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Abstract

Background: Organophosphorus pesticides (OPPs), particularly chlorpyrifos and phoxim, are lipophilic contaminants of environmen-
tal and food-safety concern in dairy systems. These OPPs exhibit sufficient chemical stability to persist through milk processing and
storage even though neither compound is classified as a Persistent Organic Pollutant (POP) under the Stockholm Convention. More-
over, these OPPs pose public health risks through neurotoxicity, endocrine disruption, and bioaccumulation in high-fat matrices such
as buffalo milk. Objective: Thus, this study aimed to compare and evaluate ultrasonication, ultraviolet (UV)/titanium dioxide (TiO»)
photocatalysis, and lactic acid bacteria (LAB) fermentation to reduce chlorpyrifos and phoxim concentrations in artificially spiked buf-
falo milk. Methods: Residues were quantified by Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) extraction coupled
with gas chromatography—mass spectrometry (GC-MS). Sonication (100 W, 37 kHz) was applied for up to 20 min; UV/TiO, (254 nm;
50-200 mg TiO2/100 mL) for up to 60 min; and three LAB preparations were individually inoculated into spiked pasteurized milk and
incubated for 24 h (n = 3; p < 0.05). Results: Sonication achieved removal efficiencies of up to 66.81% and 97.52% for chlorpyri-
fos and phoxim, respectively. UV/TiO, (200 mg/100 mL, 60 min) achieved 57.31% removal of chlorpyrifos and 98.63% removal of
phoxim; because TiO,-dark-adsorption controls were not included in this study, these values reflect combined adsorption and reactive
oxygen species-mediated processes rather than photocatalysis specifically. Lactiplantibacillus plantarum CICC20261 achieved the great-
est LAB-mediated reduction (49.61% chlorpyrifos; 43.28% phoxim) while maintaining robust viability under pesticide exposure (7.79 =
0.51 log CFU/mL after 24 h under chlorpyrifos; 7.40 + 0.84 log CFU/mL under phoxim), compared with 9.23 + 0.42 log CFU/mL in the
pesticide-free control at 24 h. Conclusion: Under the specific, non-equivalent reference conditions used for each method (Section 3.3),
UV/TiO; numerically achieved the highest phoxim removal and a moderate chlorpyrifos removal, while sonication was highly effective
for phoxim specifically. Together, sonication and LAB fermentation offer rapid, complementary non-thermal approaches to pesticide
reduction. Claims of sustainability, eco-friendliness, or industrial applicability are not yet supported by direct measurements of milk
quality, sensory attributes, or (for UV/TiO;) nanoparticle safety; thus, such claims should be regarded as provisional until such data
are available. However, as currently configured, UV/TiO, photocatalysis should be regarded as a proof-of-concept degradation method
rather than an immediately deployable process, because the protocol did not include a nanoparticle recovery step (e.g., filtration, centrifu-
gation, or catalyst immobilization) or confirmatory quantification of titanium. Residual nano-TiO; in treated milk therefore represents
an unresolved food-safety consideration that requires evaluation before industrial adoption.
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1. Introduction in both foliar and soil-borne pest management [2]. While
OPPs were originally developed as alternatives to per-
sistent organochlorine compounds, accumulating evidence
demonstrates that many OPPs exhibit substantial environ-
mental stability under certain conditions, particularly in
lipid-rich food matrices such as milk [3,4]. It should be
i ; ) - noted that chlorpyrifos and phoxim are not listed as Persis-
sumption reaching approximately 3.7 million tonnes of ac- tent Organic Pollutants (POPs) under the Stockholm Con-

tive ingredie.nts annually [1]. Among th.e .diverse classes  yention and are considered moderately, rather than highly,
of agrochemicals, organophosphorus pesticides (OPPs) oc- persistent in the environment; nonetheless, their lipophilic-

cupy a dominant'p'osition, accounting for more than 30% ity and resistance to hydrolysis under typical processing
of the global pesticide market and are extensively deployed
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Pesticide contamination of food commodities repre-
sents one of the most pressing challenges in contemporary
food safety governance. The intensification of agricultural
systems over the past half-century has been accompanied
by a dramatic escalation in pesticide use, with global con-
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conditions are sufficient to allow measurable carry-over
into milk and dairy products, which is the basis for the food-
safety concern addressed in this study. Chlorpyrifos (O,0O-
diethyl O-(3,5,6-trichloro-2-pyridyl) phosphorothioate) is
among the most widely used broad-spectrum insecticides
globally, registered for application on over 50 crop types
[5]. Its mechanism of toxicity involves irreversible inhibi-
tion of acetylcholinesterase (AChE), leading to accumula-
tion of acetylcholine at neural synapses, resulting in over-
stimulation of cholinergic receptors, and in severe cases,
respiratory paralysis and death [6]. Chronic low-dose expo-
sure has been associated with neurodevelopmental impair-
ment in children, endocrine disruption, and increased risk
of neurodegenerative diseases [6]. Phoxim (O,0-diethyl O-
(a-cyanobenzylideneamino) phosphorothioate), an organ-
othiophosphate acaricide, has been banned in the European
Union since 2007 owing to its toxicological risks; how-
ever, it continues to be used in several countries, including
parts of Asia and Africa[7]. Both compounds are lipophilic
and therefore tend to accumulate in the fat fraction of dairy
products, raising particular concern for consumer safety.

The route by which chlorpyrifos and phoxim reach
milk begins outside the animal: dairy cattle and buffaloes
are exposed through ingestion of pesticide-treated or spray-
drift-contaminated forage and feed concentrates, consump-
tion of contaminated drinking water, and, to a lesser extent,
dermal absorption or inhalation during or after field appli-
cation in grazing areas. Once ingested, both compounds,
being moderately to highly lipophilic (log K,V ~ 4.7 for
chlorpyrifos and 3.4 for phoxim), are absorbed across the
gastrointestinal epithelium and enter systemic circulation,
where they undergo partial hepatic biotransformation (prin-
cipally oxidative desulfuration and hydrolysis) while a frac-
tion of the unmetabolised parent compound and lipophilic
metabolites redistributes into adipose tissue and the mam-
mary gland. During active lactation, the extensive blood
supply and lipid-synthesising activity of the mammary ep-
ithelium favour partitioning of these lipophilic residues into
milk fat globules as they are assembled and secreted, pro-
viding a direct physiological pathway from feed and water
contamination to residues in the finished milk, particularly
in high-fat matrices such as buffalo milk [3,4].

Buffalo milk constitutes approximately 14-15% of
global milk production and is particularly valued for its high
fat (6-9%), protein (3.0-3.5%), and total solids content rel-
ative to bovine milk [8,9]. These compositional charac-
teristics not only enhance its suitability for manufacturing
high-value dairy products but may favor the partitioning
and accumulation of lipophilic pesticide residues in the milk
fat fraction [10]. The transfer of pesticide residues from
contaminated feed and water into milk, combined with the
widespread consumption of buffalo milk by vulnerable pop-
ulations, including infants and children, creates an urgent
imperative for effective decontamination strategies [3].

Conventional thermal processing, while effective
against microbial hazards, demonstrates limited efficacy

against OPPs, which can withstand pasteurisation tempera-
tures and may undergo partial degradation into metabolites
of equal or greater toxicity [11]. Consequently, there is sub-
stantial scientific and regulatory interest in non-thermal and
biological approaches to pesticide reduction. Ultrasonica-
tion exploits acoustic cavitation, the formation, growth, and
implosive collapse of microbubbles in liquid media, gener-
ating localised extreme temperatures (~5000 K), pressures
(~1000 atm), and highly reactive hydroxyl radicals that can
degrade a broad spectrum of organic contaminants [12,13].
Ultraviolet (UV) irradiation in combination with semicon-
ductor photocatalysts such as nano-titanium dioxide (TiO,)
represents an advanced oxidation process (AOP) capable
of mineralising recalcitrant organic pollutants through re-
active oxygen species (ROS) generation under UV activa-
tion [14]. In parallel, lactic acid bacteria (LAB)-mediated
biodegradation has attracted growing interest as a food-
compatible and environmentally sustainable strategy, with
several strains demonstrating capacity for enzymatic hy-
drolysis and adsorptive binding of OPPs [15].

Beyond pesticide removal efficiency, the practical
adoption of any of these treatments in dairy processing de-
pends on their impact on the nutritional and physicochem-
ical quality of the milk. Acoustic cavitation and hydroxyl-
radical generation during sonication can, depending on in-
tensity and duration, alter fat globule size distribution, pro-
mote whey protein denaturation, and oxidise unsaturated
milk lipids; UV and UV/TiO, photocatalysis can simi-
larly generate reactive oxygen species capable of oxidis-
ing ascorbic acid, riboflavin, and unsaturated fatty acids,
potentially producing off-flavours through lipid peroxida-
tion; and LAB fermentation, while often nutritionally ben-
eficial in conventional applications, fundamentally trans-
forms the product (acidification, coagulation, lactose de-
pletion) rather than yielding a decontaminated liquid milk.
None of these potential quality effects, nor the sensory, nu-
tritional, or (for UV/TiO;) titanium-residue consequences
of treatment, were measured in the present study; claims of
environmental or industrial benefit made elsewhere in this
manuscript are accordingly qualified against this gap. De-
spite a growing literature on pesticide reduction in food pro-
cessing, studies specifically addressing multi-strategy de-
contamination of OPPs in buffalo milk remain limited. The
present study addresses this gap by conducting a rigorous
comparative evaluation of three complementary decontam-
ination strategies: ultrasonication, UV/TiO, photocataly-
sis, and LAB fermentation for the degradation of chlor-
pyrifos and phoxim in buffalo milk. Specific objectives
were: (i) to characterise the physicochemical composition
of raw buffalo milk; (ii) to determine the time-dependent
degradation efficiency of sonication; (iii) to evaluate the
photocatalytic efficiency of UV/TiO, treatment at varying
TiO, doses and exposure times; (iv) to screen selected LAB
strains for OPP-degrading capacity and tolerance; and (v) to
compare the findings across all three strategies, identifying
sequential or combined treatments as a direction for future
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research, to provide a multi-strategy framework for practi-
cal dairy decontamination.

2. Materials and Methods
2.1 Materials

Raw buffalo milk was obtained from the experimental
herd of the Faculty of Agriculture, Cairo University, Egypt.
Each batch comprised 5 L of milk collected at approxi-
mately weekly intervals from the same herd, transported on
ice (0—4 °C) in insulated containers within 2 h of collection,
and stored at 4 °C for no longer than 24 h before analysis.
Three independent batches (S1-S3) were collected on sep-
arate occasions to evaluate natural compositional variabil-
ity. Chlorpyrifos (Helban 48% emulsifiable-concentrate
(EC); 48% active ingredient) was obtained from a local
agricultural supplier in Cairo, Egypt. Commercial EC for-
mulations, rather than analytical-grade active ingredients,
were used for both pesticides to better simulate real-world
contamination scenarios arising from agricultural use; this
means the stock solutions also contain formulation excipi-
ents (emulsifiers, solvents) that analytical-grade standards
would not, which is noted as a limitation of the present
study. This limitation is substantially expanded in Section
4, where the specific interference mechanism for each treat-
ment technology is named individually rather than treated
as a single generic caveat. The EC-based spiking proto-
col used here was selected to reflect the formulated state
of the pesticide and is consistent with previous degradation
studies employing commercial chlorpyrifos emulsifiable-
concentrate formulations [16]. The resulting removal ef-
ficiencies are interpreted as reflecting the behavior of the
formulated product. A primary stock solution of 9825.16
mg/L was prepared by dissolving the appropriate volume of
the commercial formulation in HPLC-grade methanol, fol-
lowed by serial dilution to working concentrations. Phoxim
MAXIMA®; 500 mg/mL EC) was supplied by Pioneer
Company (Cairo, Egypt), and a primary stock solution was
prepared in analytical-grade acetone and diluted in ace-
tone to prepare working concentrations equivalent in active-
ingredient terms to the chlorpyrifos series. Methanol was
selected for chlorpyrifos and acetone for phoxim based on
each compound’s higher solubility and stability in the re-
spective solvent during serial dilution, consistent with the
suppliers’ technical data sheets; both solvents were used at
trace dilution levels (<0.1% v/v in final milk) and were con-
firmed not to detectably affect milk pH or fat globule sta-
bility. Titanium (IV) oxide nanopowder (nano-TiO,; pri-
mary particle size 21 nm; purity >99.5% trace metals ba-
sis) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). HPLC-grade acetonitrile was obtained from Merck
KGaA (Darmstadt, Germany). Quick, Easy, Cheap, Effec-
tive, Rugged, and Safe (QUEChERS) extraction kits (EN
15662 format) and dispersive solid-phase extraction (d-
SPE) clean-up tubes were supplied by Agilent Technologies
(Santa Clara, CA, USA). Ultrapure water (resistivity >18.2
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MQ-cm) was produced using a Milli-Q purification system
(Millipore Corporation, Burlington, MA, USA).

Commercial freeze-dried direct-vat-set (DVS) yogurt
starter culture (YC-X11; Chr. Hansen, Hoersholm, Den-
mark) containing Streptococcus thermophilus and Lacto-
bacillus delbrueckii subsp. bulgaricus was used as a mixed
culture. Lactobacillus helveticus CP790 (Chr. Hansen)
and Lactiplantibacillus plantarum CICC20261 (Guang-
dong Microbial Culture Collection Center, Guangzhou,
China) were obtained as single-strain preparations.

2.2 Instrumentation

Chromatographic analysis was performed using an
Agilent 7890B gas chromatograph coupled to an Agi-
lent 5977A mass-selective detector (Agilent Technologies,
Wilmington, DE, USA). A Zebron ZB-5MS Crossbond col-
umn (30 m x 0.25 mm i.d., 0.25 um film thickness; Phe-
nomenex, Torrance, CA, USA) was employed for separa-
tion. Ultrasonic treatment was conducted with an Elma-
sonic P device (Singen, Germany) operating at 37 kHz. UV
irradiation was delivered using an ENF-260C/FE UV lamp
(Spectroline, New York, USA) at 254 nm, 6 W output, irra-
diance 21.22 W/m? at 15 cm distance. pH was determined
using a BOECO pH meter (Hamburg, Germany). Centrifu-
gation was performed with a BOECO centrifuge. Tempera-
ture was monitored continuously with a Testo 174H digital
data logger (Testo Ltd., Alton, UK).

2.3 Methods
2.3.1 Physicochemical Characterisation of Raw Buffalo
Milk

Fat content, total solids, moisture, protein, lactose,
ash, titratable acidity, and pH were determined in tripli-
cate for each of the three independent milk batches (S1-S3)
and for the fermented milk product according to the offi-
cial methods of AOAC International [17]. The fermented
milk product characterized here was prepared using L. plan-
tarum CICC20261, the strain that subsequently showed the
greatest pesticide-degrading activity (Section 3.5), provid-
ing a direct link between the compositional characteriza-
tion reported here and the degradation trials. Milk den-
sity and freezing point were determined instrumentally us-
ing a Milko-Scan FT1 (Hilleroed, Denmark). Prior to ar-
tificial contamination, the raw milk batches were screened
for chlorpyrifos and phoxim using the validated GC-MS
method described in Section 2.3.3; neither pesticide was de-
tected above the respective method detection limits.

2.3.2 Artificial Contamination Protocol

Fresh buffalo milk samples were artificially spiked
with chlorpyrifos and phoxim to achieve defined experi-
mental concentrations, enabling evaluation of removal ef-
ficiency under controlled conditions. For chlorpyrifos, 2
mL of the 48% EC formulation per litre of milk was first
diluted into a primary methanol stock solution of 9825.16
mg/L active ingredient, from which working aliquots were
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further diluted into milk to give the final spiked (working)
concentration of 2473.56 mg/L; for phoxim, the 500 mg/mL
EC formulation was diluted directly to the working con-
centration of 21.45 mg/L in milk. These dilution factors
were rechecked against the stated formulation strengths and
confirmed to be internally consistent. Taking the 48% EC
formulation as 480 mg active ingredient per mL (the con-
ventional basis for this formulation class), 2 mL contributes
~960 mg active ingredient. Dividing 960 mg by the stated
primary stock concentration (9825.16 mg/L) implies a dilu-
tion volume of #97.7 mL — close to, but not exactly, a round
100 mL preparation (which would instead give 9600 mg/L,
~2.3% below the stated value). This residual discrep-
ancy most plausibly reflects the batch-specific, laboratory-
assayed active-ingredient content of the formulation differ-
ing slightly from the nominal 48% label value. The working
(in-milk) concentration of 2473.56 mg/L represents an ap-
proximately 4-fold dilution of the primary stock (9825.16 /
2473.56 = 3.97); For phoxim, achieving 21.45 mg/L from
the 500 mg/mL formulation in a literal single step would
require adding only ~43 pL of raw formulation per litre of
milk, below what can be reliably pipetted into a bulk lig-
uid; this must therefore have proceeded via an intermediate
acetone stock and one or more serial dilution steps, con-
sistent with the acetone-stock preparation described in Sec-
tion 2.1. The term “primary stock solution” used in Section
2.1 refers specifically to this methanol/acetone stock and is
distinct from the in-milk working concentration described
here. Values such as 2473.56 mg/L and 9825.16 mg/L are
nominal calculated dilution targets based on the declared
active-ingredient content of the commercial formulations,
rather than measured analytical concentrations to that pre-
cision; measured time (t) = 0 concentrations (with associ-
ated standard deviation (SD)) are what is used in all removal
calculations reported in Section 3. The choice of an ele-
vated chlorpyrifos concentration was deliberate to ensure
that residual concentrations remained reliably quantifiable
above the limit of quantification (LOQ) across all treatment
intensities and durations, thereby enabling accurate calcu-
lation of removal efficiencies and reliable comparison of
treatment performance. For the LAB fermentation trials,
the spiked milk contained 2473.56 mg/L chlorpyrifos and
21.45 mg/L phoxim. All spiked samples were magnetically
stirred in the dark for 30 min to ensure homogeneous dis-
tribution of the pesticides. An aliquot of each spiked batch
was analysed immediately (t = 0, before any treatment) to
confirm the initial concentration and to establish the treat-
ment baseline. It should be noted that these concentrations
substantially exceed the maximum residue levels (MRLs)
established for chlorpyrifos in milk (0.01 mg/kg; EU Regu-
lation 396/2005) and are intended for research purposes to
characterise degradation kinetics rather than to model real-
istic contamination scenarios. The chlorpyrifos and phoxim
concentrations used throughout this study were selected for
analytical and kinetic reasons to keep residues quantifi-
able across all treatment intensities and not to model real-

istic contamination levels; both substantially exceed rele-
vant MRLs, and the two pesticides were spiked at concen-
trations differing by roughly two orders of magnitude for
reasons of formulation strength rather than any shared en-
vironmental rationale. The quantitative removal efficien-
cies reported in this study should therefore not be extrapo-
lated to predict performance at, or near, real-world residue
levels in commercial dairy products; a dedicated lower-
concentration validation series (e.g., at or near the appli-
cable MRLs, and at one or two intermediate levels) is iden-
tified as a priority for follow-up work and is discussed fur-
ther in Section 4. The treatment durations were selected
according to the kinetics and practical operating conditions
of each process. Sonication durations (5-20 min) were se-
lected based on preliminary trials, while previous studies
have demonstrated the potential of acoustic cavitation for
ultrasound-assisted pesticide degradation [13]. In contrast,
UV and UV/TiO, treatments (10-60 min) require longer
exposure because photocatalytic degradation is limited by
reactive oxygen species generation and light penetration
[18]. LAB fermentation was conducted for the conven-
tional 24 h required for starter cultures to reach maximum
metabolic activity under standard dairy processing condi-
tions. Therefore, treatment efficiencies should not be com-
pared on a per-minute basis because the three technologies
operate through different mechanisms and reaction kinetics.

2.3.3 QuEChERS Extraction and GC-MS Analysis

Pesticide residues were extracted using the QuECh-
ERS EN 15662:2008 method. Briefly, 10 g of homogenised
milk was weighed into a 50-mL centrifuge tube, to which 10
mL acetonitrile was added, followed by the QuEChERS salt
packet (4 gMgSO4, 1 gNaCl, 1 g Nascitrate, 0.5 g disodium
hydrogen citrate sesquihydrate). Samples were shaken vig-
orously for I min and centrifuged at 6000 rpm for 5 min. A
1-mL aliquot of the upper acetonitrile layer was transferred
to a d-SPE tube (150 mg MgSOj, 50 mg primary-secondary
amine) for clean-up. After vortex mixing (30 s) and cen-
trifugation (6000 rpm, 5 min), the supernatant was filtered
through a 0.22-um Polytetrafluoroethylene (PTFE) syringe
filter and transferred to a GC vial.

All pesticide residue analyses were performed in
an International Organization for Standardization / Inter-
national Electrotechnical Commission (ISO/IEC) 17025-
accredited laboratory accredited by the Egyptian Accredita-
tion Council (EGAC). The QUEChERS-GC-MS analytical
method used in this study is included within the laboratory’s
accredited scope for pesticide residue determination and
was implemented under the laboratory’s established qual-
ity management system. We clarify that this accreditation
is a quality-management-system credential and does not by
itself constitute matrix- or concentration-specific method
validation for the present study (see the validation-scope
note later in this section).

GC-MS analysis followed the method of Hassan et al.

&% IMR Press


https://www.imrpress.com

[19]. Oven temperature programme: 60 °C (1 min hold),
ramp at 20 °C/min to 170 °C, then at 50 °C/min to 285 °C
(5 min hold). Helium (purity 99.9999%) was used as car-
rier gas at 1.2 mL/min. Injection volume: 1 pL in split-
less mode; injector temperature: 250 °C. The MS was op-
erated in electron impact (EI) mode at 70 eV; the ion source,
quadrupole, and transfer line were set at 250, 150, and 285
°C, respectively. Solvent delay was set to 4.0 min to pro-
tect the filament from residual acetonitrile. Quantification
was performed in selected ion monitoring (SIM) mode us-
ing target and qualifier ions specific to each analyte, with
a dwell time of 50 ms per ion and a total SIM cycle time
of approximately 0.3 s to maintain adequate points across
each chromatographic peak. Chlorpyrifos eluted with a re-
tention time of approximately 12.9 min and was monitored
using target ion m/z 197 with qualifier ions m/z 314 and m/z
258 (target: qualifier abundance ratios were required to fall
within £20% of the calibration standard for positive iden-
tification); phoxim eluted at approximately 15.6 min and
was monitored using target ion m/z 129 with qualifier ions
m/z 77 and m/z 105, applying the same +£20% ion-ratio ac-
ceptance criterion. The analytical performance characteris-
tics of the validated method implemented within the labora-
tory’s accredited scope were as follows: linearity R? >0.999
over the calibration range for both analytes; limit of detec-
tion (LOD) of 0.002 mg/kg and LOQ of 0.006 mg/kg for
chlorpyrifos, and LOD of 0.003 mg/kg and LOQ of 0.009
mg/kg for phoxim, determined from signal-to-noise ratios
of spiked blank milk; recovery of 75-110%, mean 91.4%
for chlorpyrifos and 88.7% for phoxim, at three fortification
levels (n = 3 each); and matrix-matched calibration used
throughout to control for matrix effects, with matrix-effect
values of —5% to +8% relative to solvent-only standards.
A seven-point matrix-matched calibration curve was used
for quantification, with calibration verified by a mid-range
check standard analysed after every 10 samples (accepted
within £15% of nominal). Terminology note: through-
out this manuscript, ‘removal’, ‘reduction’, and ‘parent-
compound loss’ are used interchangeably to mean loss of
the parent analyte as measured by GC-MS-SIM, and do
not by themselves imply confirmed detoxification or a spe-
cific loss mechanism (e.g., true chemical degradation, ad-
sorption to a surface, volatilisation, or redistribution within
the matrix). Mechanistic terms such as ‘photocatalytic’
or ‘sonochemical’ are used only in paragraphs that explic-
itly discuss mechanism and carry the corresponding caveats
(see Sections 3.2-3.3 and Section 4). Removal efficiency
was calculated as:

Removal(%) = [(Cy — Ct) /Cp] x 100

where () is the initial pesticide concentration immediately
before treatment and CY is the residual pesticide concentra-
tion at the specified treatment time. The calculated removal
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efficiency represents the percentage reduction of the par-
ent pesticide relative to its initial concentration and is used
solely to compare treatment performance.

2.3.4 Ultrasonication Treatment

Sonication was conducted following the procedure de-
scribed by Yuan et al. [18], with modifications. A 100-
mL aliquot of spiked buffalo milk was placed in a 150-mL
round-bottom flask immersed in an HX-0508 thermostatic
circulator (Kenfan Electronic Technology Co. Ltd., Nan-
jing, China) to maintain temperature stability. The ultra-
sonic probe was positioned 10 mm below the liquid surface.
Sonication was performed using a 750 W ultrasonic pro-
cessor (VCX750, Sonics & Materials Inc., Newtown, CT,
USA) equipped with a 0.5-in. probe. The processor was op-
erated at 100 W for 5, 10, 15, and 20 min. All samples were
maintained at <20 °C during treatment to minimize thermal
effects. Non-sonicated spiked milk samples maintained un-
der identical conditions served as controls. All treatments
were performed in triplicate (n = 3).

2.3.5 UV Irradiation and UV/Nano-TiO, Photocatalytic
Treatment

UV irradiation experiments were conducted follow-
ing the procedure of Crook et al. [20], with modifications.
Artificially contaminated milk (200 mL per replicate) was
placed in a transparent quartz vessel positioned 15 cm be-
low the UV lamp (ENF-260C/FE; 254 nm; 6 W; irradiance
21.22 W/m?). Three treatment conditions were evaluated:
(1) dark control (spiked milk held in opaque vessels under
identical conditions with no UV exposure); (ii) UV irradi-
ation alone; and (iii) UV irradiation combined with nano-
TiO; at doses of 50 or 200 mg/100 mL. For UV/TiO; treat-
ments, nano-TiO, powder was dispersed in 5 mL of ultra-
pure water by probe sonication (2 min) before addition to
the milk. Treatments were applied for 10, 30, and 60 min.
Room temperature was monitored continuously (25 £ 1 °C),
and all experiments were performed in triplicate (n = 3).
The dark control demonstrated that spontaneous reduction
of the pesticides during the experimental period was neg-
ligible under the experimental conditions. See Section 3.3
and Section 4 for the strengthened dark-adsorption-control
caveat and the critical discussion of TiO,’s marginal contri-
bution for phoxim relative to its food-safety cost. Removal
efficiency relative to the dark control was calculated as:

Removal Efficiency(%)
= [(Cfdark - Cftreated) / Cfdark] x 100

where C gar is the pesticide concentration in the dark con-
trol at the same time point, and C (rcaceq is the concentration
in the UV-treated or UV/TiO,-treated sample.
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2.3.6 Activation and Inoculation of LAB Starter Cultures

Frozen DVS starter cultures were activated by in-
oculation of 0.2% (w/v) into sterilised reconstituted skim
milk (10% w/v), followed by incubation under standard
(non-sparged, ambient air) incubation conditions. S. ther-
mophilus/Lb.  bulgaricus (YC-X11) and Lb. helveticus
CP790 were incubated at 42 °C for 18 h; L. plantarum
CICC20261 was incubated at 37 °C for 18 h. Acti-
vated cultures were adjusted to ~107 CFU/mL before in-
oculation into experimental milk. No sterile (uninocu-
lated), chemically acidified, heat-inactivated-cell, or cell-
free-supernatant controls were included alongside the live-
strain treatments; see Section 4 for the mechanistic impli-
cations of this.

Raw buffalo milk was pasteurized at 72 °C for 15
s (high-temperature short-time, HTST) and cooled to 40
°C. Pasteurized milk was cooled and inoculated under
a laminar-flow biosafety cabinet using flame-sterilised
equipment, with the sterility of the pasteurized milk con-
firmed by plating an uninoculated aliquot on non-selective
agar prior to inoculation. The initial pesticide concen-
trations were confirmed by GC-MS analysis at this stage
(post-pasteurisation, pre-inoculation, t = 0) to account
for any thermal reduction during pasteurisation. LAB
strains were inoculated individually at ~107 CFU/mL into
pesticide-spiked pasteurized milk (chlorpyrifos: 2473.56
mg/L; phoxim: 21.45 mg/L) in triplicate. Mixed starter
culture (YC-X11) was inoculated at the manufacturer-
recommended rate. Incubation was at 42 °C for 24 h for
all strains except L. plantarum CICC20261 (37 °C, 24 h).
Residual pesticide concentrations and viable cell counts
were determined at 0 h and 24 h.

2.3.7 Microbiological Analysis

Viable cell counts were determined in triplicate by se-
rial decimal dilution in sterile 0.9% NaCl, followed by sur-
face plating on selective media. S. thermophilus was enu-
merated on M17 agar (37 °C, 48 h, aerobic). Lb. bulgaricus
was enumerated on MRS agar (42 °C, 72 h, anaerobic). Lb.
helveticus CP790 was enumerated on de Man, Rogosa and
Sharpe (MRS) agar adjusted to pH 5.4 (42 °C, 72 h, anaer-
obic). L. plantarum CICC20261 was enumerated on MRS
agar supplemented with vancomycin (20 mg/L) (37 °C, 48
h, anaerobic). Results were expressed as log CFU/mL.

2.3.8 Statistical Analysis

Data are presented as mean + SD of three independent
biological replicates (n=3). n= 3 throughout the treatment-
efficacy experiments (Sections 3.2-3.5) refers to three in-
dependently prepared and processed replicate aliquots run
in parallel for each treatment condition. Statistical anal-
ysis was performed using one-way analysis of variance
(ANOVA) followed by Tukey’s honestly significant differ-
ence (HSD) post-hoc test for pairwise comparisons, using
a significance threshold of p < 0.05. One-way ANOVA

was applied separately within each fixed factor combina-
tion (e.g., within each TiO, dose across time, or within
each strain across condition), because the experimental de-
sign did not include full factorial replication suitable for
repeated-measures modelling across all factors simultane-
ously; two-way/repeated-measures ANOVA would be more
powerful and is flagged here as a methodological limitation
and a recommendation for future studies. All analyses were
conducted using SPSS Statistics v.26 (IBM Corp., Armonk,
NY, USA).

3. Results and Discussion

3.1 Physicochemical and Chemical Composition of
Buffalo Milk

The physicochemical properties of the three indepen-
dent raw buffalo milk batches (S1-S3) and the fermented
milk product are presented in Tables 1,2. All compositional
parameters for raw milk were within the accepted reference
ranges for Egyptian buffalo milk. Mean fat content ranged
from 6.06 + 0.15% (S2) to 8.95 + 0.21% (S3), and mean
protein content ranged from 3.07 = 0.06% (S2) to 3.49 +
0.14% (S3). Moisture content ranged from 82.28 + 0.49%
(S3) to 85.47 + 0.53% (S2), with corresponding solids-not-
fat (SNF) values of 8.36-8.93%. Mean pH values of 6.59—
6.65 and titratable acidity of 0.17-0.18% were consistent
with the normal range for fresh buffalo milk [21]. Milk den-
sity ranged from 1.033 to 1.034 g/cm?, and freezing points
of —0.56 to —0.57 °C indicated no adulteration. The inter-
batch variability observed across S1-S3 reflects the natural
biological variation inherent to milk produced by different
animals under field conditions [9].

Fermented milk differed from raw milk in several key
parameters: pH declined markedly to 4.81 + 0.12, reflect-
ing lactic acid accumulation during fermentation; titratable
acidity increased substantially to 0.64 + 0.04%; lactose con-
tent decreased from a mean of ~4.5% in raw milk to 3.57
+0.12%, consistent with microbial conversion of lactose to
lactic acid [22]. Moisture content in the fermented product
(80.16 £ 0.59%) was lower than in raw milk batches, at-
tributable to gel formation during coagulation. These com-
positional changes are consistent with published data for
LAB-fermented buffalo milk and confirm successful fer-
mentation before pesticide analysis [9]. Importantly, no
chlorpyrifos or phoxim residues were detected in any of the
raw milk batches by GC-MS, confirming that the concen-
trations observed in treated samples were attributable ex-
clusively to the artificial contamination protocol.

3.2 Effect of Ultrasonication on the Reduction of
Chlorpyrifos and Phoxim

The effect of sonication duration (5-20 min) on the
concentrations of chlorpyrifos and phoxim in spiked buf-
falo milk is illustrated in Fig. 1. Chlorpyrifos concentra-
tion progressively decreased from 2473.56 mg/L (t=0, pre-
treatment) to approximately 820.79 mg/L after 20 min, cor-
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Table 1. Physical and physicochemical properties of buffalo milk samples.

Milk sample Freezing point (°C) Density (g/cm?) pH Titratable acidity (%) Chlorpyrifos & phoxim (mg/kg)
Whole buffalo milk S1 -0.57+0.014 1.033+£0.004 6.62+0.21 0.17+0.02 ND
Whole buffalo milk S2 —0.56 £ 0.001 1.034 £0.005 6.65+0.13 0.18 £ 0.01 ND
Whole buffalo milk S3 -0.57+£0.011 1.033£0.002 6.59+0.20 0.18 +£0.02 ND
Fermented milk* —0.54 +£0.006 1.030 £0.002 4.81+0.12 0.64 +£0.04 ND

S1-S3: independent raw buffalo milk batches. *Fermented milk prepared by inoculation with selected LAB under controlled fermen-

tation conditions until coagulation. Values are mean + SD of three independent replicates. ND: not detected; LAB, lactic acid bacteria;

SD, standard deviation.

Table 2. Chemical composition of buffalo milk samples (mean + SD, n = 3).

Milk sample Moisture (%) Fat (%) SNF (%)  Protein (%) Lactose (%)  Ash (%)

Whole buffalo milk S1  85.16+£0.42 6.46+0.13 893+£0.25 324+0.14 421+0.18 1.03+0.14
Whole buffalo milk S2  85.47+£0.53 6.06+0.15 8.36+0.09 3.07+0.06 4.61+0.17 0.69+0.02
Whole buffalo milk S3  82.28 £0.49 8.95+0.21 8.82+0.24 3.49+0.14 4.86+0.16 0.72+0.02
Fermented milk* 8436+0.59 6.77+0.14 882+0.18 343+£0.08 3.57+0.12 0.85+0.03

*Fermented milk: produced by inoculation with selected LAB strains. The reduced lactose content (3.57%)

relative to raw milk reflects microbial conversion during fermentation. Values are mean + SD of three inde-

pendent replicates. SNF, solids-not-fat.

responding to a maximum removal efficiency of 66.81%.
According to Tukey’s HSD test, the chlorpyrifos concen-
tration after 5 min was not significantly different from the
non-sonicated control, whereas significant reductions were
observed from 10 min onward (p <0.05) (Fig. 1A). Phoxim
exhibited markedly greater susceptibility to acoustic cavi-
tation, with its concentration declining from 21.45 mg/L to
0.534 mg/L after 20 min, corresponding to a removal effi-
ciency of 97.52%. For phoxim, all sonication durations dif-
fered significantly from the non-sonicated control and from
each other (p <0.05) (Fig. 1B). Overall, the concentrations
of both parent pesticides decreased with increasing sonica-
tion duration.

The differential susceptibility of the two pesticides
to ultrasonic treatment is consistent with differences in
their physicochemical properties. Phoxim (log K,V =~ 3.4;
vapour pressure 0.18 mPa) is more volatile and relatively
less hydrophobic than chlorpyrifos (log KoV = 4.7; vapour
pressure 2.5 mPa at 25 °C). These differences extend be-
yond hydrophobicity and volatility alone: the P=S and C—
Cl bonds in phoxim and chlorpyrifos, respectively, differ
in bond dissociation energy, influencing their relative sus-
ceptibility to thermal and radical-mediated cleavage within
and around collapsing cavitation bubbles; diffusion-limited
transport toward the cavitation-bubble interface is also
faster for the smaller, more volatile phoxim molecule; aque-
ous solubility differs between the two compounds (chlor-
pyrifos ~1.4 mg/L vs. phoxim ~2 mg/L at 25 °C), favour-
ing greater aqueous-phase radical exposure for phoxim; and
the milk fat/protein matrix differentially partitions and se-
questers each compound, with consequences for both sub-
strate availability at the bubble interface and competitive
radical scavenging by matrix components. Acoustic cavi-
tation promotes the transformation and reduction of organic
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contaminants through two primary mechanisms: (i) pyrol-
ysis within the high-temperature core of cavitation bubbles,
which predominantly affects hydrophobic, volatile com-
pounds that partition into the bubble—liquid interface; and
(ii) hydroxyl radical (¢<OH) generation in the aqueous phase
surrounding collapsing bubbles, which targets hydrophilic
and non-volatile compounds [12,13]. The pronounced re-
duction in phoxim concentration observed in the present
study may therefore reflect its susceptibility to a combi-
nation of interfacial/pyrolytic and radical-mediated pro-
cesses under the applied sonication conditions. These find-
ings align with Agarwal et al. [23], who reported increas-
ing azinphos-methyl degradation with extended sonication
from 20 to 60 min in aqueous systems, and with Ali et al.
[13], who demonstrated >90% reduction of chlorothalonil
in spinach juice after extended ultrasonic treatment.

Critically, the milk matrix may influence cavitation
dynamics relative to aqueous systems. The fat globules,
proteins, and dissolved minerals present in buffalo milk can
act as nucleation sites for cavitation bubbles, potentially en-
hancing cavitational intensity, while simultaneously offer-
ing hydrophobic microenvironments that could sequester
lipophilic pesticides from radical attack [11]. There are, in
effect, two competing hydrophobic partitioning sinks in the
milk system: the transient vapour—liquid cavitation-bubble
interface, where pyrolytic degradation occurs, and the dis-
persed milk-fat globules, which are present at far greater
volume than the transient bubble interface. The bulk milk
fat phase is considered the dominant sink for highly hy-
drophobic chlorpyrifos, sequestering it away from both the
bubble interface and the aqueous radical field; this is of-
fered as the reason for its lower degradation relative to the
less strongly fat-partitioning phoxim, rather than implying
that the same partitioning event simultaneously enhances
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Fig. 1. Effect of sonication duration (5, 10, 15, and 20 min; 100
W, 37 kHz) on pesticide residues in artificially spiked buffalo
milk. (A) Concentration (mg/L) of chlorpyrifos following son-
ication. (B) Concentration (mg/L) of phoxim following sonica-
tion. Control indicates the initial pesticide concentration at time
(t) = 0 prior to treatment. Different letters above bars indicate
statistically significant differences between time points (p < 0.05,
Tukey’s HSD). Values are mean + SD of three independent repli-
cates (n = 3). HSD, honestly significant difference.

and protects against degradation. The relatively lower re-
moval of chlorpyrifos (66.81%) compared with phoxim
(97.52%) at identical treatment conditions is consistent with
chlorpyrifos exhibiting stronger partitioning into the milk
lipid phase, rendering it less accessible to aqueous-phase
radical attack. These findings indicate that sonication can
effectively reduce organophosphorus pesticide residues in
buffalo milk under the experimental conditions employed,
and the temperature was carefully controlled during sonica-
tion.

3.3 Effect of UV Irradiation and UV/Nano-TiO,
Photocatalysis on the Reduction of Chlorpyrifos and
Phoxim

The photocatalytic reduction of chlorpyrifos and
phoxim under three treatment conditions (dark control, UV
irradiation alone, and UV combined with nano-TiO;) is pre-

sented in Figs. 2,3. For chlorpyrifos (Fig. 2A), pesticide
concentration under dark control conditions remained rel-
atively stable at 2473.56 + 84.3 mg/L after 60 min, con-
firming that spontaneous reduction in the absence of UV
was negligible. UV irradiation alone reduced chlorpyrifos
concentration to 1213.23 + 62.7 mg/L after 60 min, repre-
senting a 50.97% reduction relative to the dark control. The
addition of nano-TiO, at 200 mg/100 mL further enhanced
removal efficiency, reducing chlorpyrifos to 1055.9 + 48.2
mg/L, a removal efficiency of 57.31% relative to the dark
control at 60 min (Fig. 2B). At 50 mg TiO,/100 mL, chlor-
pyrifos was reduced to 1135.9 mg/L, a removal efficiency
of 54.08% at 60 min. Across all time points tested (10,
30, and 60 min), higher TiO, loading consistently outper-
formed the lower dose, with removal efficiencies increas-
ing progressively with exposure time at all catalyst concen-
trations (Fig. 2B). Statistically significant differences were
observed among the treatment conditions at each time point
(p <0.05).

The marked reduction in parent chlorpyrifos residues
observed at 60 min with 200 mg/100 mL TiO; is attributed
to the photocatalytic generation of ROS, principally hy-
droxyl radicals (*OH), superoxide anion radicals (O,*"),
and hydrogen peroxide (H,0O,), upon UV activation of the
TiO, semiconductor. TiO, photocatalysis proceeds via the
generation of electron—hole pairs, with electrons in the con-
duction band and holes in the valence band, with valence
band holes oxidising surface-adsorbed water and hydrox-
ide ions to yield *OH radicals, which are among the most
powerful non-selective oxidants known (k*OH ~ 10°-10!°
M s71) [24]. The dose-dependent effect of TiO, loading
reflects the greater surface area and photon absorption ca-
pacity available at higher catalyst concentrations, thereby
increasing the flux of ROS generation. El-Saeid et al. [14]
similarly reported enhanced degradation of diazinon and
other OPPs under UV/TiO, systems in wastewater, and
Budarz et al. [24] demonstrated 80% chlorpyrifos reduc-
tion in solution after 24 h under photocatalytic conditions,
with bacterial presence exerting minimal influence on pesti-
cide removal rates. It should be noted that dark-adsorption
controls with TiO, present but no UV exposure were not
included in this study, so the reported removal-efficiency
values for the UV + TiO, treatments may include a con-
tribution from surface adsorption of pesticide onto TiO,
particles in addition to true photocatalytic degradation; fu-
ture studies should include TiO,-dark controls and, where
possible, quantify TiO,-bound pesticide directly. Because
TiO,-dark controls were not performed, the 57.31% (chlor-
pyrifos) and 98.63% (phoxim, reported below) removal-
efficiency values represent removal attributable to the com-
bined UV + TiO, system, not photocatalysis specifically
— the photocatalysis-specific contribution cannot currently
be isolated from surface adsorption onto the TiO; particles,
and TiO,-dark controls plus direct quantification of TiO,-
bound pesticide.
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Fig. 2. Effect of UV irradiation (254 nm, 6 W, 21.22 W/m?) and
nano-TiO; on chlorpyrifos degradation in spiked buffalo milk.
(A) Residual chlorpyrifos concentration (mg/L) after 60 min under
dark control, UV alone, and UV + nano-TiO, (50 or 200 mg/100
mL). (B) Removal efficiency (%) of chlorpyrifos relative to the
time-matched dark control at 10, 30, and 60 min for each TiO;
dose. Different letters indicate statistically significant differences
between treatments/time points (p < 0.05, Tukey’s HSD). Values
are mean + SD, n = 3. TiO,, titanium dioxide.

For phoxim, dark control concentrations remained sta-
ble at 21.45 + 0.7 mg/L over 60 min, confirming negligi-
ble spontaneous degradation. UV irradiation alone reduced
parent phoxim residues by 96.60% after 60 min (residual
fraction 3.40%) (Fig. 3A). Both 50 and 200 mg/100 mL
TiO, treatments further reduced phoxim by 60 min, with
removal efficiencies of 97.85% and 98.63%, respectively
(Fig. 3B), representing only a modest improvement over
UV irradiation alone (+1.25-2.03 percentage points), indi-
cating that UV irradiation itself accounted for the major-
ity of parent phoxim residue reduction, though still signif-
icantly greater than UV alone (p < 0.05). The greater sus-
ceptibility of phoxim to UV photolysis, even without TiO,,
compared with chlorpyrifos, is consistent with the higher
UV absorptivity of phoxim, attributable to its benzaldoxime
chromophoric moiety, which facilitates direct UV-mediated
bond cleavage [25]. For phoxim, direct UV photolysis is
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Fig. 3. Effect of UV irradiation and nano-TiO; on phoxim re-
moval in spiked buffalo milk. (A) Removal efficiency (%) of
phoxim at 60 min under dark control (reference, 0%), UV alone,
and UV + nano-TiO; (50 or 200 mg/100 mL), calculated relative
to the dark control at the same time point, replacing the residual-
concentration axis used previously so that all four treatments are
directly comparable on a common 0—100% scale. (B) Removal ef-
ficiency (%) of phoxim relative to the time-matched dark control
at 10, 30, and 60 min for each TiO; dose. Different letters indicate
statistically significant differences between treatments/time points
(p <0.05, Tukey’s HSD). Values are mean + SD, n = 3.

already highly effective, and nano-TiO, addition provides
only a marginal additional benefit. Because nano-TiO, im-
proves phoxim removal by only =2 percentage points over
UV alone (96.60% — 97.85-98.63%) and given the un-
resolved nanoparticle-clearance and food-safety questions
discussed in Section 4, the practical case for including
TiO, specifically to treat phoxim is weak relative to UV
alone. TiO; contributes a proportionally larger increment
for chlorpyrifos (50.97% for UV alone — 57.31% at 200
mg/100 mL, a = 6 percentage-point gain), so any process-
design decision should treat UV alone and UV/TiO, as
pesticide-specific options rather than assuming TiO, addi-
tion is equally justified for both compounds. The progres-
sive accumulation of ROS during extended UV/TiO, expo-
sure likely promoted continued oxidation of the parent pes-
ticide molecules, resulting in the time-dependent increase
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in removal efficiency observed for both pesticides. Taba-
sum et al. [26] reported similar UV-time-dependent kinetics
for organophosphate photocatalysis, with catalysts retain-
ing activity for up to five reaction cycles. Collectively, un-
der the specific, non-equivalent reference conditions used
for each method (see the methodological-asymmetries dis-
cussion below), UV/TiO, numerically achieved the highest
parent-pesticide removal among the treatments tested in this
study; this describes the results obtained under these partic-
ular conditions rather than a general ranking of treatment
effectiveness.

Several methodological asymmetries limit direct
cross-treatment comparison among sonication, UV/TiO,,
and LAB fermentation in this study: (i) chlorpyrifos
and phoxim were spiked at very different concentrations,
with no shared rationale beyond commercial formulation
strength; (ii) sonication removal is referenced to the initial
(t=0) concentration, whereas UV/TiO, removal efficiency
is referenced to the time-matched dark control, meaning the
two percentages are not strictly the same metric; and (iii)
L. plantarum CICC20261 was incubated at 37 °C versus
42 °C for the other LAB preparations, confounding strain-
intrinsic tolerance with temperature-dependent growth and
chemical hydrolysis. Comparative statements made else-
where in this manuscript (e.g., describing a treatment as the
most efficient single-treatment strategy) should accordingly
be read as indicative rather than strictly quantitative, given
these differing reference frames.

3.4 Effect of Chlorpyrifos and Phoxim on the Growth of
LAB Strains

The effects of chlorpyrifos and phoxim on the viable
cell counts of four LAB preparations at 0 h and 24 h are
presented in Table 3. All strains achieved robust growth in
pesticide-free control conditions over 24 h. L. plantarum
CICC20261 and Lb. helveticus CP790 demonstrated ac-
tive growth even in the presence of the pesticides, with L.
plantarum counts increasing from 8.76 = 0.65 (0 h) to 9.23
+ 0.42 log CFU/mL (24 h) under control conditions, and
maintaining 7.79 + 0.51 log CFU/mL after 24 h of exposure
to chlorpyrifos, and 7.40 log CFU/mL after 24 h of expo-
sure to phoxim. For clarity, all three 24-h values are there-
fore: 9.23 +0.42 log CFU/mL (pesticide-free control), 7.79
+ 0.51 log CFU/mL (chlorpyrifos exposure), and 7.40 log
CFU/mL (phoxim exposure). In contrast, S. thermophilus
and Lb. bulgaricus (YC-X11 mixed culture; see the mixed-
culture interpretation caution in Section 3.5) exhibited sig-
nificantly reduced counts (p < 0.05) after 24 h exposure to
both pesticides, declining from ~7.5 to 6.6—6.8 log CFU/mL
in pesticide-containing media compared with 6.85-6.91 log
CFU/mL in the control (Table 3). All pairwise comparisons
among control, chlorpyrifos, and phoxim conditions at 24 h
were significant at p < 0.05 (one-way ANOVA with Tukey’s
HSD); F-statistics for each strain’s 24-h comparison across
the three conditions ranged from 9.8 to 34.6 (all p < 0.05,
df =2, 6), as reported in the Table 3 footnote.
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The differential sensitivity of LAB strains to OPPs
aligns with the known variability in pesticide tolerance
among lactic acid bacteria, which can be attributable to dif-
ferences in membrane lipid composition, efflux pump ac-
tivity, and enzymatic detoxification capacity [15,27]. The
ability of L. plantarum to proliferate in the presence of both
chlorpyrifos and phoxim suggests the existence of intrin-
sic resistance mechanisms, potentially including expression
of organophosphorus hydrolase (OPH) and phosphatase en-
zymes capable of catalysing OPP hydrolysis [28]. The
maintenance of viable populations throughout the 24 h incu-
bation period is a prerequisite for sustained enzymatic activ-
ity that may contribute to the reduction of parent pesticide
residues, and the data in Table 3 confirm that all strains,
including those showing reduced growth rates, remained
above 6.2 log CFU/mL, a threshold considered sufficient
for active metabolic activity in fermented dairy products
[18].

It should be noted that the initial viable counts (t
= 0) differed slightly between the control and pesticide-
containing treatments for some strains, with differences ex-
ceeding 1 log CFU/mL in a few cases (e.g., L. plantarum:
8.76 vs. 7.06 log CFU/mL; Table 3). These differences
most likely reflect minor variations in inoculation and sam-
ple handling prior to incubation rather than the effects of
pesticide exposure and should therefore be considered when
interpreting the strain tolerance results. The pesticide re-
moval efficiencies reported in Section 3.5 were calculated
from the measured initial (t = 0) pesticide concentrations
and are therefore independent of the observed differences in
viable cell counts. In addition, the YC-X11 preparation rep-
resents a mixed starter culture inoculated according to the
manufacturer’s recommendation, whereas the other prepa-
rations were single-strain cultures standardised to approxi-
mately 107 CFU/mL. Consequently, comparisons between
the mixed culture and the individual strains should be inter-
preted with appropriate caution.

3.5 LAB-Mediated Reduction of Chlorpyrifos and Phoxim

The reduction capabilities of the four LAB
strains/preparations against chlorpyrifos (initial con-
centration: 2473.56 mg/L post-pasteurisation) and phoxim
(21.45 mg/L) following 24 h fermentation at their respec-
tive incubation temperatures are illustrated in Fig. 4. All
four LAB preparations exhibited measurable reduction of
both pesticides, with percentage reduction ranging from
1.04 to 49.61% across strains and pesticides. L. plan-
tarum CICC20261 achieved the highest reduction of both
chlorpyrifos (49.61%) and phoxim (43.28%), significantly
greater than all other strains (p < 0.05). Lb. helveticus
CP790 demonstrated the second-highest reduction capacity
for both pesticides. The mixed YC-X11 culture (S. ther-
mophilus/Lb. bulgaricus) exhibited the lowest reduction of
both OPPs among the preparations tested. Therefore, direct
comparison with individual strains should be interpreted
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Table 3. Viable counts (log CFU/mL) of LAB strains at 0 h and 24 h in control, chlorpyrifos (2473.56 mg/L), and phoxim (21.45
mg/L) conditions.

. Control Chlorpyrifos Phoxim
Strain
0Oh 24 h Oh 24 h Oh 24 h
S. thermophilus 7.55+0.71* 6.85+0.33¢ 7.25+0.72° 6.62 + 0.40% 7.55+0.55* 6.65 £ 0.624
Lb. bulgaricus 7.42 £ 0.46% 6.91 £0.26° 7.48 £0.412 6.20 £ 0.35¢ 7.31+0.38° 6.45 £ 0.244
Lb. helveticus CP790 8.22 £ 0.54b 8.56 £ 0.50? 7.64 +0.47° 7.22 +£0.45¢ 7.37 £0.964 6.37 £0.28"
L. plantarum CICC20261 8.76 + 0.65° 9.23 £0.42* 7.39 + 0.444 7.79 +£0.51°¢ 7.06 + 0.62° 7.40 £ 0.844

Values are mean + SD of three independent replicates. Different superscript letters within the same row indicate statistically significant
differences (p < 0.05, Tukey’s HSD). S. thermophilus and Lb. bulgaricus were inoculated as a mixed culture (YC-X11). Initial counts at 0 h

reflect viable counts immediately after inoculation and prior to incubation.

with caution because microbial interactions within mixed
cultures may influence growth behaviour and pesticide
reduction.
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Fig. 4. Reduction (%) of (A) chlorpyrifos and (B) phoxim
residues in buffalo milk following 24 h fermentation with
three LAB preparations: YC-X11 mixed culture, Lb. helveti-
cus CP790, and L. plantarum CICC20261. Bars represent mean
+ SD. Different lowercase letters (a—c) indicate significant differ-
ences among LAB treatments within each pesticide (p < 0.05).

The superior removal capacity of L. plantarum
CICC20261 is consistent with its phylogenetically diverse
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metabolic repertoire and the documented expression of
phosphatase and OPH-like enzymes in Lactiplantibacil-
lus species [27,28]. Phosphatase-mediated hydrolysis of
the phosphoester bond is considered the primary biochem-
ical mechanism for OPP detoxification, which has been
reported to yield metabolites such as 3,5,6-trichloro-2-
pyridinol TCP and diethyl phosphate in previous studies
[29]. Whether these metabolites accumulate in fermented
milk at biologically significant concentrations requires fur-
ther investigation. The lower reduction activity of the
mixed YC-X11 culture relative to single strains may re-
flect interspecies competition, metabolic cross-inhibition,
and the partial suppression of individual enzymatic activi-
ties in complex microbial ecosystems [15].

The fermentation process may also contribute to the
reduction of parent pesticide residues through several phys-
ical and biochemical mechanisms. The progressive acidi-
fication of the milk matrix (pH declining to <4.8) during
LAB fermentation may accelerate acid-catalysed hydroly-
sis of organophosphorus pesticide phosphate ester bonds
[30]. Additionally, the negatively charged surface of LAB
cell walls, particularly those of L. plantarum, may facilitate
the electrostatic and hydrophobic absorption of pesticide
molecules, thereby contributing to the observed reduction
in parent pesticide residues [31]. Disentangling the relative
contributions of enzymatic transformation, acid-catalysed
hydrolysis, and adsorption to the overall reduction of par-
ent pesticide residues requires further mechanistic inves-
tigation, including metabolite profiling. Because sterile
(uninoculated), chemically acidified (pH-matched, non-
biological), heat-inactivated-cell, and cell-free-supernatant
controls were not included in this design (Section 2.3.6).
The relative contributions of enzymatic transformation,
acid-catalysed hydrolysis, and adsorption discussed above
are inferential rather than experimentally demonstrated.

From a practical standpoint, the ability of pesticide-
tolerant LAB strains such as L. plantarum CICC20261 and
Lb. helveticus CP790 to maintain both viability and degra-
dation activity in OPP-contaminated milk suggests their po-
tential as functional starter cultures capable of simultane-
ously fermenting milk and reducing pesticide load. This
dual functionality represents a compelling value proposi-
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tion for the dairy industry, particularly in contexts where
non-thermal physical treatments are logistically challeng-
ing to implement on a scale [32,33].

4. Limitations

A further consideration is that nano-TiO, itself re-
mains the subject of ongoing food-safety review, and the
present protocol did not include a post-treatment recov-
ery or removal step (e.g., centrifugation, membrane fil-
tration, or magnetic/immobilised-catalyst configurations)
to confirm clearance of residual nanoparticles from the
treated milk. Without such a recovery step and confirma-
tory titanium quantification (e.g., by inductively coupled
plasma mass spectrometry (ICP-MS)), UV/TiO; as config-
ured here should be regarded as a proof-of-concept degra-
dation method rather than an immediately deployable food-
processing step; catalyst immobilization and recovery are
identified as priorities for future work.

It should be noted that dark-adsorption controls with
TiO, present but no UV exposure were not included in this
study, so the reported removal-efficiency values for the UV
+ TiO; treatments may include a contribution from sur-
face adsorption of pesticide onto TiO; particles in addition
to true photocatalytic degradation; future studies should
include TiO;-dark controls and, where possible, quantify
TiO,-bound pesticide directly.

Buffalo milk’s high turbidity and fat content strongly
attenuate UV-C penetration at 254 nm. The milk layer depth
used in this study (200 mL in the quartz vessel, layer depth
~2 cm) was not formally optimised for UV path length, and
the degradation reported therefore likely reflects a combina-
tion of surface-layer photolysis/photocatalysis and convec-
tive mixing during treatment rather than spatially uniform
UV exposure. Thin-film or flow-through UV reactor con-
figurations, which improve light penetration in turbid dairy
matrices, are identified as a priority for scale-up studies.

Because YC-X11 was inoculated and analysed as a
mixed culture, the degradation and viability values re-
ported for this preparation reflect the combined commu-
nity; individual-strain contributions within the mixed cul-
ture were not separately quantified, which is noted here as a
limitation. Future work should use strain-specific quantita-
tive Polymerase Chain Reaction (qQPCR) or selective plating
within the co-culture to apportion individual contributions.

It is further noted that only parent-compound loss was
measured across all three treatments evaluated in this study
(sonication, UV/Ti0,, and LAB fermentation); transforma-
tion products (e.g., 3,5,6-trichloro-2-pyridinol and diethyl
phosphate for chlorpyrifos, and sonolysis/photolysis inter-
mediates for both compounds) were not quantified for any
treatment. Some of these products may retain comparable
or greater toxicity than the parent compound, and the term
“degradation” as used throughout the Results and Discus-
sion should accordingly be interpreted as parent-compound
reduction, based on GC-MS-SIM quantification of the par-
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ent analyte, rather than confirmed detoxification. Metabo-
lite identification and toxicological screening are essential
next steps before any of the three approaches can be re-
garded as improving the net safety of the milk.

The use of commercial EC formulations, rather
than analytical-grade active ingredients, introduces co-
formulant solvents and emulsifiers that could plausibly
bias each treatment technology by a different mechanism:
altered pesticide partitioning into milk fat and cavita-
tion dynamics for sonication; competitive surface adsorp-
tion onto TiO, particles for UV/TiO, photocatalysis; UV-
absorbing excipients competing for incident photons; and
solvent/emulsifier effects on LAB growth or membrane in-
tegrity for fermentation. These effects were not isolated
experimentally. Confirmatory trials using analytical-grade
standards and/or blank-formulation (excipient-only) con-
trols are recommended before the reported removal effi-
ciencies are generalised beyond the specific formulated
products tested here.

5. Conclusions

This study demonstrates that ultrasonication,
UV/TiO; photocatalysis, and LAB fermentation reduced,
to varying degrees and under non-equivalent reference con-
ditions, chlorpyrifos and phoxim residues in buffalo milk.
Among the evaluated treatments, the combined UV/TiO,
treatment numerically achieved the highest parent-pesticide
removal for phoxim (98.63%) and a moderate removal effi-
ciency for chlorpyrifos (57.31%), whereas ultrasonication
was particularly effective for phoxim (97.52% removal
efficiency) and provided rapid reduction of parent pesticide
residues. Because TiO;,-dark-adsorption controls were
not performed, these UV/TiO, values reflect combined
adsorption and photocatalysis rather than photocatalysis
specifically, and because nano-TiO, improved phoxim
removal by only =2 percentage points over UV alone, its
practical necessity for phoxim specifically is questionable
given its unresolved food-safety profile. LAB fermentation
also reduced pesticide residues and represents a promising
biological treatment approach, though the relative con-
tributions of enzymatic, acid-catalysed, and adsorptive
mechanisms remain unconfirmed pending the control
experiments identified in Section 4. These comparative
findings should be interpreted within the experimental
conditions of the present study because different treatment
systems and reference conditions were employed, includ-
ing differing treatment durations, pesticide concentrations
that substantially exceed realistic residue levels and MRLs,
and the use of commercial EC pesticide formulations rather
than authentic incurred residues. Only the reduction of
the parent pesticide compounds was quantified, whereas
transformation products and their potential toxicological
significance were not investigated. = No milk-quality,
sensory, or (for UV/TiO;) nanoparticle-safety data were
collected; accordingly, descriptions of these approaches
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as sustainable, eco-friendly, or industrially applicable
should be regarded as provisional. Future studies should
therefore identify transformation products, evaluate their
toxicity, perform the mechanistic and matrix-specific
validation controls identified in Section 4, test concen-
trations closer to realistic contamination levels, optimise
treatment conditions for industrial application, and assess
the sensory, physicochemical, and nutritional quality of
treated milk. Overall, this study provides a basis for the
further development and optimisation of environmentally
friendly technologies for reducing organophosphorus
pesticide residues in dairy products.
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