optimized analytical LC-MS/MS method. It
is worth mentioning that a solid-phase extraction (SPE) pre-treatment technique has been developed,
and it allows for automation and reducing the consumed volume of organic solvents and the analysis
time [18–20,23–28,31,32,38,39].

The conventional wastewater treatment plants are not designed to treat water polluted with
pharmaceuticals and stable organics, and thus, the applied treatments are ineffective in their
removal [40–45]. In recent years, advanced oxidation processes (AOPs) are recommended when
water pollutants have high chemical stability. AOPs allow almost total mineralization of contaminants
to carbon dioxide, water, and inorganic compounds to be achieved or, at least, allow their partial
oxidation to become more biodegradable and/or less harmful [46,47]. Notably, in some cases, oxidated
products can be more toxic than their parent compounds [48–53]. Semiconductor photocatalysis
has been recognized as one of the most promising technologies to decontaminate organics and
pharmaceuticals [54–56]. AOPs are characterized by the formation of the highly reactive •OH and h+

under UV/VIS irradiation in water, which can degrade different pollutants [47,57–59].
Titanium dioxide (TiO2) has been widely used as a photocatalyst in the treatment of organic

and pharmaceutical wastewaters because of its excellent photocatalytic activity, wide availability
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and non-toxicity [46,47,60–64]. In this study, TiO2 nanotube arrays (TNAs) and TiO2 nanowires on
nanotube arrays (TNWs/TNAs) are of interest because they can provide a large surface-to-volume ratio
and unidirectional electrical channel [65,66]. TNWs/TNAs presented better photocatalytic activity in
degradation of methylene blue than that of TNAs, which was attributed to the presence of partial
coverage of TNWs on the surface of TNAs for the enhanced surface area [67]. By using anodic oxidation,
TNAs and TNWs/TNAs can be fabricated on immobilized titanium folds that allow the photocatalysts
from the reaction solution to be retrieved after treatment, which can then be reused many times.

In this work, we firstly developed a multi-residue analytical LC-MS/MS method for the
simultaneous determination of eight antibiotics from five common classes in aquaculture and river
water samples. The target antibiotics were selected based on high human consumption, ecotoxicology
relevance, and popular veterinary antibiotics, including beta-lactams (amoxicillin, ampicillin),
tetracyclines (oxytetracycline, doxycycline), sulfonamides (sulfamethoxazole, sulfamethazine),
lincosamides (lincomycin), and glycopeptide (vancomycin). Then, the developed method was applied
to determine antibiotic residues in 39 wastewater samples from four large-scale aquaculture areas in
the Mekong Delta, Vietnam. Finally, photocatalytic degradation of antibiotic residues by TNAs and
TNWs/TNAs under UV-VIS irradiation were studied. As a result, TNAs and TNWs/TNAs presented
as effective nanomaterials to remove antibiotic residues in practical aquaculture and river waters.

2. Results and Discussion

2.1. Optimal MS/MS Parameters

For all target compounds, we used ESI source with nitrogen as the nebulizer and drying gas,
in positive ion mode operation, with a capillary voltage of 3.0 kV and temperature source of 150 ◦C.
Nitrogen was used as a sheath gas at a flow rate of 950 (L/h). The desolvation temperature was 400
◦C, and argon gas was used to induce dissociation for the acquisition of MS/MS data. Individual
tune files were created for each standard in continuous flow mode to determine the optimum cone
voltages, collision energies, isolation widths, and fragment ions, which are listed in Table 1 [see also
Figures S1–S10 in supplementary materials (SM)].

Table 1. Summary of the retention times and MS/MS parameters, precursors, and products observed
for eight target antibiotics and two internal standards.

Compounds Retention
Time

Precusor Ion
[M+H]+

Product Ion 1
(Quantitative)

Product Ion 2
(Identified)

Cone
Voltage

(V)

Optimal
Collision

Energy-Product
Ion 1 (V)

Optimal
Collision

Energy-Product
Ion 2 (V)

Amoxicillin 3.91 366.2 114 208.3 18 22 12
Ampicillin 4.55 350.3 106.1 114 28 20 30

Oxy tetracycline 5.33 461 426.1 443 34 20 12
Doxycycline 8.43 445.3 428 98.1 38 16 44
Lincomycin 4.19 407.3 126.2 359.2 44 28 18
Vancomycin 3.28 725.7 100.1 144.2 24 16 40

Sulfamethoxazole 8.06 254.2 92.1 108 28 28 24
Sulfamethazine 6.43 279.2 186 92 38 16 30

Trimethoprim (IS-1) 4.81 291.3 123.1 230.1 48 24 24
Atenolol (IS-2) 3.83 267.4 56.1 71.6 38 28 22

The structure of the analytes contained nitrogen and had small molecular weight with median
polarity, whereby ionization of the positive ion mode for all target compounds was selected to increase
the sensitivity when compared with the negative ion mode. For quantitative analysis, most of the
investigated antibiotics presented MRM transitions in between the precursor ion and the two most
abundant fragment ions. Only one obtained transition with high intensity was reliable for quantification,
while the full scan MS/MS and daughter scan data were used for structural confirmation of the target
compounds. Consequently, the obtained parent and fragment ions, particularly quantitative product
fragments of the target compounds merged intensively with European MassBank data [68] and
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the other relevant results [18,19,23–26,28,31,32,69–71]. This provides further support for the broad
accomplishment of the requirements set by the EU Commission Decision 2002/657/EC about the
identification and confirmation of pharmaceuticals in LC-MS/MS analysis.

In this study, trimethoprim (TMTP) was used as an internal standard for sulfonamide, beta-lactam,
tetracycline, and lincosamide classes [70]. TMTP (an antibiotic) still can be used as an internal standard
because its concentration in the aquaculture and livestock waters of the Mekong Delta region was
ultralow or not detected [35–37,72]. Atenolol was used as an internal standard for glycopeptide group,
suggested by the earlier study [73]. It is found that both TMTP and atenolol have high physicochemical
stability, and they offer a high, stable, and repeatable relative abundance of precursor ions (2.04 ×
108–3.62 × 108) and product ions (3.79 × 107–5.05 × 107).

To avoid reducing the sensitivity, the elevated number of transitions were recorded in one retention
time window by setting the appropriate values of the dwell-time and pause between mass ranges. It is
worth mentioning that selection of an appropriate dwell time is a key factor to monitor a large number
of transitions in the same time segment and to obtain enough points per chromatographic peak (>15
points), which is very important for precise quantification. For example, the signal intensity of OTC,
AMP, and AMOX increased significantly when dwell-time was adjusted from 0.025 to 0.05. It means
that the detector can devote more time to monitoring every transition in each cycle.

Dissolved solvent also strongly affects the ionization of target compounds in a MS analysis.
Generally, water and methanol result in better performance than acetonitrile (ACN) for most antibiotics.
We found that formic acid addition (0.1%) to the aqueous phase resulted in a significant improvement
in peak shape and intensity for AMP, AMOX, VCM, LCM, SMZ, and SMX in positive ion mode
(Figures S11–S14 in SM).

2.2. Chromatographic Optimization

The stationary phase plays an important role in separation efficiency. Hence, three types of
analytical columns were studied, namely Agilent Poroshell 120 Phenyl-Hexyl (4.6 mm × 150 mm ×
2.7 µm), Agilent Eclipse Plus C18 (4.6 × 150 mm; 3.5 µm), and Phenomenex Lunar C8 (4.6 × 250 mm;
5 µm). As a result, the first column offered a better separation, apparent peak shape and signal, and
short analysis time (< 10 min). This result indicates that the phenyl and hexyl structures are suitable for
the separation of antibiotic samples with acid, medium polarity, and a small particle size of ~2.7 µm.

The most common mobile phases for antibiotic residue studies using LC-MS/MS are methanol
and/or acetonitrile-water, and formic acid is often added at low levels to facilitate ionization by ensuring
the analyte is more basic than the solvent [19–22,24–26,28–32,69–71]. Herein, the mobile phase of
methanol-water with/without adding formic acid at various concentrations of 0.01, 0.05, 0.1, 0.15, and
0.2% was studied. We found that the optimal concentration of formic acid was 0.1% (pH = 2.33) owing
to the results of the improved separation, good peak shape, and high signal intensity for most of the
investigated compounds. Furthermore, a small portion of acetonitrile added to the mobile phase led
to a reduced analysis time and the changed compound partition to improved resolution for most
analytes. However, co-eluting peaks occurred for AMOX and LCM. Therefore, a gradient elution of
methanol-acetonitrile-water with 0.1% formic acid provided the best resolution and peak symmetry
for analyzing all the target antibiotics. It was found that the other parameters of flow rate, injected
volume, and temperature column could only change the separation time, but they did not noticeably
improve the resolution of peaks (Figures S15–S21 in SM). In summary, the optimum chromatographic
conditions were the usage of a Poroshell 120 Phenyl-Hexyl column (4.6 × 150 mm; 2.7µm; Agilent,
USA), 400 µL/min flow rate, and the full loop injection volume of 10 µL. The separation was achieved
by using a ternary gradient mobile phase consisting of ACN (A), MeOH (B), and water with 0.1%
formic acid (C). The total required time for the chromatographic analysis was 20 min, which was
comparable or shorter than the time spent of 20–40 min in [27,31,32]. The optimal conditions are listed
in Table 2 and presented in Figure 1.
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Table 2. Summary of the mobile-phase compositions for the chromatographic separation. A, B, C are
ACN, MeOH, and water with 0.1% formic acid, respectively.

Time (minutes) %A %B %C

0 24 13 63
5.3 24 13 63
5.8 5 94 1
10.5 5 94 1
11 24 13 63
15 24 13 63
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2.3. Optimization of Sample Preparation

As shown in Figure 2, when the water samples were only filtered through 1-µm glass fiber
and 0.45-µm nylon membrane filters, poor recovery yields (< 50%) were observed for most of the
antibiotics. Furthermore, the baseline noise was very high (× 104) due to the presence of suspended
solids. Meanwhile, the first extraction process with an addition of 0.3 g Na2EDTA was the best for
significant improvement in recovery efficiencies (81.8–114.6%) as well as reducing dramatically the
baseline noise to 2 × 102 for all the target compounds. These results met compliance requirements
and were consistent with the experimental results in [19,24,25,28–30,69–72,74], in which the extraction
recoveries were enhanced when Na2EDTA was used as a chelating agent to form complexes with
inorganic elements and to bind the residual metals in the sample matrix and glassware. For the second
procedure, Strata-X cartridges offered high extraction yields for AMOX, AMPI, OTC, VCM, LCM (i.e.,
87.5–102.5%). However, it gave poor extraction yields for DXC, SMZ, and SMX (5.7–25%) because
of the strong retention of neutral- and medium-polar compounds of Strata-X as it is a reverse-phase
functionalized polymeric sorbent. The use of HLB-SPE resulted in high recovery yields in the range
of 84.6–109.2% owing to the balance between the hydrophilic N-vinyl pyrollidone and lipophilic
divinyl benzene that provided a superior reversed-phase capacity and a retention enhancement
for polar analytes. However, it required a longer sample treatment time (30 min/sample). For the
third process, prior to use of Strata-X or HLB cartridges, an addition of 0.3% Na2EDTA reduced
the matrix effects and slightly enhanced the recovery yields. Indeed, the third procedure offered
high recovery yields for all the antibiotics (89.3–107.4%), whose results were comparable to previous
works [19–21,23–25,27–30,70,72,74,75], but it required a long sample preparation time of 40 min/sample.
Briefly, higher cost and longer sample preparation time were the main drawbacks of the second and the
third procedures, compared to the first process, which had a short preparation time of 10 min/sample
and was 60% cheaper (Figures S22–S25 in SM).
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2.4. Matrix Effects

Suppression or enhancement ions occur frequently during LC-MS/MS analysis due to the ionization
competition between co-eluting compounds in a chromatographic system. Particularly, for a complex
environment and bio-samples, the percentage of the suppression may depend on the structures of the
compounds and matrix samples. In this study, the deviation of the matrix effects for most antibiotics
were far higher than the required value of 20% [19,24,25,28,31], and thus, the quantitative analysis
based on a pure standard solution curve was not appropriate. It would be an ideal approach to have
internal standards for each class of antibiotics to compensate for matrix effects in the multi-component
analysis, but this leads to a rise in the cost of labeled reference materials. Alternatively, this study
developed calibration curves for detection of the target compounds using a linear regression analysis
by adding a series of standard solutions to the matrix solution. Indeed, TMTP was used as an internal
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standard for beta-lactam, tetracycline, lincosamide, sulfonamide classes, while atenolol was used
for vancomycin.

2.5. Method Validation

Method optimization was indicated by its validation. We determined all the validation parameters
of specificity, sensitivity, linearity, precision, and accuracy, whose results are shown in Table 3 (see also
Figures S26–S36 in SM).

Table 3. Validation parameters for the developed LC-MS/MS method. The linearity range was 0.05-200
ng/mL. The antibiotic abbreviations: AMOX, amoxicillin; AMPI, ampicillin; OTC, oxytetracycline; DXC,
doxycycline, LCM, lincomycin; VCM, vancomycin; SMZ, sulfamethazine; and SMX, sulfamethoxazole.

Parameter AMOX AMPI OTC DXC LCM VCM SMZ SMX

r2 0.998 0.998 0.998 0.995 0.999 0.995 0.999 0.997
MDLs (ng·mL−1) 0.05 0.02 0.02 0.05 0.025 0.07 0.025 0.01
MQLs (ng·mL−1) 0.16 0.07 0.05 0.15 0.06 0.20 0.07 0.03

Precision a (intra-day) 3.70 3.10 4.11 2.82 1.14 4.21 3.08 1.96
Precision b (inter-day) 4.73 3.94 4.30 3.48 1.60 4.11 4.61 3.70

Accuracy c (40 ng·mL−1) 87.36 87.04 96.35 96.51 100.47 91.57 105.6 101.24
Accuracy c (20 ng·mL−1) 89.51 89.06 94.36 90.28 99.77 88.87 103.45 99.81
Accuracy c (10 ng·mL−1) 88.65 87.67 92.33 89.75 98.99 87.03 101.68 100.24

a Maximum deviation within one day based on peak area in percent (n = 9); bdeviation over three days based on
peak area in percent (n = 3); c expressed as recovery rates in percent.

It is well-known that specificity was assured by the identification and confirmation criteria for the
analysis of target substances based on the European Commission Decision 2002/657/EC [76]. For the
confirmation of the presence of antibiotics, a minimum of four identification points (IPs) is required [76].
When using the SRM approach, four IPs can be collected by obtaining two MRM transitions with
1.5 IPs each and 1.0 IPs for the precursor. Particularly, the RSD percentages of retention time for all
the investigated antibiotics were less than 0.1% (2.5% tolerance), and the relative intensity difference
between the two transitions was less than 20%. Furthermore, the selectivity of the method was
evaluated by comparing the chromatograms obtained from the standard, spiked blank analyte samples
with those obtained from the blank samples. There were no significant interference peaks of the
analytes and internal standards at the retention times.

The quantitative analysis shows excellent linear behavior with r2
≥ 0.995 and a wide dynamic

range of 0.05–200 ng·mL−1. For the sensitivity, MDLs and MQLs of target antibiotics were in the range
of 0.01–0.07 ng·mL−1 and 0.03–0.20 ng·mL−1, respectively, whose values were reasonable and typical
for triple quadrupoles mass detector analysis. The assay accuracy was determined from the recovery
experiments at three concentration levels within the dynamic range, as the matrix was spiked before
treatment. The obtained recovery rates were in the range of 87.03–105.6% (tolerance of 80–110%) [76],
indicating that the sample preparation procedure gave excellent integrity. Thanks to the precision
level, the maximum relative standard deviation was as low as 4.73% for AMOX, which was far lower
than the value of 15% of the criteria. The developed method passed all the validation requirements,
and thus, this method is appropriate for analyzing antibiotics in practical water samples.

2.6. Evaluation of the Antibiotic Residues in Aquaculture and River Water Samples

The validated method was applied to assess 39 wastewater samples, collected from the four
large-scale aquaculture areas and four rivers/canals in the Mekong Delta, Vietnam. Table 4 summarizes
the occurrence and concentration of antibiotics detected in the aquaculture wastewater samples. Clearly,
all the eight antibiotics were detected in the samples collected in Dam Doi and Hoa Binh districts. It
is suggested that these places are amongst the largest aquaculture production areas in the Mekong
Delta with high demands of antibiotic usage. Among of the eight antibiotics, OTC and SMX were
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found in all wastewater samples; and DXC, LCM, and SMZ were detected frequently with 65.7%,
68.6%, 74.3%, respectively. Moreover, OTC was found at the highest average level (76.8 ng·mL−1),
followed by SMX (60.9 ng·mL−1), LCM (32.5 ng·mL−1), SMZ (24.6 ng·mL−1), and DXC (27.5 ng·mL−1).
Meanwhile, AMPI and AMOX were detected at low concentrations in the aquaculture wastewater
samples. The higher detection rates and concentrations of the former antibiotics are probably due to
their wide range of disease prevention and treatment in aquaculture and their lower prices than those
of the latter antibiotics. Noticeably, VCM has been banned for use in aquaculture, but it was found at a
high rate of 25.7% (9/35), even at low average levels (1.1–5.7 ng·mL−1). VCM could come from the
feeding products in aquaculture, and it could lead to unsafe aquaculture products. The river/canal
water samples collected near pangasius and shrimp farms contained OTC, SMX, DXC, SMZ, and LCM
at low levels of 1.1, 0.8, 0.4, 0.3, and 0.3 ng·mL−1, respectively, while VCM was not detected (Table 5).
This is because of the spread of the antibiotics from aquaculture wastewater sources (Figures S37–S41
in SM).

Table 4. Occurrence and concentration (n = 3, ng·mL−1) of antibiotics detected in aquaculture farm
wastewater samples in four different areas in Mekong Delta, Vietnam.

Antibiotics
CM-DD1–10 BL-HB1–10 CT-TL1–6 AG-CT1–9

Occ a Range Aver b Occ Range Aver Occ Range Aver Occ Range Aver

AMOX 1/10 0.4 0.4 2/10 0.3–0.8 0.55 n.d c n.d n.d n.d n.d n.d
AMPI 2/10 0.1–0.3 0.2 3/10 0.3–0.7 0.6 n.d n.d n.d n.d n.d n.d
DXC 7/10 1.7–12.6 6.2 6/10 1.5–8.9 7.1 4/6 1.4–7.6 4.8 6/9 7.3–55.6 27.5
OTC 10/10 12–112.6 76.8 10/10 6.2–25.4 14.3 6/6 2.3–27.4 18.5 9/9 0.7–2.7 1.7
LCM 7/10 5.2–22.6 16.5 7/10 9.8–60.7 32.5 4/6 0.3–1.4 0.9 6/9 2.4–25.2 13.3
VCM 3/10 1.7–4.8 3.0 4/10 1.1–5.7 3.7 n.d n.d n.d 2/9 1.6–5.2 3.4
SMX 10/10 18.6–83.5 60.9 10/10 3.2–25.8 16.5 6/6 0.4–12.2 7.6 9/9 2.4–23.6 11.5
SMZ 7/10 6.8–20.5 10.4 8/10 1.1–15.5 8.7 4/6 1.6–10.8 6.5 7/9 7.2–48.4 24.6

a occurrence, b average, c not detectable.

Table 5. Concentration (n = 3, ng·mL−1) of antibiotics determined in river/canal water samples.

Antibiotics
Levels (ng·mL−1)

DD-River BL-River XS-Canal BT-Canal

AMOX n.d a n.d n.d n.d
AMPI n.d n.d n.d n.d
DXC 0.2 0.3 0.2 0.4
OTC 1.1 0.1 0.2 n.d
LCM 0.1 0.3 n.d 0.1
VCM n.d n.d n.d n.d
SMX 0.8 0.3 n.d 0.1
SMZ 0.2 0.1 0.2 0.3

a not detectable.

Managaki et al. [35] reported the occurrence of SMZ (a veterinary medicine) with high
concentrations of 19,200 and 18,500 ng/L in pig farm wastewater samples at many locations in
Vietnam. Shimizu et al. (2013) [72] reported that OTC was predominant in livestock wastewater, and
its concentration was 175 ng/L in pig farm effluents. In addition, the average concentration of SMX in
sewage water was 1720 ng/L in Vietnam. In many cases, SMZ and LCM were predominant in livestock
and aquaculture wastewater. Moreover, the concentrations of SMX in surface- and bottom-layer
shrimp ponds and shrimp pond water samples in aquatic system of Vietnam were 40–2390, 40–5570
and 4.77–820 µg/L, respectively [77]. Tong et al. (2009) [75] reported the presence of sulfonamides
and tetracyclines in swine wastewater and environmental water samples in central China, at levels of
5.8–21692.7 ng/L and 1.6–11.6 ng/L, respectively. Shao et al. (2009) [24] indicated that OTC could be
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measured in slaughterhouse wastewater samples collected from Beijing, with concentration ranging
from 95 to 2942 ng/L. OTC with concentrations of 25–410 µg/L was also detected in swine waste storage
lagoons samples, while SMZ was found at a concentration range of 2.5–400 µg/L [74]. Furthermore,
OTC (1.0–2.0 µg/L) and SMZ (0.3 µg/L) were detected in surface water samples collected proximal
to the swine and poultry farms [74]. Watkinson et al. (2007) [18] presented that amoxicillin was not
detected in sewage in some recent surveys in Germany and Sweden because beta-lactams are easily
transformed through hydrolysis by the unstable beta-lactam ring. In this study, we found comparable
residue levels of SMX, SMZ, OTC, AMOX, and AMPI as compared with the aforementioned results in
the literature. It is suggested that sulfonamide and tetracycline classes were frequently prescribed in
aquaculture and livestock usage. Besides, this study also illustrated that the use of LCM has increased
substantially in recent years. Notably, a banned antibiotic of VCM were detected in the aquaculture
wastewater with high frequent occurrence and low concentration.

2.7. Photocatalytic Degradation of Antibiotics in Aquaculture Wastewater Samples by TiO2 Nanomaterials

Antibiotic residue in aquaculture wastewater is a very concerning environmental issue in the
Mekong Delta, Vietnam. In order to contribute to tackling this issue, we studied the photocatalytic
degradation of five antibiotics using TiO2 nanomaterials (i.e., TNAs and TNWs/TNAs) under UV-VIS
irradiation at 120 mW.cm−2. The TNAs and TNWs/TNAs exhibited well-defined nanostructures
(Figure 3a,b). Indeed, the TNAs had an inner tube diameter of ~95 nm and a wall thickness of ~25
nm (Figure 4a). Meanwhile, the TNWs/TNAs had a layer of TiO2 nanowires with a length of ~6 µm
covering the TNAs (Figure 3b). The EDS analysis shown in Figure 3c revealed the presence of dominant
elements of Ti (32–33 at.%) and O (67–68 at.%), which corresponded to the close-stoichiometry of the
TiO2 phase. Notably, small Pt peaks appeared in the EDS spectra because the samples were coated
with a thin layer of Pt to make them conductive for the SEM measurements. In addition, both TNAs
and TNWs/TNAs had a pure anatase phase with (101) and (112) dominant preferred orientations
(Figure 3d). By using the Scherer formula for the (101) peak [78], the calculated grain sizes of the TNAs
and TNWs/TNAs were 32.8 nm and 27.3 nm, respectively.

We selected the aquaculture wastewater samples with high antibiotic concentrations, including
OTC (CM-DD5, 112.6 ng·mL−1), DXC (AG-CT8, 55.6 ng·mL−1), SMX (CM-DD9, 83.5 ng·mL−1), SMZ
(AG-CT2, 48.4 ng·mL−1), and LCM (BL-HB4, 60.7 ng·mL−1) to study photocatalytic degradation of
the antibiotics by TNAs and TNWs/TNAs under UV-VIS exposure at various reaction times of 0, 5, 9,
14, and 20 min. The pseudo-first-order rate constants were determined by fitting the data with the
Langmuir–Hinshelwood kinetics rate model [63,79]. Figure 4a,b show the photocatalytic degradation
kinetic of LCM, DXC, OTC, SMZ, and SMX using TNAs and TNWs/TNAs under UV-VIS irradiation.
Clearly, both photolysis and photocatalysis reactions generally follow the exponential decay, Ct = C0

× e−kt, where Ct is the concentration of antibiotic at time t (ng/mL), C0 is the initial concentration of
antibiotic (ng/mL), and k is the reaction rate constant (min−1). The k is yielded by performing the
linear fitting on the plot of −ln(Ct/C0) versus reaction time t, and they are shown in Figure 4d.

Generally, all the antibiotics absorb light in the UV range, as shown in Figure 4c. The antibiotics
also degrade under photolysis of UV-VIS illumination at 120 mW/cm2. However, with the presence
of TNAs or TNWs/TNAs, the k value of photocatalysis is remarkably higher than that of photolysis
(Figure 4a,b). Moreover, the TNAs and TNWs/TNAs degraded effectively and rapidly the five
investigated antibiotics, obtained over 95% removal at 20 min (Figure 4a,b). In Figure 4d, the k values
were in the range of 0.14–0.36 min−1 for TNAs, and 0.15–0.38 min−1 for TNWs/TNAs. Specifically, the
photocatalytic reaction rates of SMZ and SMX using TNAs and TNWs/TNAs under UV-VIS irradiation
reached high values of 0.24–0.38 min−1, but they were only 0.14–0.16 min−1 for LCM, DXC, and OTC.
This is primarily attributed to the differences in molecule structure and UV absorbance between the
former and the latter. Indeed, SMZ and SMX have amine bond structures so that bond-breaking can
easily occur between –SO2– and its side atoms, and at C–S and N–H bonds under UV irradiation.
Meanwhile, the imide bond structures (RCONR2) of LCM, DXC, and OTC are generally photolyzed by
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the breaking of R–CO or CO–N bonds [80]. However, amides have the most stable of the carbonyl
couplings due to their high resonance stabilization between the N–C and C–O bonds [80]. Therefore,
amide bonds are highly resistant to photodegradation [80,81]. Besides the factor of molecule structure
stability, UV absorbance also plays a role in that the antibiotics with higher UV absorbance had the
higher k values (e.g., SMX, LCM, see Figure 4c,d). Furthermore, the k values of TNAs were slightly
lower than those of TNWs/TNAs for LCM, DXC, OTC, SMZ, and SMX (Figure 4d). This could be
primarily attributed to the larger surface area of TNWs/TNAs than that of TNAs, because the former
had a layer TNWs with a length of ~6 µm partially covering the top of the TNAs (Figure 3b). This
explanation is reasonable when TNAs had slightly larger grain size and greater crystallinity than
TNWs/TNWs, factors that support better photocatalyst activity. The higher k value of TNWs/TNAs
than TNAs is consistent with the results in [67], in which the film of the TNWs/TNAs exhibited 33–48%
higher photocatalytic activity than their corresponding pure TNAs. The present results are of great
interest for further studies toward more effective treatment for antibiotic residues in aquaculture
wastewater using TiO2 nanomaterials.
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TNAs and TNWs/TNAs. (d) X-ray diffraction (XRD) patterns of the TNAs and TNWs/TNAs.
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Figure 4. (a,b) Photocatalytic degradation of lincomycin (LCM), doxycycline (DXC), oxytetracycline
(OTC), sulfamethazine (SMZ), and sulfamethoxazole (SMX) using TNAs and TNWs/TNAs under
photolysis of UV-VIS irradiation (120 mW/cm2). (c) Absorption spectrum of LCM, OTC, and SMX.
(d) The photolysis and photocatalytic reaction rate constants of TNAs and TNWs/TNAs for the five
different antibiotics.

3. Materials and Methods

3.1. Chemicals and Reagents

All reference standards of amoxicillin (AMOX) and ampicillin (AMPI); doxycycline (DXC)
and oxytetracycline (OTC); lincomycin (LCM); vancomycin (VCM) and sulfamethazine (SMZ);
sulfamethoxazole (SMX) and internal standards including trimethoprim (TMTP) and atenolol were
purchased from Sigma–Aldrich (Saint Louis, MO, USA) with high purity grade (≥ 98.3%). High-purity
grade acetonitrile, methanol, water, and formic were supplied by Merck (Darmstadt, Germany).
All solvents or chemicals for sample preparation and analysis at analytical grade was purchased
from J.T. Baker (PA, USA). Disodium ethylene diamine tetraacetate (Na2EDTA, purity 99%) was
purchased from EMD Chemicals (Darmstadt, Germany). Ultra-pure water was obtained using a
Milli-QR ultra-pure water system (Millipore Corporation, Bedford, MA, USA). Individual standard
solutions at a concentration of 1 mg/mL (stock solution) were prepared in water with 0.1% formic
acid. The stock solutions were stored at 5 ◦C for a maximum of three weeks, and working solutions of
the standard mixture of all pharmaceuticals were prepared by appropriate dilution of the individual
stock solutions.

3.2. Sample Collections

Water samples were collected from four large-scale aquaculture areas of the Mekong Delta,
Vietnam. They included ten aquaculture wastewater samples (CM-DD1−10) from four shrimp farms
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and a river-water sample collected at the Dam Doi River (DD-Riv) in Dam Doi district, Ca Mau
province; ten wastewater samples from three shrimp farms (BL-HB1−10) and a river-water sample from
Bac Lieu River (BL-Riv) in Hoa Binh district, Bac Lieu province; six wastewater samples (CT-TL1−6)
from three pangasius farms and a water sample from Xeo Sao canal (XS-Cal) in Thoi Lai district, Can
Tho city; nine wastewater samples from three pangasius farms (AG-CT1−9) and one water sample
from Bon Tong canal (BT-Cal) in Chau Thanh district, An Giang province. Sampling sites are shown in
Figure 5.
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Figure 5. Sampling sites of aquaculture wastewaters and river/canal waters, collected from large-scale
aquaculture areas of the Mekong Delta, Vietnam. A—Hoa Binh; B—Dam Doi; C—Thoi Lai; D—Chau
Thanh district.

3.3. Sample Pre-Treatment

Water samples were collected in amber glass bottles, pre-rinsed with ultra-pure water, and used
within 12 h. HCl 0.1 M was added into the sample to adjust the pH to 2.5, and it was filtered through a
1-µm glass fiber filter from Whatman (Maidstone, Kent, UK), followed by a 0.45-µm nylon membrane
filter. The sample was used as a blank sample (without target compounds). Thereafter, three types
of extraction procedures were investigated toward high recovery yields of target compounds by
spiking a standard mixture of analytes into the blank sample. For the first procedure, Na2EDTA
with a concentration of 0.1–0.5% (m/v) was added to 100 mL of homogenized blank sample for the
enabled complexes with inorganic compounds in all types of matrices. The second procedure was the
use of SPE cartridges with Oasis HLB (200 mg, 6 mL) from Waters or Strata X (200 mg, 6 mL) from
Phenomenex. The cartridges were conditioned with 5 mL methanol, followed by 5 mL Milli-Q water
at a flow rate of 5 mL·min−1 for each run. The samples were loaded onto the cartridges at a flow rate
of 3 mL·min−1 using an SPE-12 position vacuum manifold (Phenomenex, CA, USA). The Strata-X
cartridges were washed with 3 mL of Milli-Q water at a flow rate of 3 mL·min−1 to remove possible
interferences. The cartridges were dried in a vacuum for approximately 5 min, then further eluted
with 3 mL methanol at 1 mL·min−1, and finally eluted with 3 mL formic acid 2% in methanol. The
Oasis HLB was washed with 3 mL formic acid 2% and eluted with 3 mL methanol, and then with 2
mL NH4OH 5% in methanol. The third procedure is a combination of the first and second sample
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preparation procedures, in which the optimum level of Na2EDTA solution in the second procedure
was first added into the blank sample, and the mixture was then loaded through the Oasis HLB or the
Strata X column. The blank samples were created simultaneously to evaluate any carryover during
SPE. To perform LC-MS/MS analysis, the eluates were evaporated under a gentle nitrogen stream and
reconstituted with 1 mL water with 0.1% formic acid.

3.4. Liquid Chromatography/Mass Spectrometry Analysis

The assay was conducted on the Acquity UPLC H–Class system, which includes a quaternary
solvent manager, sample manager-flow through needle, column heater module coupled with a triple
quadrupole mass spectrometer, and Xevo TQD (Waters Corporation, Milford, MA, USA) equipped
with an electrospray ionization (ESI) interface in multiple reaction monitoring (MRM) modes. The
desolvation gas was nitrogen (purity 99.9%). Masslynx 4.1 software was used to control the operation
and data processing. Moreover, the IntelliStart tool of Masslynx 4.1 was utilized to optimize the MS/MS
parameters, such as capillary, cone voltage, desolvation temperature, gas flow, collision potentials, and
dwell time, by directly infusing standard solutions of each individual compound (500 ng·mL−1) into
the mass spectrometer to obtain the highest and most stable signal of precursor and fragment ions.

It is well established that most analytes are medium to polar compounds with pKa from 2 to
8 [19,24,25,30,32]. Hence, the reverse-phase chromatographic technique was selected suitably using
acetonitrile, methanol, and water with or without adding pH modifier as the mobile phase. We
investigated the influence factors for separation and peak shapes, including stationary phase, mobile
phase (types, pH, ratio, isocratic or gradient), flow rate, column temperature, and sample preparation.

3.5. Method Validation

Dynamic range was determined using calibration curves of matrix-matched solutions, prepared
by spiking wastewater extraction at seven concentrations ranging from the quantification limit of each
analyte to 200 ng·mL−1. Each point was obtained from the mean of three injections and integrated
peak area data. The selected quantification MRM transitions were used to construct matrix-matched
calibration curves, which were used for quantitative determinations. Thereafter, the method detection
limit (MDL) and method quantitation limit (MQL) were determined as the minimal concentration
providing a chromatographic peak 3 or 10 times higher than the baseline noise from the spiked
aquaculture wastewaters, respectively. Furthermore, the effects of different sample matrices on the
accuracy of extraction recoveries were investigated by spiking blank samples of aquaculture wastewater
with known amounts of the reference compounds, at three concentrations in six replicates of analyzing
raw samples and treated wastewater samples. The recovery rate (in percentage) was obtained by
comparing an experimental value to a theoretical one. Another important requirement of method
validation is the repeatability that was deduced from relative standard deviations (% RSD) for every
compound from six replicates of spiked raw and treated wastewater samples, and the intermediate
precision by assaying one sample in six times quintuplicate on day 1. The same procedures were
repeated on two more days, and the variation within one day (intra-day precision) and within three
days (inter-day precision) was determined based on the peak area. However, the matrix effect on MS
analysis was evaluated by subtracting the slope ratio between the matrix-matched standard curve and
the standard solution curve and then multiplying by 100 to obtain the value in percentage. The signal is
enhanced if the value is negative, whereas the signal is suppressed if the value is positive [19,24–26,28].

3.6. Fabricate of NanoTiO2 Materials

Titanium (Ti) foil (99.9% purity, size of 1 cm × 2.5 cm, thickness of 0.4 mm) was used as the
substrate for growing TNAs and TNWs/TNAs using the anodization method. Prior to anodization, Ti
foil was ultrasonically cleaned in acetone, methanol, and deionized water (each solvent 10 min) and
then dried using a purging N2 gas. The anodization was carried out using a two-electrode system with
the Ti foil as an anode and a stainless steel foil (SS304) as a cathode. All the electrolytes consisted of
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0.3 wt% NH4F (SHOWA, Tokyo, Japan) in ethylene glycol solution with 2 vol% water. The foil was
anodized at 30 V for 1 h and 5 h to grow TNAs and TNWs/TNAs, respectively. The samples were then
annealed at 400 ◦C for 1 h to induce sample crystallization. The crystal structure of TiO2 nanomaterials
was determined through X-ray diffraction (XRD; Bruker D2) using CuKα radiation (λ = 1.5406 Å)
in 2θ–θ configuration. The surface morphology of the samples was examined using field-emission
scanning electron microscopy (SEM, JEOL JSM-6500, Pleasanton, CA, USA). The compositions of the
samples were analyzed through Oxford energy-dispersive X-ray spectroscopy (EDS) equipped with
the SEM instrument at an accelerating voltage of 15 kV, dead time of 22–30%, and collection time of
60 s.

3.7. Photocatalytic Reactions

Photocatalytic reactions were carried out by immersing a sample into a 30 mL antibiotic solution
of the selected environmental samples under UV-VIS at approximately 120 mW·cm−2 using a 100 W
Xenon lamp. The photocatalytic reactor is a top-down irradiation system where the Xenon lamp is
16 cm above the solution container. Prior to illumination, the catalyst was immersed in the solution
and magnetic stirring followed for 20 min in the dark, to ensure absorption-desorption equilibrium
between the photocatalyst (sample) and antibiotic solution. The reaction temperature was kept at
32–33 ◦C for all photocatalytic reactions. After a certain photocatalytic reaction time from 0 to 20 min,
qualitative and quantitative analysis of antibiotics was determined using the LC-MS/MS technique.

4. Conclusions

A simple, selective, sensitive, accurate, and reproducible LC-MS/MS method has been developed
in this study for simultaneous quantitative and qualitative analysis of eight antibiotic residues in
aquaculture and river water samples from the Mekong Delta, Vietnam. We used a Poroshell 120
Phenyl-Hexyl column (4.6 mm; 150 mm × 2.7 µm), mobile phase in gradient mode containing
acetonitrile-methanol-water with 0.1% formic acid, electrospray ionization in positive mode, and
multi-reaction monitoring (MRM) transition for quantification. Solid-phase extraction was conducted
on enriched samples. As a result, this assay was fully validated to meet the requirements, namely
a wide linear range (0.05–200 ng·mL−1), high correlation coefficient (r2 > 0.995), good recovery
(87.03–105.6%), and intermediate precision (RSD ≤ 4.73%). Method detection limits (MDLs) and
method quantitation limits (MQLs) for the antibiotics were in the range of 0.01–0.07 ng·mL−1 and
0.03–0.20 ng·mL−1, respectively. Doxycycline, sulfamethoxazole, oxytetracycline, lincomycin, and
sulfamethazine were found with high proportions over 65% and high average concentrations between
22.6 and 76.8 ng·mL−1, while ampicillin and amoxicillin appeared in lower portions below 8.6% and low
average concentrations below 0.8 ng·mL−1 in the aquaculture water samples. Although vancomycin is
a banned antibiotic in aquaculture, it was still detected with a proportion of 23.1% at low concentrations.
Furthermore, photocatalytic degradation of antibiotic residues in the aquaculture wastewater samples
using TiO2 nanomaterials (i.e., TNAs and TNWs/TNAs) under 120 mW.cm−2 UV-VIS irradiation were
studied. It is found that these nanomaterials were effective photocatalysts for the degradation of
doxycycline, sulfamethoxazole, oxytetracycline, lincomycin, and sulfamethazine antibiotics. Herein,
the combination of advanced analysis and treatment methods using nano-photocatalysts is promising to
determine and degrade antibiotic residues in aquatic environments. Although TNAs and TNWs/TNAs
exhibit promising photocatalytic activities, further investigations are needed toward more effective
nanophotocatalysts in the degradation of antibiotics and other pollutants. The photocatalyst study
part is as a further validation and an example of the application of the developed method.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/3/356/s1,
Figures S1–S10: Optimization of MS-MS parameters for antibiotic analysis; Figures S11–S14: Chromatograms
indicated the effects of solvents on dissolve analytes; Figures S15–S16: Chromatograms indicated influence of
mobile phase pH; Figures S17–S19: Chromatograms indicated influence of mobile phase types; Figures S20–S21:
Chromatograms indicated influence of elution program; Figures S22–S25: Chromatograms present the investigation
of sample preparation; Figures S26–S33: Method validation-Linearity of target antibiotics; Figures S34–S36:
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Method validation- LC-MS/MS chromatograms for specificity of target antibiotics; Figures S37–S41: LC-MS/MS
chromatograms of analyzing aquaculture and river/canal water samples.
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