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The widespread detection of antibiotics in aquatic environments, particularly in effluent-receiving surface
waters, poses significant ecological and public health concerns due to their role in promoting anti-
microbial resistance. Accurate trace-level antibiotic measurement is essential for environmental risk
assessment and for improving wastewater treatment strategies. This study presents the development,
optimization, and validation of two complementary liquid chromatography-mass spectrometry (LC-MS)
workflows for the simultaneous quantification of nine antibiotics across five therapeutic classes in creek
water impacted by a Common Effluent Treatment Plant (CETP). The performance of a triple quadrupole
LC-MS/MS system (LC-QgQ-MS) was compared to that of a high-resolution Orbitrap mass spectrometer
(LC-Orbitrap-HRMS). Both instruments demonstrated excellent linearity (R*> > 0.99) and satisfactory
recoveries (70-90%) across a wide concentration range. The method detection limits ranged from 0.11 to
0.23 ng L™ for LC-QgQ-MS and from 0.02 to 0.13 ng L™ for LC-Orbitrap-HRMS, confirming the superior
sensitivity of the high-resolution system approach. Application to real-world creek water samples revealed
the ubiquitous presence of multiple antibiotics, with azithromycin and enrofloxacin dominating the
detected concentrations, particularly near the CETP discharge point and a nearby waste dumping site. A
three-way ANOVA confirmed that antibiotic concentrations were significantly affected by instrument type,
sampling site, and antibiotic class along with their interactions. Additionally, non-target screening per-
formed using LC-Orbitrap-HRMS enabled the detection of additional antibiotics belonging to quinolones,
sulfonamides and aminoglycosides, further demonstrating the broader analytical scope of high-resolution
mass spectrometry. The study highlights the necessity of using advanced analytical tools for the accurate
quantification of antibiotics in complex matrices and underscores the environmental risks posed by
pharmaceutical pollution in industrial discharge-impacted water bodies.

1. Introduction
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aquatic environments has become a critical concern for both
human health and ecosystem integrity. ECs comprise a diverse
range of anthropogenic chemicals, including pharmaceuticals,

P . . e 1
°School of Computing, Engineering & Physical Sciences, University of the West of personal care products, pesticides, and industrial additives.
Scotland, Paisley, UK Among these, antibiotics represent a particularly urgent and
“Department of Civil and Environmental Engineering, University of Strathclyde, complex subclass due to their extensive use in human health-
Glasgow, UK

“Glasgow School for Business and Society, Glasgow Caledonian University, Glasgow,

UK

care, veterinary medicine, and agriculture, coupled with their
recognized role in the proliferation of antimicrobial resistance
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ous discharge of antibiotics into surface waters can exert selec-
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tive pressure on microbial communities, facilitating the emer-
gence and dissemination of antibiotic-resistant bacteria and
resistance genes.’ Ngumba et al. (2016)° quantified multiple
antibiotics and antiretrovirals using SPE-LC-MS/MS in
European surface waters, and reported concentrations ranging
from 10 to 570 ng L™". Similarly, LC-MS/MS studies in the US
also reported sulfonamide levels up to 11 ng L™.,° and a
broad-spectrum HRMS-based survey in Southern Europe
identified 28 pharmaceuticals in river and coastal waters.”
Accurate and reliable quantification of antibiotics at trace
levels in environmental matrices is essential not only for com-
prehensive risk assessments but also for the design and optim-
ization of wastewater treatment strategies aimed at mitigating
their release.

Liquid chromatography coupled with tandem mass spec-
trometry (LC-MS/MS) using triple quadrupole (QqQ) detectors
has long been established as the gold standard for targeted
analysis of polar and semi-polar contaminants, offering excep-
tional sensitivity and selectivity.® Prior to LC-MS/MS analysis,
environmental water samples are typically subjected to solid-
phase extraction (SPE) for pre-concentration and matrix clean-
up, allowing for quantification limits in the nanogram per litre
(ng per L) range.”'® While direct injection approaches have
recently gained attention for their faster, simplified workflows
particularly in clean or moderately polluted water matrix'"*?
traditional offline SPE remains the preferred approach for
achieving lower detection limits, superior removal of matrix
interference, and reduced measurement uncertainty, especially
in complex environmental matrices. Performance of offline
SPE, online SPE and direct injection was compared by de la
Serena Calleja et al. (2023)"® for the analysis of contaminants
of emerging concern in complex environmental matrices, ie.,
urban and piggery wastewater. The study found that offline
SPE achieved the lowest method quantification limits (MLQs)
for over 50% of the analytes. Although offline SPE showed
lower precision than online SPE and direct injection, it pro-
vided the broadest analyte coverage and captured more infor-
mation than the other methods.

In recent years, high-resolution mass spectrometry (HRMS)
such as quadrupole orbitrap instrument have gained consider-
able attention for environmental monitoring studies.'® The
combination of full-scan data acquisition with accurate mass
measurements (<1 ppm) and high resolving power reaching
up to 140000, LC-HRMS enables simultaneous targeted
quantification and non-targeted screening, as well as retro-
spective data analysis for unknown or emerging analytes.">"®
The integration of both targeted and non-targeted approaches
using LC-MS has proven particularly effective for comprehen-
sively characterizing antibiotic pollution in aquatic environ-
ments. Letzel et al (2015)"7 demonstrated how combining
target, suspected-target, and non-target LC-MS/MS workflows
significantly enhances the detection of both known antibiotics
and their transformation products in surface water. Ferrer
et al. (2020)'® showed that data-dependent acquisition in
Orbitrap HRMS enables robust non-targeted screening and ret-
rospective identification of pharmaceutical residues. In

3588 | Analyst, 2025, 150, 3587-3601

View Article Online

Analyst

addition, Tlili et al. (2016)"° integrated SPE with LC-MS/MS for
efficient simultaneous quantification of 26 drug residues,
including 18 antibiotics. These studies collectively highlights
the importance of combining targeted and non-targeted
methods for a more reliable and holistic assessment of anti-
biotic contamination in complex water matrices.

Despite the growing interest in HRMS, as per our knowl-
edge no study has performed a direct comparative evaluations
of QqQ-based LC-MS/MS and Orbitrap-HRMS for antibiotic
detection in complex environmental samples although some
studies have been performed in wastewater. Herrero et al
(2023)*° performed a comparative study of LC-QqQ-MS and
Orbitrap-HRMS for the quantification of veterinary drugs (glu-
cocorticoids and polyether ionophores) in sewage samples.
They showed a good match for analysis conducted using the
two instruments and indicated that LC-QqQ-MS showed more
consistent quantification for glucocorticoids. Orbitrap-HRMS
offered slightly better sensitivity for the polyether ionophore
and also enhanced confirmatory and retrospective analysis
capabilities. Additionally, comparisons have been made in the
gas chromatography domain. Belarbi et al. (2021)*' compared
GC-Orbitrap HRMS with GC-MS/MS for pesticides in wheat
and reported that GC-Orbitrap achieved lower limits of detec-
tion for 86% of the analytes with acceptable recoveries.
However matrix suppression was observed for specific com-
pounds, highlighting the importance of method optimization.

While the majority of environmental monitoring studies
have focused on freshwater systems, such as river water,
groundwater, drinking water, and wastewater, data on anti-
biotic contamination in estuarine environments remain rela-
tively scarce.” Freshwater bodies are particularly vulnerable to
antibiotic pollution due to direct inputs from localized anthro-
pogenic sources, implying that most of the data reported
reflect only localized contamination profiles. Since all inland
water systems ultimately discharge into the marine environ-
ment, mapping antibiotic contamination in the estuarine
regions is important.>® Tidal creeks, in particular, represent a
unique and ecologically important transition zone between
freshwater and marine environments. These water bodies are
directly influenced by both land-based effluent discharge and
tidal flushing. However, estimation of antibiotics in the
complex ionic matrix of the creek introduces significant
analytical challenges, caused by matrix effects, which can com-
promise detection sensitivity and quantification accuracy.>**

In this study, an optimized workflow for antibiotic analysis
using integrated SPE-UHPLC-MS was developed and validated
for the simultaneous determination of nine antibiotics repre-
senting five therapeutic classes including quinolones, macro-
lides, oxazolidinones, sulfonamides, and f-lactams in creek
water impacted by discharges from a Common Effluent
Treatment Plant (CETP) which treat wastewater from multiple
industries such as pharmaceuticals, petrochemicals, and
textile manufacturing industries. In this study a comparative
evaluation of two analytical instruments ie., an LC-QqQ-MS
operating in multiple reaction monitoring (MRM) mode
(System A), and, an LC-Orbitrap-HRMS employing full-scan
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ddMS2 mode (System B) was conducted. The comparative
assessment focused on key performance metrics including
sensitivity, linearity, precision, and matrix effects. Following
method validation, both systems were employed to quantify
antibiotic concentrations at eight spatially distributed
sampling points along a creek impacted by CETP discharge.
This approach not only enabled the mapping of antibiotic dis-
tribution patterns but also provided insights into the environ-
mental persistence and fate of these contaminants within an
industrially influenced aquatic ecosystem. To the best of our
knowledge, this study represents the first direct comparison of
LC-QgQ-MS and LC-Orbitrap-HRMS methodologies for moni-
toring of multiple antibiotics in a CETP discharge affected
surface water body. Our findings highlight the complementary
strengths of both mass spectrometric instruments, highlight-
ing the potential for their use in routine environmental
surveillance.

2. Materials and methods
2.1 Chemicals and reagents

This study targeted the analysis of nine antibiotics represent-
ing five major therapeutic classes including quinolones,
macrolides, oxazolidinones, sulfonamides, and f-lactams. The
selected compounds included erythromycin (ERY), azithromy-
cin (AZT), oxacillin (OXC), linezolid (LIN), enrofloxacin (ENF),
levofloxacin (LEV), ciprofloxacin (CIP), penicillin G (PEN), and
sulfamethazine (SMZ). Analytical-grade standards for each
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antibiotic were obtained from TCI Chemicals, while corres-
ponding isotope-labelled internal standards were procured
from Toronto Research Chemicals (Toronto, Canada). Detailed
information on each antibiotic, including surrogate com-
pounds and isotope-labelled internal standards, is summar-
ized in Table S1 of the ESL.{ High-purity LC-MS-grade solvents,
including methanol and acetone, were supplied by Thermo
Fisher Scientific. Reagent-grade sulfuric acid (H,SO,) and
formic acid were purchased from Sigma-Aldrich and were used
for sample preparation and pH adjustments.

2.2 Study area and sample collection

The selected study site was a tidal creek located adjacent to a
major industrial zone in Maharashtra, India, which continu-
ously receives treated effluents from a CETP. Sampling was
conducted in April 2022 at eight strategically selected locations
to capture spatial distribution patterns of antibiotic residues
across the creek. The map of sampling locations (Fig. 1) was
created using QGIS 3.22.

The CETP discharge point was designated as the reference
point (W/R). Water samples were collected from both north
(W/1U and W/2U) and south (W/1 Da, W/1Db and W/2D) of
the reference point at various distances. Samples were also col-
lected along the shoreline (W/S) and mangrove (W/M) zones.
At each location, water samples were collected at a standar-
dized depth of approximately 50 cm above the sediment
surface using a Niskin Sampler to ensure consistency across
sampling sites and transferred to laboratory in an ice box. The
samples were immediately stored at 4 °C and processed within

4
L 2,)
ampling area

A N

Sample collection points

S li Distance
al"l:)lil:l ::g Code from W/R
(km)
°1 W/S 1.344
2B W/M 1.344
3 WR -
| 4 WU 1.039

.......... 5 W/2U 3.359
‘ ‘6A  W/1Da 0.423
6B W/1Db 1.018
7 W/2D 2.257

Fig. 1 Distribution of sampling points along the creek. *Sites W/S, W/M, and W/R denote locations near the shore, mangrove, and CETP discharge
site, respectively; 1U/2U and 1 Da/1Db/2D indicate north and south sampling points at increasing distances from the reference point. The map was

generated using QGIS 3.22.
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48 hours to minimize degradation and ensure analytical
accuracy.

2.3 Sample preparation

All collected water samples were subjected to standardized pre-
treatment to ensure consistent and reliable quantification of
target analytes. Samples were filtered through a 0.45 pm mem-
brane filter as per the method described by Mohapatra et al.
(2016).>° The pH of the filtered samples was then adjusted
between 3 and 4 using H,SO, to optimize extraction efficiency.
SPE was employed for sample enrichment and matrix clean-
up. Each 500 mL water sample was processed using Oasis HLB
cartridges (500 mg) under a controlled flow rate of 5-10 mL
min~'. Prior to sample loading, the cartridges were con-
ditioned with 5 mL methanol and 5 mL deionized (DI) water.
After sample extraction, the cartridges were washed with DI
water and vacuum-dried. Target antibiotics were eluted using
10 mL of methanol. The eluates were evaporated to dryness
under a gentle nitrogen stream and reconstituted to a final
volume of 1 mL, resulting in a consistent concentration factor
of 500 across all samples.

2.4 Instrumental analysis

For quantitative and comparative analysis of the selected anti-
biotics, two high-performance liquid chromatography-mass
spectrometry (LC-MS) systems were employed. System A con-
sisted of a TSQ Quantis triple quadrupole mass spectrometer
(QqQ-MS, Thermo Fisher Scientific, USA) while System B was a
Q Exactive Orbitrap high-resolution mass spectrometer
(HRMS, Thermo Fisher Scientific, USA). Both instruments
were coupled to an identical Dionex Ultimate 3000 UHPLC
system (Thermo Fisher Scientific, USA). Method development
was performed using standard antibiotic solutions prepared in
LC-MS-grade methanol, enabling the optimization of both
chromatographic and mass spectrometric parameters.
Chromatographic separation for both systems was carried out
on a Hypersil GOLD C18 column (100 x 2.1 mm, 1.9 pm par-
ticle size) using a binary gradient of ultrapure water with 0.1%
formic acid (solvent A) and acetonitrile (solvent B). The gradi-
ent began at 5% B, increased to 30% over 7 minutes, then to
60% at 9 minutes, 90% at 11 minutes, and was held until
12 minutes. Subsequently, the percentage of acetonitrile was
reduced to 5% at 13 minutes and held constant until
17 minutes. The column temperature was maintained at 40 °C
and the autosampler was set at 10 °C throughout the analysis.
Within the framework of this study, the optimized chromato-
graphy conditions were kept constant for both the instru-
ments. Mass spectrometry parameters were optimized for each
antibiotic via direct infusion of standard solutions in each of
the two instruments. Detailed optimization procedures for
both the instruments are described in the ESL.{ Data acqui-
sition and quantitative analysis were performed using Thermo
Xcalibur software.

To explore the full scan capabilities of LC-Orbitrap-HRMS
(System B), a non-target screening (NTA) workflow was
employed to identify additional antibiotic contaminants not
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included in the target list. Raw MS data acquired in full-scan
mode were processed using Thermo Compound Discoverer
software (v3.2). The workflow included chromatographic align-
ment, feature detection, isotopic pattern grouping. Candidate
features were filtered through blank subtraction using both
solvent and matrix blanks to remove the background signals
and laboratory artifacts. Molecular formula prediction was
applied to the peaks based on accurate mass and isotopic fide-
lity. Fragmentation spectra were matched against mzCloud
spectral libraries. Only those features with match scores
exceeding 70% were retained for further manual evaluation.
Compound identification was conducted as suggested by
Schymanski et al. (2014)'° Level 2 confidence, defined as a
probable structure based on spectral library matching and sup-
ported by accurate mass and diagnostic MS/MS fragments. A
full description of the NTA workflow, including software para-
meters and filtering criteria, is provided in the ESI.}

2.5 Method validation, accuracy and precision

The LC-MS/MS method was rigorously validated using anti-
biotic standards prepared in LC-MS-grade methanol.
Calibration curves were constructed for each antibiotic using
seven standard concentrations, ranging from 0.1 to 2000 ng
L™, prepared in duplicate. The linearity of the calibration
curves was assessed and confirmed by correlation coefficients
(R?) exceeding 0.99 for all the analytes, indicative of robust
linear responses across the studied concentration range.
Limits of detection (LOD) and quantification (LOQ) were calcu-
lated using the standard deviation of the response (o) and the
slope of the calibration curve (S), where LOD and LOQ corres-
pond to 3.3*¢/S and 10*¢/S, respectively. The developed
method was further validated for its accuracy and precision.
Precision was assessed by evaluating both intra-day and inter-
day variability, measured as the relative standard deviation
(RSD) of replicate analyses. Intra-day precision was determined
from five replicate injections of a sample containing a mixture
of antibiotics performed on the same day under identical con-
ditions. Inter-day precision was evaluated from five replicate
injections conducted on 2 days that were spaced 48 hours
apart, providing an assessment of method reproducibility over
time.

A three-way analysis of variance (ANOVA) was subsequently
performed to evaluate the effect of the three factors including
instrument (I: System A and System B), Sampling location (S:
W/S, W/M, W/R, W/1 Da, W/1Db, W/2D, W/1U,W/2U), and anti-
biotic type (A: SMZ, AZT, ENF, ERY, LIN, PEN, CIP, LEV) on
antibiotic detection and quantification. The model included
all the main effects as well as two-way (I*S, I*A, S*A) and
three-way interactions effects (I*S*A). The significance of the
effects was determined based on the p-values, with p < 0.05
chosen for statistical significance. All analysis were performed
using Python 3.11.

2.6 Quality control and quality assurance

A comprehensive QA/QC framework was implemented
throughout the study to ensure data reliability. Isotope
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dilution mass spectrometry was employed to compensate for
potential matrix effects and variability in recovery. Isotope-
labelled internal standards were spiked in all samples prior to
extraction, as well as in all the calibration standards, to ensure
consistency across analytical batches. The internal standards
were prepared in LC-MS grade methanol. They were added at a
concentration that resulted in a final concentration of 100 pg
L' in the 1 mL reconstituted extract. To evaluate recovery
efficiency, recovery experiments were performed by spiking a
mixture of antibiotics into creek samples at a concentration of
100 ng L™, followed by the complete extraction and analysis
workflow. Recovery values were calculated using the eqn (1).

(A—B)
c

R= X 100 (1)
where: A = measured concentration in the fortified sample, B =
measured concentration in the unfortified sample, and C = for-
tification concentration.

Recovery testing was performed for both LC-QqQ-MS
(System A) and LC-Orbitrap-HRMS (System B) to evaluate
system-specific recovery values. These recovery values were not
used to correct the final antibiotic concentrations, but were
assessed to evaluate the robustness of the method and analyte
behaviour in the matrix. To monitor contamination and instru-
ment stability, procedural blanks, solvent blanks, and sample
duplicates were included in each analytical batch. Milli-Q
water, processed identically to the environmental samples,
served as a procedural blank to detect laboratory-derived con-
tamination. Solvent blanks were injected after every four-five
samples to assess carryover between injections, while sample
duplicates ensured the reproducibility of the method across
the dataset.

3. Results and discussion
3.1 Optimization of LC-QqQ-MS and LC-Orbitrap-HRMS

The optimization of mass spectrometric parameters was con-
ducted to ensure the sensitive and accurate detection of the
target antibiotics across both analytical instruments. System A,
employing a triple quadrupole LC-MS/MS configuration
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(LC-QqQ-MS), was optimized using a univariate, one-factor-at-
a-time approach under positive electrospray ionization (ESI)
conditions. Data acquisition was performed in multiple reac-
tion monitoring (MRM) mode to achieve maximum selectivity
and sensitivity for each antibiotic. Optimal source parameters
were established, including a spray voltage of 4.8 kv, a vapori-
zer temperature of 350 °C, and nitrogen gas flows for sheath
and auxiliary gases set at 42 and 10 arbitrary units, respect-
ively. The collision energy (CE) for each analyte was individu-
ally fine-tuned within a range of 17-30 €V to ensure the gene-
ration of the most intense and characteristic product ion tran-
sitions. Argon was used as the collision gas, with a Q2 pressure
maintained at 1.5 mTorr, which provided optimal fragmenta-
tion efficiency. The optimized retention times, precursor/
product ion pairs, and corresponding collision energies for
each antibiotic are summarized in Table 1.

For the high-resolution platform, System B (LC-Orbitrap-
HRMS), data acquisition was conducted using a full-scan data-
dependent dd-MS2 workflow. Full-scan spectra were acquired
across an m/z range of 100-1000 at a resolving power of 70 000,
while MS/MS spectra were acquired at a resolution of 35 000.
During the optimization phase, various resolving power set-
tings (17 500, 35 000, 70 000, and 140 000) were tested to evalu-
ate the balance between mass accuracy and signal intensity.
Although the maximum resolution setting (140 000) offered
marginal improvements in mass accuracy, it resulted in dimin-
ished signal intensities due to longer transient acquisition
times and increased susceptibility to ion-ion and ion-neutral
gas collisions. Based on this observation, a resolving power of
70 000 was selected for full scans, offering an optimal con-
dition between mass accuracy, sensitivity, and acquisition
speed. Ionization efficiencies for all antibiotics were evaluated
in both positive and negative ESI modes. Consistent with prior
reports for structurally similar compounds, the positive ESI
mode exhibited superior ionization responses across all nine
antibiotics.”” Fragmentation in dd-MS2 mode was performed
using stepped normalized collision energies (NCE) of 10, 15,
and 30 eV, ensuring comprehensive fragmentation patterns for
compound identification and confirmation.

The optimized parameters for precursor ions, product ions,
and retention times across both systems are presented in

Table 1 Optimised chromatographic and mass spectrometric parameters for selected antibiotics using two instruments (A: LC-QqQ-MS system

and B: LC-Orbitrap-HRMS system)

A B

Antibiotics  Isotope std  Retention time (min) Precursor ion Production Collision Energy (eV) Precursor ion Product ions

ENF ENF-d5 5.75 360.17 316.19 19.28 360.1705 342.16, 316.18, 245.10
LIN LIN-d3 7.13 338.15 296.12 18.02 338.1501 296.13, 235.12,195.08
AZT AZT-d3 7.64 749.51 591.44 30.91 749.5134 591.42, 375.26, 158.96
OXC AMX-d4 10.20 402.12 160.07 17.09 402.1116 243.07, 374.11,160.04
SMZ SMZ-d4 5.14 279.09 186.07 17.21 279.0904 204.04, 156.01, 186.03
ERY AZT-d3 9.54 734.5 576.41 18.69 734.4665 576.37, 558.36, 540.35
PEN AMX-d4 6.09 335.1 160.5 28.67 335.1059 160.57, 217.10, 173.07
CIP ENF-d5 5.82 332.14 173.08 19.02 332.1404 239.15, 261.13, 173.08
LEV ENF-d5 5.63 362.25 316.90 19.36 362.1432 316.90, 261.12, 208.03

This journal is © The Royal Society of Chemistry 2025
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Table 1, while corresponding spectra and fragmentation pro-
files are shown in Fig. S1 (ESI).} Notably, both LC-MS systems
yielded consistent retention times for all antibiotics, highlight-
ing the robustness and reproducibility of the chromatographic
method across platforms. Moreover, the comparison of MRM
transitions from System A with the dd-MS2 fragmentation
spectra from System B confirmed the accurate identification of
each target analyte, further validating the analytical reliability
of both methods. This dual-instrument optimization not only
confirmed the high sensitivity and precision of the
LC-QqQ-MS system (System A) for quantitative targeted ana-
lysis but also demonstrated the complementary capabilities of
the LC-Orbitrap-HRMS system (System B) for both targeted
quantification and non-targeted compound discovery. The
high resolving power and accurate mass measurements of
System B enhance confidence in compound identification,
especially when screening complex environmental matrices
where unknown or transformation products may co-occur.

3.2 Evaluation of extraction efficiency and matrix effects

Matrix effects are widely recognized as one of the most signifi-
cant challenges in LC-MS analyses, especially when dealing
with complex environmental samples.> Components intrinsic
to these matrices, such as dissolved organic matter, salts, and
suspended particulates, often co-elute with target analytes,
directly impacting ionization efficiency within the electrospray
ionization (ESI) source. This frequently leads to signal suppres-
sion and, less commonly, signal enhancement, both of which
can compromise the accuracy and sensitivity of quantifi-
cation.”® Signal suppression in ESI is primarily attributed to
three mechanisms: (1) competition for charge between the
analyte and co-eluting matrix constituents, which decreases
ionization efficiency due to reduced conductivity in the liquid
phase; (2) diminished droplet evaporation efficiency resulting
from increased surface tension and viscosity caused by matrix
components; and (3) gas-phase reactions between analyte ions
and interfering molecules, which can lead to a direct reduction
in ion yield. The combined effect of these phenomena may
cause a notable reduction in method sensitivity, which can be
particularly severe in untreated or minimally processed
environmental water samples.>’

To evaluate extraction efficiency and the extent of matrix
effects for the selected antibiotics, a recovery experiment was
conducted. The recovery values for each antibiotic were
assessed on both LC-QqQ-MS (System A) and LC-Orbitrap-
HRMS (System B) instruments. As shown in Fig. 2, recovery
efficiencies for most antibiotics across both systems ranged
from 70% to 90%, which falls within the acceptable limits for
environmental sample analysis®® and complies with estab-
lished validation guidelines including U.S. EPA Method
1694,%' and American Public Health Association (APHA) guide-
lines (23rd Edition).** Notably, System B (LC-Orbitrap-HRMS)
consistently exhibited slightly higher recovery values than
System A (LC-QqQ-MS). This observation likely reflects the
reduced susceptibility of System B to ion suppression, which is
a known advantage of its high-resolution full-scan acquisition
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mode, which mitigates matrix interference effects more effec-
tively than targeted MRM acquisition. The employment of
stable isotope-labelled internal standards proved advantageous
in offsetting residual matrix effects, ensuring reliable quantifi-
cation despite the complex nature of the samples. These find-
ings are in agreement with earlier reports on other compound
classes, such as preservatives and antioxidants®® and steroidal
estrogens,® where the use of isotope-labelled standards sig-
nificantly improved analytical robustness against matrix-
induced variability. Furthermore, the slight differences
observed in recovery values between the two LC-MS systems
highlight the influence of instrument design on matrix sensi-
tivity. Variations in ESI source architecture and ion optics
between instruments often result in different ionization
efficiencies, even when analyzing identical samples under
comparable conditions.*®** These results highlight the impor-
tance of method-specific recovery evaluations, particularly
when translating analytical protocols between different instru-
ments or laboratories.

3.3 Quantification, performance characteristics, and method
validation

Quantification of antibiotics was achieved on both analytical
instruments using isotope dilution, where the instrument
response was calculated as the ratio of the peak area of the
analyte to that of its corresponding isotope-labelled internal
standard. Calibration curves were constructed across seven
concentration levels each analyzed in duplicate to ensure pre-
cision and reproducibility. Both LC-QqQ-MS (System A) and
LC-Orbitrap-HRMS (System B) demonstrated excellent linear-
ity, with correlation coefficients (R*) exceeding 0.99 for all nine
antibiotics (Table 2). This strong linear response highlights
the robustness and reliability of both systems for quantitative
analysis across a wide concentration range.

Instrument sensitivity was evaluated through the determi-
nation of limits of detection (LOD) and limits of quantification
(LOQ), as summarized in Table 2. For the chosen antibiotics,
System A exhibited LODs ranging from 0.05 to 0.11 pug L™ and
LOQs ranging from 0.16 to 0.34 pg L7', while System B
achieved slightly superior sensitivity, with LODs between 0.01
and 0.06 pg L' and LOQs from 0.03 to 0.20 pg L™'. When
adjusted for the concentration factor derived from solid-phase
extraction (500-fold), the estimated values of method limit of
detection (MLODs) ranged from 0.11 to 0.23 ng L™" for System
A and from 0.02 to 0.13 ng L™ for System B. These results
clearly demonstrate the enhanced sensitivity of the high-
resolution Orbitrap platform, particularly for trace-level detec-
tion in complex environmental samples. A comparative ana-
lysis with previously reported SPE-LC-HRMS methods further
underlines the excellent sensitivity of the present approach.
Chitescu et al., (2015)*® reported an Orbitrap-HRMS method
for the analysis of pharmaceuticals and antifungals in surface
waters, achieving MLODs between 0.4 and 5 ng L™ and
MLOQs from 1.5 to 55 ng L™". Similarly, Kalogeropoulou et al.
(2024)° applied off-line SPE combined with LC-HRMS for sea-
water analysis, obtaining MLODs ranging from 1.1 to 9.8 ng

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Recovery of selected antibiotics determined by (a) LC-QqQ-MS (System A) and (b) LC-Q-Orbitrap-HRMS (System B). *Error bars represent
standard deviation based on duplicate extractions; the line represent 70% recovery, i.e., the acceptable limit recommended by APHA guidelines.®?

L' and MLOQs between 3 and 26.4 ng L™'. In comparison,
System B in the present study demonstrated comparable or
superior sensitivity, highlighting its robustness for trace-level
quantification in challenging environmental samples.

The precision of both systems was assessed by evaluating
intra-day and inter-day variability using standard solutions

This journal is © The Royal Society of Chemistry 2025

analyzed in five replicates. For System A, intra-day relative stan-
dard deviations (RSDs) ranged from 2.1% to 3.5%, while inter-
day RSDs varied between 3.6% and 5.5%. System B exhibited
slightly broader variability, with intra-day RSDs ranging from
3.6% to 6.4% and inter-day RSDs between 4.8% and 9.7%.
These results affirm the high reproducibility and reliability of
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Table 2 Validation of parameters for selected antibiotics analyzed using LC-QgQ-MS (System A) and LC-Orbitrap-HRMS (System B)?

RSD% within day

(RSD% between days) R LOD, ug L™* LOQ pg L™ MLOD, ng L™* MLOQ, ng L™
Antibiotics A B A B A B A B A B A B
ENF 2.9 (4.2) 6.4 (9.7) 0.99 0.99 0.08 0.05 0.26 0.17 0.17 0.11 0.51 0.33
LIN 2.4 (3.8) 3.9 (4.8) 0.99 0.99 0.09 0.02 0.29 0.08 0.19 0.05 0.58 0.16
AZT 3.2 (5.5) 4.5(9.9) 0.99 0.99 0.09 0.05 0.28 0.16 0.18 0.11 0.56 0.33
OXC 3.4 (4.8) 4.8(7.7) 0.99 0.99 0.05 0.03 0.17 0.10 0.11 0.07 0.34 0.21
SMZ 3.5(5.4) 3.6 (8.5) 0.99 0.99 0.05 0.01 0.16 0.03 0.11 0.02 0.33 0.06
ERY 2.2 (3.6) 4.0 (7.9) 0.99 0.99 0.11 0.05 0.34 0.14 0.23 0.1 0.69 0.28
PEN 2.7 (4.2) 3.7 (9.5) 0.99 0.99 0.1 0.06 0.31 0.2 0.21 0.13 0.63 0.41
CIp 2.1 (4.2) 4.5(9.2) 0.99 0.99 0.09 0.05 0.30 0.14 0.19 0.09 0.60 0.28
LEV 2.4 (4.6) 4.2 (8.4) 0.99 0.99 0.09 0.05 0.30 0.14 0.19 0.09 0.60 0.28

“ Precision is expressed as intra-day RSD% (inter-day RSD %), linearity as R?, and sensitivity as LOD, LOQ, MLOD and MLOQ.

both instruments, although the targeted MRM approach of
System A provided marginally better precision. The advantage
of triple quadrupole systems for quantitative workflows is well
established.?” Beyond sensitivity and precision, the fundamen-
tal distinction between the two platforms lies in their data
acquisition capabilities. System A, which operates in MRM
mode, is ideally suited for high-throughput quantitative ana-
lysis of predefined compounds due to its superior sensitivity
and rapid cycle times. In contrast, full-scan and data-depen-
dent MS2 acquisition mode of System B offers flexibility,
enabling not only targeted quantification but also retrospective
analysis and non-targeted screening of unknown or emerging
contaminants without the need for prior ion transition optim-
ization. This dual-instrument comparison highlights the
complementary strengths of both systems. While System A
excels in speed and precision for routine environmental moni-
toring, System B provides a broader analytical scope, making it
particularly valuable for advanced environmental investi-
gations where untargeted screening and compound identifi-
cation are required. The ability of the System B to generate
comprehensive full-scan datasets is especially advantageous
for post-acquisition data mining, allowing researchers to repro-
cess samples as new contaminants of concern are identified, a
capability beyond the reach of conventional QqQ instruments.
Overall, the results reaffirm that the LC-QqQ-MS platform is
particularly well-suited for large-scale, targeted environmental
surveillance, while the LC-Orbitrap-HRMS offers enhanced ver-
satility and depth for comprehensive environmental monitor-
ing, especially in chemically diverse and data-intensive
investigations.

3.4 Performance of the methods on environmental samples

The optimized and validated LC-QqQ-MS (System A) and
LC-Orbitrap-HRMS (System B) methods were applied for the
quantification of selected antibiotics in water samples col-
lected from multiple locations along the creek impacted by
industrial wastewater discharge. Both systems successfully
detected a wide range of antibiotic concentrations, spanning
from several hundred to several thousand nanograms per litre,
highlighting the widespread presence of antibiotic residues in

3594 | Analyst, 2025, 150, 3587-3601

the aquatic environment (Fig. 3). Among the quantified anti-
biotics, AZT exhibited the highest concentration, 1735 + 5.7 ng
L' in System A and 1767 + 12.4 ng L' in System B at the
CETP discharge reference site (W/R/8/04/22). These values are
significantly higher than those typically reported in other
surface water environments. For instance, in the Fenhe River
Basin, the average AZT concentration was 74.31 ng L™, with
100% detection frequency across the 23 sampling sites.®
Similarly, in a comprehensive meta-analysis of 62 river systems
across China, the pooled concentration of AZT was just 2.08 ng
L™, confirming that our observed values lie well above typical
environmental levels.*® For rivers in Hanoi, AZT was also
found at concentration up to 1520 ng L™'.*° Mirzaie et al
(2022) have reported the mean concentration of AZT in sea-
water and sediment samples as 9 ng L™" and 6 ng g " in the
Persian Gulf around Bushehr port.*

ENF was the second most abundant antibiotic, with con-
centrations peaking at 788 + 5.4 ng L' and 793 + 15.7 ng L ™"
on Systems A and B, respectively. ENF was consistently
detected across all sampling locations, with concentrations
ranging from 443.3 to 787.8 ng L™ on System A and 453.5 to
792.7 ng L' on System B. Other antibiotics were also widely
detected, although at lower concentrations. LIN was present in
the range of 100-214 ng L™, and 105-240 ng L™' based on
analysis conducted in System A and System B, respectively.
Similarly, OXC and SMZ were detected at moderate concen-
trations, with OXC ranging from 91.5 to 157.8 ng L' and 97.5
to 165.9 ng L™!, and SMZ ranging from 307.3 to 477.8 ng L™*
and 318.6 to 506.8 ng L' as per analysis conducted in System
A and System B, respectively.

Additional antibiotics including ERY, PEN, CIP, and LEV
were consistently detected across sampling points, with con-
centrations varying from 302 to 650.9 ng L™" in System A and
305.0 to 643.9 ng L ™! in System B. Specifically, the highest con-
centrations of ERY and PEN were observed at the CETP dis-
charge site (W/R), measuring 601.2 + 3.15 ng L™ and 650.9 +
3.4 ng L', respectively in System A, and 594.7 + 7.8 ng L™ and
643.9 + 5.1 ng L™, respectively in System B. CIP and LEV
showed similar trends, with concentrations reaching 762.5 +
2.1 ng L™" and 702.2 + 1.9 ng L', respectively in System A, and

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Concentration of selected antibiotics in creek water measured by (a) LC-QqQ-MS (System A) and (b) LC-Orbitrap-HRMS (System B). *Sites
W/S, W/M, and W/R denote locations shore, mangrove, and CETP discharge site, respectively; 1U/2U and 1 Da/1Db/2D indicate north and south
sampling points at increasing distances from reference point. Error bars represent SD of duplicate analyses.

769.9 + 2.0 ng L' and 693.1 + 7.0 ng L™, respectively in
System B. These elevated quinolone and macrolide concen-
trations may be attributed to their persistent nature under
environmental conditions or continuous external input via
untreated or insufficiently treated wastewater. These elevated
quinolone residues are consistent with reported seawater con-
centrations up to hundreds of nanograms per litre.>*

This journal is © The Royal Society of Chemistry 2025

The antibiotic concentrations observed in this study
notably exceed those reported in Indian surface water
systems.”” A study by Mutiyar and Mittal (2014)* reported
ciprofloxacin concentrations ranging from below detection
levels to a maximum of 1440 ng L' in the Yamuna River
downstream of sewage treatment discharges. Kamatham et al.
(2024)** reported antibiotic concentrations ranging between
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0.01 and 6.7 ng L™" for eleven antibiotics including ceftazi-
dime, cefaperazone, sulbactum, piperacillin, tazobactum,
ciprofloxacin, amikacin, imipenem, erythromycin, clindamycin
and bacitracin across surface water sample collected from mul-
tiple locations in South India including Chennai (Tamil
Nadu), Nellore (Andhra Pradesh), Hyderabad (Telangana),
Kottayam (Kerala), and Bengaluru (Karnataka).** Another
study focusing on urban water bodies in Chennai, encompass-
ing the Buckingham Canal and the Adyar and Cooum rivers,
reported erythromycin, sulfamethazine, ciprofloxacin enroflox-
acin and azithromycin concentrations up to 372.5 ng L™, 6.8
ng L7, 186.1 ng L', 49 ng L', and 29.9 ng L7},
respectively.*®

High concentrations of antibiotics have also been reported
in surface waters downstream of pharmaceutical manufactur-
ing hubs in India. Fick et al. (2009)*° investigated rivers receiv-
ing effluents from a CETP in Patancheru, Hyderabad, proces-
sesing wastewater from approximately 90 bulk drug manufac-
turing facilities. Water samples collected from the receiving
rivers including Isakuvagu and Nakkavagu, showed ciprofloxa-
cin levels ranging from 10 000 to 2 500 000 ng L', while other
fluoroquinolones such as enrofloxacin (below detection to
30000 ng L"), lomefloxacin (up to 1100 ng L"), norfloxacin
(up to 4700 ng L), ofloxacin (up to 4000 ng L™), and tri-
methoprim (up to 4000 ng L") were also detected in the river
water. These values represent some of the highest environ-
mental antibiotic concentrations recorded globally and high-
light the severe impact of pharmaceutical discharge on sur-
rounding aquatic ecosystems. To our knowledge, this is the
only study that has reported such high concentrations of mul-
tiple antibiotics in a surface water body.

Rao et al. (2008)*” also reported the presence of norfloxacin
at 48 ng L™, sulfamethoxazole at 76 ng L™, and trimethoprim
at 87 ng L' in the Nakkavagu River. Lower concentrations
were also detected in nearby surface water bodies, including
Kazipalli Tank and Hussain Sagar Lake, reflecting the dis-
persion of antibiotics in aquatic systems influenced by indus-
trial and urban discharge. Furthermore, Glorian et al. (2018)*®
reported sulfamethoxazole concentrations between 347 and
1260 ng L™ " across the Ganga and Yamuna rivers during five
sampling campaigns conducted between 2015 and 2018.
Notably, samples from New Delhi and Uttar Pradesh exhibited
higher contamination compared to upstream sites in
Uttarakhand, reflecting the influence of urban discharge and
wastewater loads on antibiotic prevalence in riverine systems.

Distinct spatial distribution patterns were evident across
the creek. Lower antibiotic concentrations were typically
observed at the location close to shore (W/S) and at the
location close to mangroves (W/M; on the opposite side of the
shore) compared to the reference point (W/R), where the CETP
wastewater was discharged. This trend is possibly caused by
the combined effects of dilution, tidal flushing, and possible
biotic uptake within the vegetated buffer zones. In contrast,
the highest concentrations were recorded at the CETP dis-
charge site (W/R), suggesting the treatment plant as a primary
point source for these contaminants. Similar persistence
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trends have been observed downstream of wastewater treat-
ment plants in Arkansas, USA, where antibiotics were traceable
for over 50 km downstream.*

North and south side of W/R sampling points (1U, 1 Da,
1Db, and 2D) showed a gradual decline in concentrations,
suggesting progressive dilution and natural attenuation pro-
cesses such as sorption, photolysis, and microbial degra-
dation, which are commonly observed for antibiotics in
surface waters.”®! Interestingly, the site designated as W/2U
exhibited unusually higher antibiotic levels, comparable to or
even exceeding those at the CETP discharge point due to proxi-
mity to a municipal solid waste dumping area. The elevated
concentrations were possibly caused by leachate infiltration or
stormwater runoff from the landfill, indicating the role of non-
point sources in sustaining antibiotic pollution loads in the
creek ecosystem. The quantitative agreement between the two
analytical instruments was strong, with differences typically
within 10% for most antibiotics. System B often reported
slightly higher concentrations, particularly for AZT and LIN.
This discrepancy is likely due to the enhanced resolving power
of System B, which enables the extraction of narrow mass
windows and more effective exclusion of co-eluting matrix
interferences, an advantage particularly relevant for complex
environmental samples.

The persistent detection of multiple classes of antibiotics at
ecologically relevant concentrations raises important environ-
mental and public health concerns. Even sub-inhibitory levels
of antibiotics in aquatic systems can exert selective pressure
on microbial communities, promoting the proliferation and
spread of antimicrobial resistance genes.* This risk becomes
particularly significant when environmental concentration
exceed the predicted no-effect concentrations (PNEC)
thresholds proposed for the antimicrobials resistance selec-
tion.* Bengtsson-Palme and Larsson (2016)* proposed PNECs
for over 100 antibiotics by extrapolating from minimum inhibi-
tory concentrations (MICs) and applying a safety factor of 10.
For fluoroquinolones such as ciprofloxacin, levofloxacin, and
enrofloxacin, PNECs ranged from 64 to 250 ng L™*,* while for
macrolides such as azithromycin and erythromycin, the range
was higher between 250 and 1000 ng L".* In this study fluoro-
quinolones were detected at concentrations up to 794 ng L™*
and macrolides were detected at concentrations up to 1700 ng
L% Several of the measured values exceeded the PNEC for
antimicrobial resistance selection in the environment.
Additional studies further reinforce this concern. Stanton et al.
(2020)** reported a minimum selective concentration (MSC)
for ciprofloxacin at 10.77 pg L™, corresponding to a PNEC of
1 pug L% (after applying a safety factor of 10). Their value was
higher than the value for ciprofloxacin proposed by Bengtsson-
Palme and Larsson (2016).* Gullberg et al. (2011)>® reported
MSC for two resistant E. coli, mutants as 100 ng L™ and 2500
ng L™". Beyond concentration-based thresholds, resistance pro-
filing for antibiotic resistant genes and antibiotic resistant bac-
teria across aquatic systems in India also reinforce the AMR
risk.>»>> These findings emphasize the urgent need for the
development of more advanced wastewater treatment pro-
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cesses capable of removing antibiotic and other micropollu-
tants and the implementation of long-term environmental
monitoring programs aimed at mitigating the spread of resis-
tance in the environment.

To further evaluate the consistency between the two analyti-
cal instruments, concentration data for each antibiotic were
directly compared using linear regression (Fig. 4) by plotting
the concentration measured by LC-Orbitrap-HRMS (System B)
versus concentration measured by LC-QqQ-MS (System A) for
each antibiotics. The correlation coefficients (R*) and
regression slopes were determined using linear regression by
setting the intercept to zero, to determine consistency across
the methods. Majority of antibiotics demonstrated excellent
linear agreement, with R* values exceeding 0.9 for all anti-
biotics, highlighting that both the instrumental methods yield
comparable concentration for environmental samples. ENF
(Fig. 4a) exhibited near-perfect agreement, with a regression
slope of 1.0 confirming the quantitative equivalence of the two
instruments across the detected concentration range.
Similarly, AZT (Fig. 4c) displayed identical slope of 1.0 illustrat-
ing both the accuracy and the reliability of both instruments,
even at elevated concentration levels. ERY (Fig. 4f) and PEN
(Fig. 4g) each showed a slope of 0.99, further supporting
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strong inter-instrument consistency. LEV (Fig. 4i) and CIP
(Fig. 4h) exhibited slopes of 0.99 and 1.0, respectively, confirm-
ing reliable quantification across this antibiotic class. LIN
(Fig. 4b) showed a slightly elevated slope of 1.06 suggesting a
modest positive bias for System B at higher concentrations,
possibly linked to its high mass resolution enabling better iso-
lation of the analyte peaks from matrix interferences. OXC
(Fig. 4d) and SMZ (Fig. 4e) showed slopes of 1.01 and 1.04,
respectively, indicating comparable concentration with minor
variability due to reduced susceptibility to co-eluting matrix
ions. Overall, the high degree of agreement across instruments
reinforces the reliability of both LC-QqQ-MS and LC-Orbitrap-
HRMS for the quantitative analysis of antibiotics in environ-
mental water samples.

A three-way ANOVA was performed to assess the effects of
instrument type (I), sampling location (S), and antibiotic type
(A) on measured antibiotic concentrations. The results
(Table S2t) indicated that measured antibiotic concentration
was significantly affected by each of the individual factors
including instrument, sampling location, and antibiotic type.
The analysis revealed extremely low p-values for the main
effects (p = 4.97 x 10™® for I, p = 1.9 x 10" "** for S and p = 1.21
x 107%°' for A), suggesting that the type of instrument,
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Fig. 4 Correlation plots comparing antibiotic concentrations (ng L™*) measured using LC-QqQ-MS and LC-Orbitrap-HRMS (a) ENF, (b) LIN (c) AZT,
(d) OXC (e) SMZ (f) ERY (g) PEN (h) CIP and (i) LEV. *Red lines represent the linear regression fits. Slopes and R? values are displayed on each plot,

indicating strong to excellent agreement across most analytes, with minor

compound-specific deviations attributed to matrix effects and differences

in quantification strategy. Horizontal and vertical error bars indicate the standard deviations of antibiotic concentration measured using LC-QgqQ-MS

and LC-Orbitrap-HRMS, respectively.
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sampling location and antibiotic type significantly affected
final antibiotic concentration. Additionally, all two-way inter-
action terms, including, I*S (p = 3.04 x 107°%), I*A (p = 1.39 x
1077), and S*A (p = 2.98 x 10~ %), were also statistically signifi-
cant. Notably, the three-way interaction (I*S*A, p = 8.85 x 10™%)
was significant as well, indicating that the combined influence
of instrument, site, and antibiotic type affected the concen-
tration measurements. These results suggest that variations in
antibiotic concentrations are influenced not only by individual
factors but also by their interactions, reflecting the complex
environmental dynamics, instrumental sensitivities, and site-
and compound-specific behaviours in the aquatic system.

Despite the excellent linear correlations observed between
the two instrumental methods (R” values exceeding 0.99 across
all antibiotics), the three-way ANOVA analysis revealed statisti-
cally significant effects of instrument type, sampling location,
and antibiotic type on the measured concentrations. In
addition, all two-way interactions and the three-way interaction
was also found to be significant (p < 0.05). These findings
suggest that, although the two instruments track concentration
trends very closely, systematic differences in absolute quantifi-
cation exist across antibiotics and sampling sites. Such vari-
ations are likely attributable to differences in instrumental sen-
sitivity, ionization efficiency, and matrix suppression effects
that particularly affect quantification of antibiotics in complex
environmental samples.

An important finding of this study is that while both
LC-QqQ-MS and LC-Orbitrap-HRMS instruments yielded
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highly comparable spatial concentration trends across all
quantified antibiotics, minor yet statistically significant differ-
ences in absolute concentration values were observed between
the instruments. These systematic biases, although small,
highlight the need for caution when comparing quantitative
datasets across different mass spectrometry platforms, particu-
larly in regulatory or time-series monitoring contexts. This
aspect must be considered when interpreting absolute concen-
tration values in environmental monitoring studies. For
environmental surveillance programs, this finding highlights
the importance of inter-laboratory calibration and methodo-
logical harmonization to ensure appropriate data comparison.

In addition to the nine antibiotics targeted in this study,
the LC-Orbitrap-HRMS (System B) was used to perform non-
target screening to explore the presence of other antibiotics.
Compound identification followed the protocol specified by
Schymanski et al. (2014).'® All compounds presented here were
identified at Level 2 confidence, based on accurate mass and
MS/MS fragmentation pattern matches to spectral libraries. A
total of 10 additional antibiotics including fluoroquinolones,
sulfonamides, and aminoglycosides were identified across the
eight sampling points. Fig. 5 illustrates their relative abun-
dance based on peak area value. Ofloxacin was the most domi-
nant antibiotic, with notably high peak areas observed across
the sampling points, suggesting high persistence in the creek.
Norfloxacin, sulfadiazine, and sulfamethizole also showed
widespread occurrence, although their peak area values were
lower.
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Fig. 5 Heatmap showing the peak area of antibiotics identified via non-target screening using LC-Orbitrap-HRMS across eight sampling locations.

*White spaces indicate antibiotics not detected.
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Kanamycin and carbadox were identified only in the three
sampling points (W/S, W/M, W/R), suggesting localized
pharmaceutical inputs. Sulfisomidine and sulfaquinoxaline,
both older-generation sulfonamides, were detected at multiple
sampling points however, their peak area were lower compared
to other antibiotics. Some antibiotics displayed more site-
specific patterns. Sparfloxacin was observed at the sites ie.,
W/S, W/M, W/R and W/2U, whereas sedecamycin was present
at all sites but at consistently low peak area values. The detec-
tion of kanamycin, sparfloxacin, and carbadox only at select
locations further highlight the heterogeneous nature of con-
tamination and importance of high-resolution full-scan acqui-
sition for environmental screening. These findings demon-
strate the capability of Orbitrap-HRMS to complement
traditional targeted analysis by identifying non-prioritized -
emerging contaminants that may otherwise go undetected.
Incorporating such exploratory data into monitoring programs
can enhance the assessment of environmental exposure risks,
inform regulatory prioritization, and guide source control
strategies. Given the increasing use of HRMS technologies for
non-targeted analysis, these results also support their use in
future chemical monitoring campaigns, especially in regions
affected by complex and dynamic pollutant mixtures.

4. Conclusions

This study provides a comprehensive comparison of two mass
spectrometry instruments including LC-QqQ-MS and
LC-Orbitrap HRMS, for the quantitative analysis of multiple
class of antibiotics in creek water affected by CETP effluent.
Both systems demonstrated reliable performance in terms of
sensitivity, precision, and recovery, although LC-Orbitrap-
HRMS offered superior detection limits and enhanced selecti-
vity due to its high resolving power. The field application con-
firmed that antibiotics are prevalent in CETP-impacted aquatic
environments, with particularly high concentrations at the
CETP discharge point highlighting the persistence of anti-
biotic contaminants even after treatment. The significant
effects of instrument type, sampling location, and antibiotic
type was revealed through quantitative analysis of antibiotics
in environment samples. An important observation from this
study is that while both LC-QqQ-MS and LC-Orbitrap-HRMS
yielded highly consistent spatial distribution patterns and rela-
tive trends, there were minor yet statistically significant differ-
ences in the absolute concentrations reported by the two
instruments. This is especially crucial in regulatory or monitor-
ing contexts, where absolute concentration thresholds may
guide policy decisions or environmental risk assessments.
This finding further supports the adoption of Orbitrap-HRMS
for environmental monitoring, due to its combined strengths
in precise quantification together with the detection of
unknown - emerging contaminants in environmental
samples. These findings highlight the critical role of advanced
mass spectrometry tools in accurate environmental monitoring
and the need for integrated surveillance strategies that account

This journal is © The Royal Society of Chemistry 2025
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for both targeted and broader non-targeted contaminant
screening.
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