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Graphical Abstract



HIGHLIGHT

 High level and detection frequencies of oxytetracycline were found in outlet canal of

aquaculture sites.

 Oxytetracycline posed a low risk for invertebrates and fish, and a high risk for algae.

 We found all targeted compounds in the nonaquaculture sites.

 Aquaculture wastewater, WWTP (hospital), municipal sewage (self-medication), and

poultry and livestock farm were potential contaminants sources.



Abstract

Pharmaceuticals of emerging concern (acetaminophen (ACM), trimethoprim (TMP),
oxytetracycline (OTC), and sulfamethoxazole (SMX)) were detected in water samples
from aquaculture environments and nonaquaculture sites in four regions located on
the northern coast of Central Java. ACM was the most prevalent pharmaceutical, with
a mean concentration ranging from not detected (n.d.) to 5.5 ± 1.9 ngL-1 (Brebes).
Among the target antibiotics (TMP, OTC, SMX), OTC was the most ubiquitous, with a
mean concentration varying from n.d. to 8.0 ± 3.3 ngL-1. Correlation analysis
demonstrated that there was a significant correlation between TMP and SMX
concentrations. Based on ecological risk assessment evaluation, the use of OTC
requires serious consideration, as it presented high health risks to algae, while ACM,
TMP, and SMX posed an insignificant to moderate risk to algae, invertebrates, and
fish. The findings obtained from this study highlight OTC as an emerging contaminant
of prominent concern. More attention needs to be given to managing and planning for
the sustainable management of shrimp farms, particularly in the northern part of
Central Java.

Keywords: emerging contaminants; Litopenaeus vannamei; ecological risk;

antibiotics; matrix effect.

1. INTRODUCTION

In the last few years, pharmaceuticals as emerging trace contaminants have become

a matter of great concern due to their widespread distribution in the aquatic

environment (Dhodapkar and Gandhi, 2019; Sangion and Gramatica, 2016), their

pseudopersistence and high biological activity (Desbiolles et al., 2018; Fernández et

al., 2014b; Verlicchi and Zambello, 2014), and their potential threat to aquatic life and

human health (Chavoshani et al., 2020). These compounds enter the aquatic

environment from multiple sources, such as municipal sewage, wastewater treatment

plants (WWTPs) (Calisto and Esteves, 2009; Felis et al., 2020; Philip et al., 2018;

Piram et al., 2008; Silva et al., 2011), effluents from hospitals and the pharmaceutical

industry (Cardoso et al., 2014; Oliveira et al., 2015), livestock wastewater (Cycoń et

al., 2019), and the utilization of animal manure as a fertilizer in the agriculture sector,

animal waste storage, and disposal tanks (FAO & IWMI, 2018). (Felis et al., 2020;

Scott et al., 2018) also reported that aquaculture activity is recognized as a main entry

pathway for the release of pharmaceuticals into surface water.

Human and veterinary pharmaceuticals have been detected in the aquaculture

environment (Burket et al., 2018; Kim et al., 2017; Xie et al., 2019). These

pharmaceuticals have also been detected in groundwater (K'Oreje et al., 2016;

Lapworth et al., 2012), river surface water (Philip et al., 2018; Rivera-Jaimes et al.,



2018; Silva et al., 2011; Wang et al., 2017), an estuary (Aminot et al., 2016), and

coastal and sea waters (Ali et al., 2017; Brumovsky et al., 2017; Tahrani et al., 2015).

The presence of antibiotics in the aquatic environment represents a significant

concern with respect to the development of antibiotic-resistant strains of bacteria

(Cycoń et al., 2019; Manage and Liyanage, 2019). Furthermore, pharmaceuticals

could pose a risk for nontarget aquatic organisms (Fent et al., 2006; Yan et al., 2014).

Low- to high-risk pharmaceuticals are potentially adverse for aquatic organisms.

Many acute and chronic effects due to the exposure of nontarget organisms to

environmental concentrations of pharmaceutical residues have been observed (Guo

et al., 2019; Oliveira et al., 2015). Thus, evaluating the potential environmental risk of

pharmaceuticals needs to be performed.

From the aquaculture point of view, it is essential to evaluate antibiotic occurrence in

the aquaculture environment, since aquaculture is one of the global prime industries

and is becoming an essential sector for solving the challenge of global food security.

The aquaculture industry is expanding rapidly, accounting for 46% of global fish and

shrimp production in 2018. Of this production, 37.6% was mariculture and coastal

aquaculture production, and Indonesia has become the second major shrimp

producer in the world (FAO, 2020), with shrimp (Litopenaeus vannamei) becoming the

main species of interest.

Several diseases have been reported in cultured L. vannamei in many countries,

leading to a decrease in shrimp production and eventual global economic losses (FAO,

2013). As a consequence, antibiotics have been widely used to prevent and fight

infectious diseases in aquatic organisms cultivated on a commercial scale (Chen et al.,

2017; Nogueira-Lima et al., 2006; Vaughan et al., 2018). Although antibiotic

application in aquaculture has been restricted and only a few antibiotics are licensed,

it has been reported that some antibiotics are still detected in aquaculture farms in

Vietnam (Braun et al., 2019; Thi Kim Chi et al., 2017), India (Saxena et al., 2018),

China (Yuan et al., 2019), and Indonesia (Suprapto et al., 2015).

The presence of various pharmaceuticals in the aquatic environment has been

reported worldwide; however, information and publications on pharmaceutical

distribution in the aquatic environment in Indonesia are still lacking. To fill these gaps,

four antibiotics (trimethoprim, TMP; oxytetracycline, OTC; sulfamethoxazole, SMX,

and erythromycin, ERY) and an analgesic drug (acetaminophen, ACM) were chosen

as our model target compounds. TMP, OTC, SMX, and ERY were selected for their

https://www-sciencedirect-com.inc.bib.cnrs.fr/topics/immunology-and-microbiology/litopenaeus-vannamei
https://www-sciencedirect-com.inc.bib.cnrs.fr/topics/immunology-and-microbiology/litopenaeus-vannamei
https://www-sciencedirect-com.inc.bib.cnrs.fr/topics/agricultural-and-biological-sciences/shrimp-culture


high utilization as both human and veterinary antibiotics (Alavi et al., 2015; Gu et al.,

2019; Quaik et al., 2020; Wang et al., 2017), including in aquaculture activities (Choi

et al., 2020; Holmstrom et al., 2003; Liu et al., 2017; Shimizu et al., 2013). Even

though ACM is not used in aquaculture, we selected this drug as our target compound,

as ACM is the most widely used over-the-counter pain reliever and is commonly used

worldwide, including in Indonesia (Khetan and Collins, 2007; Kim et al., 2007; Perkins,

2006). The high potential ecological risks of ACM (Kim et al., 2007) and its toxicity to

shrimp (Sung et al., 2014) also attracted our attention to its occurrence in aquaculture

sites. Furthermore, it was also of interest to determine the presence of ACM in

aquaculture sites since ACM can react with chlorine to form multiple products, two of

which have been identified as the toxic compounds N-acetyl-p-benzoquinine imine

and 1,4-benzoquinone. The latter is a toxicant related to lethality in ACM overdoses

(Fernández et al., 2014a; Khetan and Collins, 2007). Chlorine is applied routinely to

many shrimp ponds in Thailand (Husnah, 2001), and Indonesia (Mustafa et al., 2010;

Putra and Manan, 2014; WWF-Indonesia, 2014) to disinfect water in storage ponds.

Therefore, this study aimed to determine the selected pharmaceuticals, namely, ACM,

TMP, OTC, SMX, and ERY in water samples taken from aquaculture sites in Java

based on an improved method. In this regard, we investigated and optimized the

parameters influencing the matrix effect and extraction recovery of the solid-phase

extraction procedure as well as optimizing LC-Q-TOF/MS analysis by modifying

different ionic/acidic conditions in the mobile phase. Last, to the best of our knowledge,

this study is the first work reporting the occurrence of these compounds in shrimp

farming areas in Indonesia, as well as their potential ecological risk.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents

ACM, TMP, OTC, SMX, and ERY were purchased from Sigma-Aldrich (St. Louis, MO,

USA), while the deuterated labeled compounds used as surrogate standards

(acetaminophen-d4 sulfamethoxazole-d4, and trimethoprim-d3) and the internal

standard (metoprolol-d7) were obtained from Dr. Ehrenstorfer GmbH, Germany.

Acetonitrile (ACN) and water of Optima™ LC/MS Grade, formic acid (99.99%), acetic

acid (100%) (ACS reagents) and ammonium acetate were obtained from Fisher

Scientific (France), PTFE 0.22 μm syringe filters were from Thermo Fisher (USA), and

disodium ethylenediamine tetraacetate (Na2EDTA) was from VWR (France). Glass

fiber filters (GF/A, 1.6 µm and GF/F, 0.7 μm) were purchased from Whatman



(Maidstone, England). Oasis hydrophilic-lipophilic balanced (HLB) solid-phase

extraction (SPE) cartridges (6 ml, 200 mg) were purchased from Waters Co. (Milford,

MA, USA), while vacuum manifolds were obtained from Phenomenex (Torrance, CA,

USA).

Artificial seawater was prepared by diluting artificial salt provided as Pure Ocean

expert reef salt (Prodibio, France) in ultrapure water. Ultra-pure water with a resistivity

of 18.2 MΩcm−1 was prepared by a Q5 Milli-Q water purification system, including an

ultraviolet radiation source (Millipore, Massachusetts, USA). Each compound's

individual stock standard solution was prepared in methanol at a concentration of 1

gL−1, while the surrogate and internal standard solutions were prepared at 100 mgL−1

and stored at −20 °C in the dark. Working standard solutions were obtained by diluting

each stock solution in ACN/Milli-Q water (5/95% v/v).

2.2. Study Area and Sampling

A total of 42 sampling sites were selected from four shrimp producing areas located

on the north coast of Central Java (Tegal, Pemalang, Brebes, Pekalongan). These

regions were selected because they are the highest producers of shrimp in Central

Java. Twenty-two sites were brackish shrimp farming areas, and 20 sites were

nonfarming areas and referred to as nonaquaculture sites (NASs), as shown in Fig. 1.

Brebes Regency is a shrimp farming center in Central Java covering 14 ha of

intensive shrimp farming and 403 ha of extensive shrimp farming. Similar to Brebes,

Tegal is a shrimp farming center that has unfortunately shown declining shrimp

production caused by the spread of “shrimp white feces” disease and environmental

pollution. Pemalang has an aquaculture area of 1728 ha (including milkfish and

shrimp farms), with the fisheries sector having the most important contribution to the

gross regional domestic product in this region (Wahyuningrat et al., 2018).

Pekalongan, with a coastline along the Java Sea of approximately 6 km from west to

east, has a brackish farm area of 379 ha, including 752 aquaculture households (BPS,

2018).

2.3. Sample Collection and Analysis

Surface water samples were collected in August 2017 during the dry season at three

different sites in each pond, i.e., the inlet, pond, and outlet. The inlet samples were

collected before water entered the pond; the pond samples were collected inside the

pond, while the outlet samples were collected from a site after the discharge gates



(Hidayati et al., 2020). In the present study, we also collected water samples from 20

nonaquaculture sites. 800 ml of surface water (0.5 m below the surface) was collected

at each site with precleaned amber glass bottles. Water samples from each site were

prepared as composite samples by mixing water from three subsampling sites.

Water samples were then successively filtered through glass fiber filters (GF/A 1.6 µm)

and GF/F 0.7 µm). All filtrates were stored in amber glass bottles that had previously

been cleaned with methanol and distilled water. Then, the pH value of each sample

was adjusted to 7 by using (1 M) HCl or NaOH solutions. Na2EDTA 200 mM solution

(prepared in ultrapure water) was then added to the water samples to reach a final

concentration of 10 mM (Capdeville, 2011). The samples were finally spiked with a

standard surrogate solution before being transported to the laboratory in an insulated

box with ice (<4 °C). The filtered water samples were then extracted using Oasis HLB

SPE cartridges based on selected SPE procedures (Capdeville, 2011) with some

modifications.

Optimization of the Solid-Phase Extraction (SPE) Procedure

In many studies, SPE is the technique of choice for extracting pharmaceuticals from

water samples (Mokh et al., 2017; Paíga et al., 2017; Pavlović et al., 2007); therefore,

we employed and developed an SPE procedure for pharmaceutical analyses in water

samples. In the present work, we investigated and optimized the parameters

influencing the matrix effect and extraction recovery, i.e., (i) the final volume of extract

for injection and (ii) the volume of washing solution used after sample loading on the

SPE cartridge.

We employed three different final extract volumes, i.e., 200 µL, 250 µL, and 300 µL, to

determine a possible reduction in the matrix effect. The matrix effect was assessed

according to the work of Paiga et al. (2015). Then, we studied three different volumes

of cartridge washing solution, 10 ml, 20 ml, and 30 ml, to determine the possible

reduction in the matrix effect as well as a reduction in the loss of the target

compounds. The loss of target compounds was determined by comparing recovery

rates. Recovery rates were calculated by comparing the peak areas from these

samples to those from postextracted blank seawater samples fortified with the target

compounds at the same concentration (Caban et al., 2012). Finally, a final sample

injection volume of 300 µL and a washing solution volume of 10 ml were selected as

the optimal parameters.

SPE Procedure



The filtered water samples were extracted using Oasis HLB SPE cartridges (200 mg,

6 mL) according to the selected procedure. Briefly, SPE cartridges were first

successively conditioned with 5 ml of ACN, 5 mL ultrapure water, and 5 ml of 10 mM

Na2EDTA at a 2 ml/min flow rate. After loading the sample at a 5–10 ml/min rate, two

aliquots of 5 mL of ultrapure water were used to rinse the sample bottle twice and

were then loaded onto the SPE cartridge. Then, the cartridges were dried for 1 h

under vacuum to remove water. Vacuum manifolds (SUPELCO) were used for the

SPE extraction. Five milliliters of ultrapure H2O/ACN 10/90 (% v/v) was used to elute

the target compounds from the cartridges into a collection vial. The extract was

evaporated under a gentle stream of nitrogen at 40 °C and redissolved in 0.3 ml of LC

mobile phase A. Finally, the solution was filtered through a 0.45 µm filter for liquid

chromatography quadrupole time-of-flight tandem mass spectrometry (LC-Q-TOF/MS)

analysis.

2.4. Optimization of LC-Q-TOF/MS Analysis

To determine which mobile phase modifiers enabled the highest ESI-MS response for

the analysis of the target pharmaceutical compounds, three different ionic (acidic)

modifiers in the mobile phase, i.e., formic acid, acetic acid, and ammonium acetate,

were tested. We also studied the analyte stability. The definition of stability was a

measured change in the concentration of analytes by the given method (Lawson et al.,

1982). In the present study, we examined the effect of the selected acidic modifier

concentration in the mobile phase on the stability of target compounds. We employed

multiple measurements over time, and the experiment was designed to repeatedly

measure all analytes within one mixed standard at 9 different concentrations points.

LC-Q-TOF/MS Analysis

Chromatographic separation was performed by using an Agilent 1290 Infinity UHPLC

system (Agilent, Palo Alto, USA) consisting of a vacuum degasser, an autosampler, a

binary pump, and a thermostated column oven equipped with an Agilent ZORBAX

RRHD Eclipse Plus C18 column (2.1 mm × 50 mm, 1.8 μm). Mass spectrometric

detection was performed using an Agilent 6530 Accurate-Mass Q-TOF/MS (Palo Alto,

CA, USA).

An Agilent Jet Stream Technology electrospray ionization source in positive mode

(ESI+) was operated to analyze the target compounds with the following parameters:

dry gas (N2) temperature, 325 °C; dry gas flow rate, 7 L min−1; nebulizer pressure,



45 psi; sheath gas temperature, 325 °C; sheath gas flow rate, 11 L min−1; capillary

voltage, 3500 V; and nozzle voltage, 500 V. Data acquisition was executed in TOF MS

full scan mode over a mass range of 50–1,200 m/z with an accuracy of <2 ppm. In

addition to full scan spectra, product ion scan spectra of each target compound were

acquired simultaneously using auto MS/MS mode. Internal mass correction was

performed by continuous infusion of an Agilent reference mass calibration solution

containing purine (C5H4N4), which provides m/z 121.0509, and hexakis

(1H,1H,3H-tetrafluoropropoxy) phosphazine, which provides m/z 922.0098, in positive

ionization mode.

The mobile phase consisted of eluent A (0.5% acetic acid (AA) in 95/5% water/ACN,

v/v) and eluent B (95/5% ACN/water, v/v, containing 0.5% A). The following gradient

program was implemented: 0 min - 0% B; 10 min - 40% B; 10.10-12 min - 100% B;

and 13.0-14 min - 0% B. The flow rate and injection volume were 0.4 mL min−1 and 20

µL, respectively. After each analysis, a wash of the system was carried out for 10

minutes with ACN/water (80/20% v/v). The sample reservoir and column temperature

were maintained at 4 °C and 45 °C, respectively.

To ensure the reliability of the data, procedural blanks were included in each batch of

experiments. The instrument blank analysis was set up every nine samples to monitor

the background signal of the instrument. Calibration standards were analyzed both at

the beginning and the end of each sequence, and one calibration standard was

analyzed repeatedly throughout the sequence to evaluate signal stability.

2.5. Method Validation

The method was validated according to the ICH guidelines of Q2 (ICH Guideline

Q2(R1), 2005) in terms of linearity, instrument detection limits (IDLs) and instrument

quantification limits (IQLs), selectivity, precision, accuracy, and extraction recovery.

Calibration linearity was evaluated by analyzing standards in triplicate at eight

concentrations in the range from 2 to 500 µgL-1, and satisfactory linearity was

achieved with a correlation coefficient (R2)> 0.99. IDLs and IQLs were determined

based on the standard deviation of the response and the slope. Taking into account a

concentration factor of 2667 (whereby 800 mL of water sample was reconstituted to

0.3 mL for analysis) (Fang et al., 2019), the method of detection limits (MDLs) and the

method of quantification limits (MQLs) of each target compound in water samples

ranged from 0.29 to 0.96 ngL-1 and 0.95 to 1.36 ngL-1, respectively (Supplementary
materials, SM, Table S1). Compound selectivity was verified by the ratio of two
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MS-MS transition ions per analyte and the accurate masses monitored for these ions.

Agilent Mass Hunter Qualitative analysis software (version B.04.00) was used to

acquire and process spectra for the accurate mass data of molecular ions. Positive

detection of the analyte occurred at retention times within a range of 20% from the

average value. Table S2 shows key MS parameters for the detection of target

compounds.

The precision and accuracy of the method were determined by repeated intraday and

interday analyses at three different concentrations. The precision was described as

the relative standard deviation (% RSD), while accuracy was evaluated by calculating

the percent deviation of the nominal concentration and is reported as a relative error

(RE). Intra- and interday precisions below 15% and an accuracy between 85 and

115% of the nominal concentrations indicated that target compounds could be

determined with reasonable precision and accuracy. Extraction recovery of target

compounds was assessed at three concentration levels, with three replicates for each

level. The developed method showed the capability to simultaneously extract and

enrich target compounds, resulting in excellent recovery rates of ACM, TMP, OTC,

and SMX. The recoveries were between 83.2±1.2 and 96.1±1.9%, which met the

acceptance criteria per method EPA-1694 for the determination of pharmaceuticals

and personal care products (PPCPs) in environmental samples (EPA Method 1694,

2007) and (Association of Official Analytical Chemists (AOAC), 2016) for trace

analysis.

2.6. Ecological Risk Assessment

The ecological risk of pharmaceutical compounds was estimated by applying the risk

quotient (RQ) approach. Aquatic organisms from three different trophic levels of the

ecosystem (algae/aquatic plants, crustaceans, and fishes) were the essential targets,

as recommended by the European Commission (EUR 20418 EN/2) (European

Chemicals Bureau-ECB, 2003). The risk quotient was evaluated based on the

determination of the measured environmental concentrations (MECs) and the

predicted no-effect concentrations (PNECs) and calculated according to the following

equation (Biel-Maeso et al., 2018; Fang et al., 2019; Lu et al., 2019; Na et al., 2019):

https://www-sciencedirect-com.inc.bib.cnrs.fr/topics/physics-and-astronomy/molecular-ions


where MEC is the measured concentration of pharmaceuticals in a water sample and

EC50 is the concentration causing adverse effects on 50% of individuals exposed in a

bioassay. PNEC was estimated using the reported lowest values of acute EC50

divided by a default assessment factor (AF). An AF value of 1000 was adopted

following the “worst-case scenario” suggestion, following the Technical Guidance

Document on Risk Assessment of the European Union (European Chemicals

Bureau-ECB, 2003). In addition, the EC50 data from each of the three evaluated

trophic levels were available in the Ecological Structure-Activity Relationship

(ECOSAR) program (Biel-Maeso et al., 2018) (Table S3). The levels of ecological

risks were classified into four categories according to the RQ values: insignificant risk

(RQ <0.01), low risk (0.01 <RQ <0.1), moderate risk (0.1 <RQ <1), and high risk (RQ>

1)(Biel-Maeso et al., 2018; European Commission, 2003).

2.7. Statistical Analysis

Statistical analyses were performed using the R statistics package (v3.5.2, R

Foundation for Statistical Computing, Vienna, Austria). Initially, the normality

(Shapiro-Wilk normality test) and homogeneity (Bartlett homogeneity test) of the data

were checked for parametric analysis, i.e., analysis of variance (ANOVA). A

nonparametric analysis (Kruskal-Wallis test) was employed when the data did not

meet the parametric test assumptions. Following a significant Kruskal-Wallis test, the

Wilcoxon test was performed to explore the differences between the inlet, pond, outlet,

and nonaquaculture site samples. The correlations among the four pharmaceuticals

were analyzed by Spearman correlation analysis. The Spearman correlation

coefficient of determination (R2) and its corresponding P-value were calculated. P

values <0.05 were considered significantly different. Visualization of the antibiotic

concentrations using box-and-whisker plots was also performed by using the R

statistics package.

3. RESULTS AND DISCUSSION

3.1. Optimization of LC-Q-TOF/MS Analysis

Method development was conducted by employing various ionic modifiers in the

mobile phase, i.e., formic acid, acetic acid, and ammonium acetate, at the same

concentration, and chromatographic resolution along with ESI-MS response were



evaluated. Fig. S4 shows the resulting chromatograms of the additive study. Acetic

acid (0.5%) showed the greatest sensitivity and resolution for ACM and SMX, while

ammonium acetate (0.5%) gave optimal sensitivity for the [M+H]+ ions of TMP and

OTC.

In LC-MS, certain chemicals (organic acids) are often added to the mobile phase to

influence analyte ionization for two fundamental reasons: (1) chromatographic

separation is optimized in terms of retention and/or peak shape under acidic

conditions because any silanol activity is suppressed, and (2) most mass

spectrometric measurements are performed in positive ion mode, which is

accomplished by the addition of a proton to form the molecular ion [M+H]+. Certain

organic acids, such as formic acid and acetic acid, have the necessary acidity and

volatility to provide an excess of cations for this purpose. Acetic acid was finally

selected as the best additive since it provided a the best peak sensitivity and

chromatographic resolution for ACM and SMX and could still produce good peak

shape and sensitivity for TMP and OTC.

To conclude that analytes (pharmaceuticals) are stable under a particular condition,

there should be no significant difference between the results for the sample at

different time points and a corresponding fresh sample (initial time). To evaluate this,

we analyzed samples at nine different time points. Mobile phases of 0, 0.1, 0.5, and

1% acetic acid were evaluated (Fig. S5).

The effect of the acetic acid percentage was statistically significant for ERY in the

presence of acid, even at the lowest concentration (0.1%). Dehydro-erythromycin

(ERY-H2O), a primary degradation product of ERY, might be formed during analysis,

resulting in a rapid decrease in ERY concentration. As reported by Zhou et al. (2012),

erythromycin is a weak base and unstable under acidic conditions, and ERY-H2O was

obtained by adjusting the pH of an erythromycin solution to 3.0. A similar tendency

was reported by Yang and Carlson (2004) and Terzic and Ahel (2011); that is, by

using acidic eluents, approximately 10% of ERY was transformed into ERY-H2O. In

contrast, OTC was stable at the highest percentage of acetic acid (1%). OTC is

relatively stable under acidic conditions but not under basic conditions (Zhou et al.,

2012). Finally, 0.5% ionic modifier was selected for subsequent analyses.

3.2. Optimization of SPE Procedure

To select the most effective procedure (highest analyte recovery and lowest matrix

effect), different volumes of washing solution during the preconcentration SPE step



and different volumes of extract were tested. Matrix effects (caused by the matrix

coextracted with the analytes) are major concerns in quantitative LC-MS analysis

since they detrimentally affect the accuracy, precision, and sensitivity of a method.

The matrix complexity can cause signal suppression or enhancements during ESI,

leading to false positive or negative results (Krakkó et al., 2019). Therefore, the

presence of matrix effects needs to be evaluated during method development to

achieve reliable analytical data. The practices commonly applied to overcome this

problem are the use of matrix-matched calibration curves, which attempt to eliminate

large matrix effects during the analysis and quantification process (Paíga et al., 2015;

Paíga et al., 2017), the optimization of clean-up procedures by increasing the volume

of washing solution (Wu et al., 2010) or the acidification of the washing solvent

(Gonzalez-Gaya et al., 2018).

In this study, optimization of the clean-up procedure was our first choice and was

implemented by testing three different final volumes of samples for injections

(200-250-300 µL). Fig. S6 shows the matrix effect (%) as the effect of the final volume

of extract. Ion signal enhancement for oxytetracycline and ion signal suppression for

other compounds were found. The results showed that a final sample injection volume

of 300 µL was the optimal volume.

In the determination of organic compounds in brackish and seawater with LC-MS, the

matrix effect resulting from salinity and the content of the suspended matter of these

samples affects not only the sorption efficiency of (and analyte recovery from) SPE

cartridges but also the ionization efficiency of ESI (Borecka et al., 2015). The authors

found matrix effects of 54.23 for TMP and 56.49 for SMX from seawater samples

collected from the Baltic Sea.

It must be kept in mind that after sample loading (during the preconcentration step),

the SPE cartridge is washed with deionized water. In most studies, deionized water

could altogether remove the impurities retained in the SPE cartridge (Kim et al., 2018).

Thus, it is evident that the volume of deionized water as a washing solution played a

crucial role in eliminating the matrix effect from seawater sample analysis when SPE

combined with LC-Q-TOF/MS was employed. However, there is a possibility that

target compounds will be lost; therefore, the relationships between the extraction

recovery and washing solution volume must be investigated in relation to the matrix

effect. Therefore, we tested three different volumes of washing solution, i.e., 10, 20,

and 30 ml of ultrapure water. In this experiment, we investigated the elimination of the

matrix effect, the effect of the sample solution volume and the possible loss of the



target compounds as the effect of the washing solution volume. The relationship

between the extraction recovery, matrix effect, volume of extract and washing solution

volume is displayed in Fig. S7.

A washing step is always recommended to flush interfering compounds from the

sorbent while ensuring that the target analytes are immobilized until the elution step

(Hernández et al., 2007). However, the increase in washing solution volume strongly

influenced the extraction recovery of ACM, TMP, and OTC. There was concomitant

loss of the target compounds indicated by the decrease in extraction recoveries.

Compared to 10 ml of washing solution, a volume of 30 ml resulted in compound

losses (%) of 11.7±1.9, 7.3±1.1, and 3.9±1.1 for ACM, TMP, and OTC, respectively. A

10 ml washing solution volume was finally selected for subsequent analyses to

maintain sufficient extraction recovery.

Based on the result of this optimization step, the matrix effect cannot be completely

eliminated. Thus, we used an isotopically labeled standard to account for the matrix

effect. As stated by the US EPA (2014) and FDA (2015), internal standards are used

to account for matrix effects and/or variability in instrument response by normalizing

the response of the target analytes and surrogates, thereby decreasing measurement

bias. The isotopically labeled internal standard approach has also been recognized as

the most effective approach to compensate for the matrix effect and avoid inaccurate

quantification (Cortese et al., 2020; Gros et al., 2012; Paíga et al., 2015). Therefore, in

this study, internal standard calibration using the isotopically labeled standard

metoprolol-d7 was used to account for matrix effects.

3.3. The Occurrence of Pharmaceuticals Compound in Water

Fig. 2 presents the distribution of targeted pharmaceuticals in the farm

(inlet-pond-outlet) and nonaquaculture sites along Central Java's northern coast. In

general, the analgesic pharmaceutical ACM and the antibiotic OTC were detected

most frequently (>80%) and in all regions.

The highest concentration of ACM was found in Brebes Regency, with values ranging

from n.d. to 11.3 ngL-1 in the aquaculture area, while the ACM concentration in the

nonaquaculture areas ranged between 2.1 and 11.3 ngL-1. For Brebes, ACM was

identified as the most ubiquitous pharmaceutical in Tegal (aquaculture area: n.d.-9.2

ngL-1; nonaquaculture areas: n.d.-9.6 ngL-1), Pemalang (aquaculture area: n.d.-9.5

ngL-1; nonaquaculture areas: n.d.-9.8 ngL-1), and Pekalongan (aquaculture area:

n.d.-9.5 ngL-1, nonaquaculture areas: n.d.-10.9 ngL-1). There was no significant



difference between ACM concentrations in aquaculture areas and nonaquaculture

sites in all studied regions, suggesting widespread contamination of aquatic areas.

ACM, also named paracetamol, is used worldwide as an analgesic medicine (WHO,

2019) and is widely available in many prescription and nonprescription medications.

FAO & IWMI (2018) reported that pharmaceuticals are released into the aquatic

environment from a wide range of sources, such as wastewater treatment plants

(WWTPs), agricultural fields, and the veterinary use of medicines in livestock

production activity. Generally, conventional WWTPs are not designed to remove

pharmaceuticals so that pharmaceuticals can enter water bodies directly or via

surface runoff (OECD (2019). Furthermore, OECD (2019) reported that, globally, it is

generally accepted that the main route for human pharmaceuticals to the aquatic

environment is via the discharge of untreated or treated wastewater from households,

particularly for painkiller and anti-inflammatory medicines (BIO Intelligence Service,

2013; Daughton and Ruhoy, 2009). These pharmaceuticals are excreted via urine and

feces and then finally reach the water. In this study, the level of ACM was higher than

those reported in the mariculture sites of the Pearl River Delta around the Pearl

River estuary, Hong Kong (0.02 ngL-1) (Xie et al., 2019), comparable to the levels

detected in the aquaculture area in the western Portuguese Coast (Aveiro), Portugal

(12 ngL-1) (Gadelha et al., 2019) and cage culture areas in the Xiangjiang River Basin,

China (n.d.-16 ngL-1) (Lin et al., 2018), but much lower than those in surface water in

Mexico (354 - 4460 ngL-1) reported by Rivera-Jaimes et al. (2018).

In the present study, among the three targeted antibiotics, OTC was the most

abundant, irrespective of the studied regency. In Brebes, the concentration of OTC

varied from n.d. to 11.5 ngL-1 in the farm area, while that in nonaquaculture sites

ranged between n.d. and 7.7 ngL-1. Similarly, OTC was the dominant antibiotic in

Tegal (aquaculture area: n.d.-9.7 ngL-1, nonaquaculture areas: 1.4-5.8 ngL-1),

Pemalang (aquaculture area: n.d.-5.5 ngL-1, nonaquaculture areas: 1.0-12.9 ngL-1),

and Pekalongan (aquaculture area: n.d.-10.6 ngL-1, nonaquaculture areas: 2.9-9.5

ngL-1) (Table S8).

The detection of OTC in shrimp farms suggests the application of this compound in

aquaculture activities. Pond-based farms located in coastal areas have been

identified as a source of antibiotics in the environment through the discharge of

wastewater (Gaw et al., 2014; Le and Munekage, 2004). Antimicrobial use for disease

prevention is a common practice in aquaculture systems, with OTC identified as one

of the most frequently used antibiotics (Chiesa et al., 2018; Chuah et al., 2016; Kim et



al., 2018; Leal et al., 2019; Nogueira-Lima et al., 2006; Rigos et al., 2004; Tuševljak et

al., 2013). In South Korea, OTC has a high consumption rate, and its use in domestic

fisheries accounts for 80% of total antibiotic use (Kim et al., 2017). OTC, as the agent

for the treatment and prevention of infectious diseases in fish and shrimp farms, was

also found in Indonesia's aquaculture systems (A'yunin et al., 2019; Hatmanti, 2003).

There was one reported incident where OTC residues were detected in a shipment of

shrimp exported to Japan, which resulted in the shipment being rejected (FAO/NACA,

1995). OTC applications have also been reported in shrimp aquaculture regions in

Thailand (Holmstrom et al., 2003), Vietnam (Shimizu et al., 2013), and China (Liu et

al., 2017).

In the present study, the OTC levels in the aquaculture areas were significantly

different among inlet, pond, and outlet samples. The highest level of OTC was found

in the outlet canals, with mean concentrations of 7.2±2.7 ngL-1, 5.9±3.6 ngL-1, 2.8±1.0

ngL-1, and 8.0±2.0 ngL-1 in Brebes, Tegal, Pemalang, and Pekalongan, respectively

(Table S9). The detected concentration of OTC in this study (outlet canals) was

nevertheless lower than that in shrimp aquaculture wastewater in Vietnam (18 ngL-1)

(Shimizu et al., 2013).

Regarding antibiotics, the same trends observed in this study were reported by

previous works (Choi et al., 2020). These authors also found that among the

investigated antibiotics, OTC was the most often detected (93%). Furthermore, the

OTC concentration in the effluents (outlet) was higher than that in aquaculture

influents. The accumulation of this compound probably caused a higher concentration

of OTC in the outlet canal than in the influent due to the water discharge of multiple

shrimp ponds. In the study area, most aquaculture farms were designed and

constructed with one common discharge canal system receiving water from many

ponds. Furthermore, these systems had no wastewater treatment system for the

effluent, so the effluents of the aquaculture facilities were likely discharged with little or

no treatment into the canal system (Fig. S10).

By comparing aquaculture areas to nonaquaculture areas, statistical analysis

revealed that generally, there was no significant difference in pharmaceutical

concentration between aquaculture areas and nonaquaculture sites in the studied

region (except for OTC in Pemalang). It is worth noting that in Pemalang, the locations

of the five nonaquaculture sites consisted of two estuaries (Comal estuary and

Kaliprau estuary), two rivers (Comal River upstream and Comal River middle stream),

and one beach site (Joko Tingkir beach). In addition, flowing through seven districts



within the regency, the Comal River is the largest river in Pemalang and empties into

the Java Sea. Several authors have reported that estuarine environments have been

dramatically affected by increasing anthropogenic activities because of the large

number of contaminants released into estuaries (Guo et al., 2019; Zhao et al., 2015),

with antibiotics becoming a great research concern. Although tetracyclines are not

persistent organic pollutants (POPs), they are widely used, and consistent inputs

arise from various sources, e.g., domestic sewage, livestock areas, and the

aquaculture industry, resulting in their occurrence in rivers and estuaries (Chen et al.,

2017; Cheng et al., 2013; Gao et al., 2012; Guo et al., 2019; Liu et al., 2016; Luo et al.,

2010; Zhou et al., 2011).

The same level of OTC detected in aquaculture sites and nonaquaculture sites

indicated that the source of those compounds in the aquaculture environment may

derive from varied sources. FAO & IWMI (2018) reported that pharmaceuticals are

released into the aquatic environment from a wide range of sources, such as WWTPs

(municipal, hospital, industry), the veterinary use of medicines in livestock production

activity, and agricultural fields.

It is well documented that WWTPs have been recognized as a primary source of

multiple pharmaceuticals entering aquatic environments (Michael et al., 2013;

Petrovic et al., 2006; Piram et al., 2008; USGS, 2020). Sources of antibiotics in

WWTPs include human use in the community (self-medication) and discharges from

hospitals. In the Southeast Asian region, self-medication with antibiotics is broadly

practiced, as antibiotics can be purchased and used without a physician's prescription.

Antibiotic usage in self-medication in Indonesia is relatively high (Fatmah et al., 2019),

and it is a common practice among residents in Pekalongan (Restiyono, 2016). After

ingestion, these compounds are excreted by the human body and enter sewage

treatment plants or are discharged directly into the aquatic system. Tetracyclines,

sulfonamides, and trimethoprim were abundantly detected in the effluent of residential

areas (Li, 2014). These authors also detected antibiotics in the effluent of hospitals

and a municipal WWTP system. In traditional WWTPs, SMX is only partially

remediated, and since it is persistent in the environment, SMX is regularly detected in

river surface waters (Peller et al., 2014). Petrovic et al. (2006) also claimed that ACM

and TMP were the most frequently detected compounds in WWTPs. This result is also

in line with the work of Borecka et al. (2015), who pointed out that SMX and TMP were

the most frequently detected compounds in the semienclosed bodies of water close to



the output of WWTPs. Thus, rivers play a crucial role as pharmaceutical residue

transport media and eventually reach coastal regions.

Antibiotics are also widely used for disease prevention in global livestock systems and

enter the aquatic environment through direct application in aquaculture and manure

application (Wang et al., 2017). Antibiotics are primarily added to animal feeds for

disease prevention (subtherapeutic levels), treatment (therapeutic levels), and growth

promotion (Haller et al., 2002; Van Epps and Blaney, 2016). Farm profitability, disease

prevention, and mortality rate reduction were identified as drivers of antibiotic use in

livestock systems in Indonesia, Vietnam, and Thailand (Coyne et al., 2019). In 25

European countries, antibiotics are also used in food-producing animals, as reported

by Grave et al. (2014) and EMA (2016), with tetracyclines, penicillin, and

sulfonamides as the top three most consumed antibiotics. Similarly, Shimazu et al.

(2017) found that SMX was the predominant antibiotic in livestock wastewater in

Vietnam. Tetracyclines are also presented as the most frequently used in poultry

farms in Iran (Alavi et al., 2015), Austria, Egypt (Van Epps and Blaney, 2016), the USA

(Gonzalez Ronquillo and Angeles Hernandez, 2017), Albania, Kosovo (Topi and

Spahiu, 2020) and China (Yang et al., 2020; Zheng et al., 2020).

In the present study, the two highest detection frequencies of OTC were found in

Brebes (40%) and Pekalongan (45%) regencies. Similarly, we found that the highest

TMP detection frequency of 40% was in. It is well known that Brebes is the region with

the highest duck population compared to other regions in Central Java (Sumekar et

al., 2013). Ducks are a type of waterfowl that are commonly farmed with the primary

purpose of producing eggs and meat and grow from rural to suburban areas in

Indonesia (Iriyanti et al., 2018). Duck farming areas Brebes are mostly located in the

lands along the riverbank and surrounding the aquaculture area, directly connected to

the Java Sea (Fig. S11). Ducks are also commonly farmed in Tegal Regency, the

region with the highest detection frequency of SMX (25%). The occurrence of various

diseases frequently reduces duck health and productivity, and antibiotics have long

been used to overcome this problem (Iriyanti et al., 2018; Tugiyanti et al., 2017).

Hidayah et al. (2018) investigated the use of antibiotics in duck farming in East Java

and found that among the types of veterinary medicines, vaccines, and chemicals that

are often used in duck farming, antibiotics contributed 18% of the application. Ten

types of antibiotics were used, including SMX and TMP. In light of the above, we

assumed that poultry farms, particularly duck farming in the Brebes area, were one of

the antibiotic sources entering the aquaculture system. As a partial conclusion, duck

farming needs to be monitored, and regulation needs strengthening.



Another source of antibiotics in the present study is livestock and poultry waste

applications in agricultural practice. Since antibiotics as medicated feed are not

completely metabolized, a significant amount of antibiotics are excreted in feces and

urine and eventually end up in manure (Gu et al., 2019; Quaik et al., 2020; Wang et al.,

2017). The most commonly reported antibiotics in animal manure are

fluoroquinolones, sulfonamides, and tetracyclines (Van Epps and Blaney, 2016). Alavi

et al. (2015) detected OTC in chicken manure at a concentration up to 13.77 mg kg-1,

while Topi and Spahiu (2020) found sulfonamides with the highest concentration of

10.1 mg kg-1 in poultry manure. In Brebes, chicken manure is traditionally widely

applied to land as fertilizer in onion farming (Firmansyah et al. (2015), as manure is a

nutrient-rich fertilizer and essential for onion production (Sitompul et al., 2017). The

correlations among the concentrations of detected pharmaceuticals in four regions

were analyzed, and significant positive correlations (p <0.05) were observed between

SMX and TMP in Tegal, Brebes, and Pekalongan, suggesting that these compounds

shared similar contamination sources (Fig. S12).

Haller et al. (2002) reported that TMP is an antibiotic commonly used together with

sulfonamide (including SMX) to give a more significant synergistic effect than either of

these components individually in treating bacterial infections. Hidayah et al. (2018)

also reported the administration of SMX in combination with TMP to prevent and/or

treat bacterial disease in poultry.

3.4. Ecological Risk Assessment

In the present study, the obtained results provide information on the potential

ecological effects of the target compounds. The potential adverse effects of the

detected pharmaceuticals were estimated based on the risk quotients (RQs) and are

displayed in Fig. 3. According to the calculated RQs, generally, ACM, TMP, and SMX
posed a low risk for algae, invertebrates, and fish. In comparison, OTC posed a low

risk for invertebrates and fish and a high risk for algae. Philip et al. (2018) also

reported that algae were more sensitive than invertebrates and fish to antibiotics.

Whereas, algae plays an important role in L. vannamei culture as it can improve the

immune response of L. vannamei against Vibrio parahaemolyticus and white spot

virus (WSSV) (Anaya-Rosas et al., 2019).

4. Conclusion



The key environmental interactions of coastal shrimp aquaculture are related

particularly to the habitat and aquatic resources in shrimp aquaculture areas. Impacts

of the surrounding environment on aquaculture, aquaculture on the environment, and

aquaculture on aquaculture itself may increase the overall environmental impacts.

The present study demonstrates the widespread occurrence of ACM, OTC, TMP, and

SMX in aquaculture surface water and the surrounding area, with ACM and OTC as

the most prominent compounds. The relatively high level of OTC detected in the

effluent indicated OTC application in aquaculture activities, which have become the

source of antibiotics in the aquatic system. However, since we also found all target

compounds at the nonaquaculture sites, we concluded that the presence of

pharmaceuticals is also derived from many other sources. WWTPs, municipal sewage,

poultry farms, and livestock systems can be seen as potential sources of

pharmaceutical contamination in water bodies. In this context, aquaculture areas have

become impacted by the surrounding environment.

Although the concentrations of the target compounds in the aquaculture surface water

were not high, the risk assessment results based on the calculated risk quotients

showed that SMX posed a moderate risk for algae and OTC posed a high risk. The

findings obtained from this study highlight OTC and SMX as alarming emerging

contaminants.

In conclusion, regarding codes of conduct and best management practices in the

aquaculture sector, more attention needs to be given to managing and planning

strategies for the development of sustainable shrimp aquaculture, particularly in the

northern part of Central Java.
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blue (aquaculture sites) and red circles (nonaquaculture sites) and major types of land cover
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Fig. 2. The concentration range (ngL-1) of selected pharmaceuticals in the inlet, outlet, pond of
shrimp farm area and nonaquaculture area
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Fig. 3. Heat map of the ecological risks of antibiotics for aquatic organisms in water samples
(green = insignificant risk; blue = low risk; yellow = moderate risk; red = high risk; NAS =
nonaquaculture sites)
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Table S1. Instrument detection limit (IDL), Instrument quantification limit (IQL), method
detection limit (MDL), and method quantification limit (MQL) of the pharmaceuticals from
water samples

Compounds
Water

IDL (µg L-1) IQL (µg L-1) MDL (ng L-1) MQL (ng L-1)

Acetaminophen 1.51 4.57 0.65 1.97

Trimethoprim 0.73 2.20 0.29 0.88

Oxytetracycline 2.19 6.63 0.96 2.90

Sulfamethoxazole 1.57 4.76 0.61 1.86

Table S2. The acquisition parameters and the key data used for identification and
quantification the target compounds

Target Compounds
Retention

time (min)

The extracted

ions [M+H]+ (m/z)

Fragmentor

voltage (V)
Polarity

Acetaminophen 1.1 152.0706 175 Positive

Trimethoprim 2.5 291.1452 175 Positive

Oxytetracycline 2.5 461.1555 175 Positive

Sulfamethoxazole 3.9 254.0594 175 Positive

Erythromycin 7.1 734.4685 175 Positive
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Table S3. Half maximal effective concentrations (EC50) of selected pharmaceuticals (µg L-1) for algae, invertebrate and fish for each detected
compound.

Algae Invertebrate Fish

Compounds EC50
(µg L–1) Species Reference EC50

(µg L–1) Species Reference EC50
(µg L–1) Species Reference

Acetaminophen 134 000 Scenedesmus
subspicatus

Henschel et al.,
1997 30 100 Daphnia

magna Kim et al., 2007 >160 000 Oryzias latipes Kim et al.,
2007

Trimethoprim 110 000 Selenastrum
capricornutum

Halling-Sørense
n et al., 2000 120 700 Daphnia

magna Kim et al., 2007 >100 000 Oryzias latipes
Kim et al.,
2007

Oxytetracycline 342 Selenastrum
capricornutum

Eguchi et al.,
2004 22 640 Daphnia

magna
Isidori et al.,
2005 >1 000 000 Brachydanio

rerio
Isidori et al.,
2005

Sulfamethoxazole 1540 Scenedesmus
vacuolatus

Białk-Bielińska
et al., 2011 189 200 Daphnia

magna Kim et al., 2007 >750 000 Oryzias latipes Kim et al.,
2007
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Fig. S4. Chromatographic resolution and peak sensitivity of target compounds with various

ionic mobile phase additives (green: formic acid; blue: acetic acid; purple: ammonium acetate)
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Fig. S5. Stability of pharmaceuticals in various acetic acid percentage in mobile phase
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Fig. S6. Matrix effect (%) as the effect of final volume of extract.
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Fig. S7. Extraction recovery, matrix effect, volume of extract and washing solution volume
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Table S8. Concentration of targeted compounds in studied area (ngL-1)
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Table S9. The concentration of OTC (ngL-1) detected in farm area (inlet, pond, outlet)
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Fig. S10. Design of shrimp farm areas in the studied area (Tegal)

Outlet canal
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Fig. S11. Duck farming area in Brebes Regency located in the surroundings of the aquaculture area.
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Pemalang

Tegal

Pekalongan

Brebes

Fig. S12. Spearman correlation coefficients based on antibiotic concentrations in
water
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