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Abstract /1
Aquaculture is one of the most rapidly expanding agroindustry, and the
bioaccumulation of contaminants in maricultural farms raises safety concerns, Article History
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as contaminants can occur at any point in the value chain. This study aimed
to quantify the presence of antibiotic and hazard contaminants in mariculture

species in Penang, Malaysia. Six commercially important mariculture Keywords

species, namely Caranx sexfaciatus, Epinephelus coioides, Lates calcarifer,
Lutjanus argentimaculatus, Lutjanus johnii and Trachinotus blochii, have
been shortlisted. The results revealed that ampicillin, streptomycin, and
tetracycline were below than MDL () in the studied species. The estimated
daily intake (EDI) of arsenic (As, 0.002—0.003 mg kg™ day'), cadmium (Cd,

AMR;
Contaminant;
Food Safety;
Food Security;
Heavy Metal;
Mariculture;

Risk Assessment.

0.0001-0.0002 mg kg™ day™), lead (Pb, 0.0003-0.0004 mg kg™ day'), and
nickel (Ni, 0.0001 mg kg day') remained below the Provisional Tolerable
Daily Intake (PTDI) thresholds, suggesting negligible non-carcinogenic health
risks from dietary exposure. However, long-term exposure assessment
indicated a moderate carcinogenic risk associated with Cd, ranging from
1.1 x 10 to 9.2 x 10 over a 30-year period. Overall, while both antibiotic
residues and heavy metals posed minimal immediate health concerns, Cd
may present a potential long-term carcinogenic risk, warranting continuous
monitoring and risk management.

Introduction

Aquaculture is one of the essential sectors that
contributes to fishery products as the primary source
of protein for human consumption.! This sector has
been the fastest-growing food production sector in

the past three decades, with an annual growth rate
of 6.9%. With the rapid increase in mass production,
the aquaculture industry is now close to overtaking
fisheries as the leading source of aquatic foods and
a sustainable option for attaining food security."
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Indeed, aquaculture is frequently promoted as an
economic enhancement, substantially expanding
world trade, increasing household income, and
growing urbanization.? In the present state, Asia is by
far the largest aquaculture producer, accounting for
92% of the global live-weight production in 2020, with
China alone contributing 57% of the total aquaculture
volume and 59% of the global value, respectively.’

Malaysia possesses extensive coastal resources,
with approximately 4,675 km of coastline and access
to major marine ecosystems such as the South China
Sea and the Straits of Malacca, providing significant
potential for aquaculture development.® In recent
decades, while wild-caught fisheries have stagnated
due to overfishing and environmental pressures, the
aquaculture sector has expanded rapidly and now
plays an increasingly important role in national fish
production and food security.® In 2024, Malaysia’s
total fishery production reached approximately 1.9
million tonnes, with aquaculture contributing about
25% of total output.* This rapid expansion has been
driven by technological advancements and national
development policies, transforming the sector from
traditional small-scale practices to more intensive
and commercialized systems.® The industry currently
engages approximately 16,873 culturists, with a total
production of 511,860 tonnes and an estimated value
of RM 4.53 billion, underscoring its importance in
ensuring a stable and sustainable protein supply.*
Penang State, located in the northwest region of
Peninsular Malaysia, is one of the largest marine
aquaculture producers.* The main cultivated species
including seabass (Lates calcarifer), snapper
(Lutjanus argentimaculatus), golden pompano
(Trachinotus blochi), grouper (Epinephelus coiodes),
and bigeye trevally (Caranx sexfaciatus).

Despite the well-recognized nutritional benefits
of aquaculture products, increasing concern has
been directed toward the potential adverse health
effects associated with long-term dietary exposure
to contaminants. These contaminants may originate
from environmental pollution, regional practices, or
improper aquaculture management. In particular, the
extensive use and misuse of antimicrobial agents
in aquaculture have been linked to the presence of
drug residues in cultivated species. In particular, two
studies reported the detection of malachite green
(an antifungal dye) in locally produced red tilapia,
African catfish, hybrid grouper, and barramundi,’
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and tetracycline in aquaculture farms.® Even if the
detected compound is reported to be relatively low,
the consumer might be at risk in the long run of
consumption, as the substances are high in thermal
stability and not reduced during the cooking process.
In addition, the ability of these compounds to be
degraded at the intestinal level increases the degree
of toxicity to human during the ingestion process.”

Furthermore, the widespread application of
antibiotics in aquaculture has contributed to the
emergence of antimicrobial resistance (AMR),
particularly in intensive farming systems where
disease pressure is elevated.® In Malaysia, antibiotic-
resistant bacteria have been identified in various
aquaculture species and environments, including
pathogenic isolates from golden pompano in
Pahang® and shrimp in Selangor.®'° Evidence across
multiple regions indicates resistance to commonly
used antibiotics such as ampicillin, tetracycline, and
streptomycin in bacterial genera including Vibrio,
Salmonella, Streptococcus, and Aeromonas.®'?
These findings highlight the growing challenge
of AMR in aquaculture and underscore the need
for stricter regulation, improved surveillance, and
sustainable management practices to mitigate risks
to food safety and human health.

In addition to antimicrobial residues and resistant
microorganisms, heavy metals such as arsenic (As),
cadmium (Cd), lead (Pb), and nickel (Ni) represent
another major class of contaminants in aquaculture
systems due to their persistence, bioaccumulative
nature, and potential to induce both toxic and
carcinogenic effects, even at trace levels." These
metals may be introduced into aquatic environments
through both natural processes and anthropogenic
activities, including industrial discharge, urban
runoff, and coastal development, with their toxicity
varying depending on concentration, chemical
form, and biological exposure. Long-term dietary
intake of contaminated seafood may therefore pose
significant health risks.

Heavy metal contamination in seafood has been
extensively reported in Peninsular Malaysia
over the past decades, indicating that this is a
long-standing environmental concern rather than
a recent phenomenon.''® Earlier and recent
studies consistently demonstrate that, although
metal concentrations in seafood are often within
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permissible limits, spatial variability and localized
contamination persist, particularly in areas subjected
to anthropogenic pressure. A more localized
perspective can be observed in Penang, where both
historical and recent studies have demonstrated the
persistence and variability of heavy metals across
multiple environmental compartments. Sediment
assessments in the Bayan Lepas Free Industrial
Zone revealed significant spatial heterogeneity in
metals such as Cd, Cr, Cu, Pb, and Zn, ranging
from unpolluted to strongly polluted conditions based
on geoaccumulation index and enrichment factor
analyses, reflecting localized anthropogenic inputs
from industrial activities.'” Similarly, biomonitoring
studies using cockles (Anadara granosa) from
the Juru and Jejawi showed significant spatial
differences in As and heavy metal concentrations,
with Zn and Cd identified as key discriminating
contaminants, highlighting the influence of site-
specific pollution sources.™

Therefore, the present study aims to (i) quantify
the concentrations of antibiotic residues and heavy
metals, and (ii) evaluate the associated human health
risks of these contaminants in mariculture species
from Penang. The overall objective is to provide a
comprehensive assessment of contamination levels
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and potential health risks within the aquaculture
sector, thereby offering scientific evidence to support
risk management strategies and the sustainable
development of mariculture.

Materials and Methods

Sampling Location

The two largest marine aquaculture farms located
in Pulau Jerejak, Penang (5.338722 N, 100.325833
E), (5.340079 N, 100.326320 E), and Sungai
Udang, Penang (5.154748 N, 100.379574 E),
were selected as the sampling locations (Fig. 1).
Pulau Jerejak is located off the southeastern coast
of Penang Island, in close proximity to the Bayan
Lepas Free Industrial Zone, a major electronics
and semiconductor manufacturing hub. In contrast,
Sungai Udang, situated along the northern coast
of Penang Island, is an active mariculture area
characterised by aquaculture operations and nearby
coastal settlements. Both sampling locations are well
known for marine fishing and aquaculture activities,
with approximately 72 mariculture farms distributed
across these coastal areas. These sectors play
a significant role in the production of fish and
seafood for domestic consumption and international
trade, thereby contributing to regional economic
development.®
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Fig. 1: Sampling sites of the aquaculture products
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Sample Collection and Preparation

Six high commodity value aquaculture species,
namely Caranx sexfaciatus (bigeye trevally, Nyok
nyok), Trachinotus blochii (golden pompano, Bawal
emas), Lutjanus johnii (golden snapper, Jenahak),
Epinephelus coioides (grouper, Kerapu), Lutjanus
argentimaculatus (red snapper, Merah), and Lates
calcarifer (seabass, Siakap) were sorted and
collected based on their commercial live weights
following common catch-and-sell procedures. The
collected samples were kept in an ice slurry prior to
being transported to the experimental laboratory for
subsequent analysis. Individual species' total length
(in cm) and weight (in g) were recorded prior to the
filleting process. The length was measured from the
tip of the snout to the tip of the tail (Table 1). The
edible portions were prepared by homogenising the
deboned fillets, vacuum sealing, and stored at -20
°C before chemical analysis. Prior to analysis, the
samples were thawed overnight in a chiller at 5 °C.

Antibiotic Residue Analysis

Ampicillin, tetracycline, and streptomycin were
selected as representative antibiotics spanning major
antimicrobial classes, enabling a comprehensive
assessment of bacterial susceptibility across
distinct mechanisms of action. These agents are
extensively utilized in Malaysian aquaculture due
to their broad-spectrum efficacy, cost-effectiveness,
and proven activity against prevalent pathogens,

646

including Aeromonas, Vibrio, and Pseudomonas,
while also serving as standard indicators in
susceptibility testing frameworks. Moreover,
their clinical relevance, widespread laboratory
adoption, and well-characterized resistance profiles
underpin their frequent inclusion in antimicrobial
resistance surveillance, supporting their suitability
for systematic screening of aquaculture-associated
bacterial isolates.®

The extraction of ampicillin, streptomycin, and
tetracycline from aquaculture samples was
performed based on previously reported methods?-22
with minor modifications. Briefly,5 g of homogenised
sample was subjected to extraction using solvent
systems specific to each antibiotic class. For
ampicillin, samples were extracted using a mixture of
ultrapure water and acetonitrile, followed by dilution
with phosphate buffer. Streptomycin extraction
was carried out using 5% trichloroacetic acid in
the presence of EDTA, whereas tetracycline was
extracted using Na-EDTA-Mcllvaine buffer assisted
by ultrasonic treatment in an ice bath. Following
extraction, all samples were centrifuged at 3000
rpm for 5 min, and the supernatants were collected
for further purification. Solid-phase extraction (SPE)
was employed for sample cleanup using Strata-
X-CW (C18) cartridges, with conditioning and
operational procedures optimised according to the
target analyte, as summarised in Table 2.

Table 2: Solid Phase Extraction (Spe) Clean Up Condition for Target Antibiotic

Antibiotic Preconditioning Elution Solvent Post-treatment
Solvent
Ampicillin MeOH, Hz0 and 3 mLACN:Hz0 (1:1, v/v) Evaporated under Nz,

phosphate buffer

Streptomycin H-0

Tetracycline MeOH and TFA

5 mL 0.1 M ammonium formate (pH 9.5)

10 mL 10 mM oxalic acid in MeOH

reconstituted in 2 mL H20

Derivatised with HFBA,
neutralised, adjusted to 10 mL

Evaporated (<40 °C),
reconstituted in 0.5 mL
TFA/MeOH

The identification and quantification of the target
antibiotics were performed using a triple quadrupole
LC-MS/MS system equipped with a Poroshell 120-
C18 column (2.7 ym, 4.6 x 50 mm) (Agilent, USA).
All extracted samples were filtered through 0.45 pm

membrane filters prior to injection into the system
via an autosampler. The detailed chromatographic
and mass spectrometric conditions are summarised
in Table 3.
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Validation Method

The linearity of the method was evaluated by
establishing calibration curves generated by
spiking the blank fish sample. The peak area
ratios of ampicillin, streptomycin, and tetracycline
were plotted against concentrations between 1
and 200 ppb. Repeatability (intraday precision)
was conducted via 6 replicates of spiked blank
samples at concentrations of 50 and 100 ppb over
1 day. Moreover, the blank samples were spiked
with analytes at 2 concentrations (50 and 200 ppb)
and analysed for 6 consecutive days to evaluate
the interday precision (reproducibility). The limits
of detection (LODs) and limits of quantification
(LOQs) of the samples were calculated using Eq.
1and Eq. 2.

C
LOD =3 x o (1)

C

where LOD = limit of detection; C = concentration;
S/N = ratio of the signal and noise; and LOQ = limit
of quantification.

Heavy Metal Determination

The contents of As, Cd, Pb and Ni were determined
according to the methods of Skatecki et al.? The
minced fish muscle tissues were first digested with
69% nitric acid via a microwave oven at 1000 W for
20 min. The digested samples were then transferred
into a 25 mL volumetric vessel and brought to the top
with deionised water. A membrane filter (0.45 ym)
was used to filter the samples prior to analysis via
induced-couple plasma mass spectrometry (ICP-
MS) (Perkin Elmer, USA). Calibration standards
were prepared with multielement standard solutions
1000 mg L-1 at the following concentrations: 0.1,
1, 5, 10, 20 and 100.0 pg L-1. The heavy metal
concentrations in the fish muscle tissues were
expressed as mg/kg (wet basis).

Risk Assessment

Estimated daily intake (EDI), hazard quotient (HQ),
hazard index (HI), and carcinogenic risk (CR)
evaluations were conducted to predict the risk
associated with the consumption of mariculture
species by the population (adults and children) in
Malaysia. The EDI was calculated via Eq. (3):
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Cum X IR ..(3)
By

EDI =

where C_, = concentration of heavy metals (As, Cd,
Pb and Ni) in mg kg-1; IR =fish ingestion rate (0.169
kg day-1 for adults; 0.085 kg day-1 for children);*
and Bw = body weight of the population (adults: 70
kg; children: 35 kg).

Permissible intake evaluation (PIE) was conducted to
compare the EDI values to the provisional permissible
tolerable daily intake (PTDI) values established by
the Joint WHO/FAO Expert Committee on Food
Additive.?> PIE represents the amount of metals
accumulated in human body Eq. (4).

PIE (%) = %x 100 - (4)

where EDI = estimated daily intake of As, Cd, Pb
and Ni; PTDI= permissible tolerable daily intake
values in mg kg-1 day-1 (As = 0.02; Cd = 0.001; Ni
=0.013; Pb = 0.04).%

HQ was calculated following Eq. (5), in accordance
with the USEPA.2

_ Cum X Ep xEpxIg

HQ x 1073 ...(5)

TaXRepXBy
where IR = the fish ingestion rate (0.169 kg day-1
for adults; 0.085 kg day-1 for children);?* EF = the
exposure frequency (365 days year-1); ED = the
exposure duration (30 years) for noncancer risk
used by the USEPA;* RfD = the reference dose
of an individual metal (As = 0.003, Cd = 0.0001,
Ni = 0.02, Pb = 0.003); BW = the average BW
Malaysian body weight (70 kg for adults; 35 kg for
children);?* and TA = the average exposure time for
noncarcinogens (10950 days).

HI was calculated as the total sum of all metal HQs,
as suggested by Mahat et al.?”

HI= ¥, HQ; Eq. ....(6)

where HI = Accumulation of HQ for all the investigated
metal contaminants: As, Cd, Pb, and Ni, with an n
value of 4.
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Carcinogenic risk (CR) was estimated as the
probability of an individual developing cancer during
their lifetime exposure to a potential carcinogen.
Metals such as As, Cd, Pb and Ni are known for their
carcinogenic risk, and the carcinogenic risk can be
predicted through the multiplication of the cancer
slope (CSF), which is derived from the response
dose curve of ingested poison, as calculated with
Eq. 7.

Cym X Eg XEpXIg X C -
= G > Be Bl X Csr ¢ 10-3 7)

CR TaXBy

where CSF = cancer slope factor in mg kg-1 day-1
(As=1.5,Cd =6.3, Pb = 8.5 x 10-3, Ni = 0.84).

The HQ and CR risk calculations for As were
performed under the assumption that the toxic
inorganic As constituted 3% of the total As.?®

Statistical Analysis

All measurements are expressed as the mean £
standard deviation from triplicate runs and analysed
using SPSS version 19.0. One-way ANOVA with the
Duncan comparison test was employed to determine
the significant difference at a significance level of
p <0.05.

Results

Validation Method

Linearity, recoveries, precision, LODs, and LOQs
are shown in Table 3. The linear regression (R2)
ranged from 0.9994 to 0.9997, which indicated
good linearity for all the analysed antibiotics. The
LODs of the fish samples were 0.82 ug kg-1 for
ampicillin, 0.74 pg kg-1 for streptomycin, and 1.03
Mg kg-1 for tetracycline. On the basis of the signal
ratio at 10, the LOQ was calculated for the antibiotic
in the fish samples. The results revealed that the
LOQs of the fish samples ranged from 2.45 ug kg-1
(streptomycin) to 4.03 pg kg-1 (tetracycline). Intra-
and interday analyses were performed to determine
the precision and recovery of the method. The
analytical recoveries (AR) ranged from 87.12% to
102.65%, which is comparable to the values reported
in a previous study (Sun et al., 2016). The RSDs
ranged between 5.33% and 18.00%, demonstrating
that the methods were in accordance with the
European Union requirements.?
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Antibiotic Residues of the Mariculture Species

Analysis of the edible portion of the mariculture
samples revealed that the concentrations of
ampicillin, tetracycline and streptomycin were below
the detection limit (MDL) (<1 ug kg-1). The findings
were consistent with a study in Brazil, where these
antibiotics were undetected in the muscle of the
culture Nile Tilapia.®® Notably, the MDL achieved in
this study is substantially lower than the established
maximum residue limits (MRLs) set by international
regulatory bodies, including 50 ug kg™ for amoxicillin
and ampicillin, 500-600 ug kg™ for streptomycin, and
100-200 pg kg™ for tetracycline as defined by the
European Commission?® and FAO/WHO.*'

Heavy Metal Determination

Table 4 presents the concentrations of As, Pb, Cd,
and Ni detected in mariculture species from Penang.
Arsenic is a recognized carcinogen; however, the
majority of arsenic present in fish occurs in organic
forms that are considered virtually non-toxic and
therefore pose minimal risk to human health.3? In the
present study, As concentrations ranged from 0.0805
to 0.1153 mg kg™, which are substantially lower than
the permissible limits established by WHO?® at 2 mg
kg™ and the Malaysian Food Regulations®® at 1 mg
kg'. These values are lower than those reported in
marine species from the Straits of Malacca,** Pulau
Ketam,* Terengganu,® and Kuala Selangor.*”

Within the studied species, C. sexfasciatus exhibited
a significantly higher (p < 0.05) As concentration
(0.1153 mg kg"), whereas E. coioides showed
the lowest level (0.0805 mg kg™). Similarly, C.
sexfasciatus and L. johnii demonstrated significantly
higher (p < 0.05) Cd concentrations compared to
other species, whereas E. coioides exhibited a
significantly higher (p < 0.05) Ni concentration. For
Pb, a significant difference (p < 0.05) was observed
among species, except between C. sexfasciatus
and L. johnii, which showed comparably higher
concentrations.

Risk Assessment of Contaminants in Mariculture
Species

Estimated Daily Intake (EDI)

The estimated daily intake (EDI) of heavy metals
through consumption of mariculture species is
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summarised in Table 5. The EDI for As ranged from
0.0002 to 0.0003 mg kg™ day™", markedly below the
provisional tolerable daily intake (PTDI) of 0.002 mg
kg™ day' established by the WHO/FOA.% Similarly,
EDIs for Cd (0.0001-0.0002 mg kg day™"), Pb
(0.0003-0.0004 mg kg™ day™), and Ni (0.0001 mg
kg™ day') remained well below their respective PTDI
values of 0.001, 0.004, and 0.013 mg kg™ day.3®
These findings indicate that current dietary exposure
to heavy metals from the studied mariculture
species falls within internationally accepted safety
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thresholds. These findings suggest that current
consumption levels of mariculture fish do not pose
immediate health concerns related to heavy metal
intake. Among the analysed metals, Cd and Pb
exhibited relatively higher EDI values in comparison
to As and Ni, reflecting their greater prevalence and
bioaccumulative tendencies in marine environments.
Nevertheless, the EDIs for these metals accounted
for only a small fraction of their corresponding PTDI
values, highlighting a substantial margin of safety for
daily consumption.

Table 5: Heavy Metal Determination

C. sexfacitus E. coiodes L. calcarifer

L. johnii L T. blochii

argentimaculatus

0.1153 £ 0.004¢ 0.0805 * 0.008°
0.0916 + 0.001°  0.0633 + 0.002 ©
Ni 0.0320 £ 0.005%* 0.0403 + 0.003¢
Pb 0.1833 £0.004 ¢ 0.1280 + 0.003°

0.1023 + 0.006°
0.0822 + 0.001¢
0.0323 + 0.004°
0.1630 + 0.000¢

0.0949 + 0.004
0.0917 £ 0.002°
0.0290 + 0.000°
0.1834 + 0.009°

0.0926 + 0.006
0.0595 + 0.0012
0.0360 + 0.001°¢
0.1190 £ 0.003 @

0.0863 + 0.005%
0.0683 + 0.001 ©
0.0320 + 0.010%
0.1370 £ 0.007 ©

Mean values in the same row followed by superscript letters are significantly different (p<0.05).
The values are expressed in mg/kg and are presented as the mean + SD.

As = arsenic; Cd = cadmium; Ni = nickel; Pb = lead

To further contextualise exposure risk, the percentage
intake of the estimated daily intake (PIE) relative to
PTDI was evaluated. Cd contributed the highest
PIE values, ranging from 10% to 20%, followed by
As (10%—15%) and Pb (7.5%—10%), whereas Ni
contributed less than 5% of its PTDI. Although these

PIE values remain below critical concern levels, the
comparatively higher contribution of Cd underscores
its greater toxicological relevance and supports its
identification as a priority contaminant in mariculture
environments.

Table 6: Estimated Daily Intake (EDI) and Permissible Intake Evaluation
(PIE) of Heavy Metals In Mariculture Species

Species As Cd Ni Pb
Adult Child Adult Child Adult Child Adult Child
C. sexfacitus 0.0003 0.0003  0.0002 0.0002 0.0001 0.0001 0.0004 0.0004
(15%) (15%) (20%) (20%) (0.8%) (0.8%) (10%) (10%)
E. coiodes 0.0002 0.0002  0.0001 0.0001 0.0001 0.0001 0.0003 0.0003
(10%) (10%) (10%) (10%) (0.8%) (0.8%) (7.5%) (7.5%)
L. calcarifer 0.0002 0.0002  0.0002 0.0002 0.0001 0.0001 0.0004 0.0004
(10%) (10%) (20%) (20%) (0.8%) (0.8%) (10%) (10%)
L. argentimaculatus 0.0002 0.0002  0.0001 0.0001 0.0001 0.0001 0.0003 0.0003
(10%) (10%) (10%) (10%) (0.8%) (0.8%) (7.5%) (7.5%)
L. johnii
0.0002 0.0002  0.0002 0.0002 0.0001 0.0001 0.0004 0.0004
(10%) (10%) (20%) (20%) (0.8%) (0.8%) (10%) (10%)
T. blochii 0.0002 0.0002  0.0002 0.0002 0.0001 0.0001 0.0003 0.0003
(10%) (10%) (20%) (20%) (0.8%) (0.8%) (7.5%) (7.5%)
PTDI 0.002 0.001 0.013 0.004

The values are expressed in mg/kg/day, and the percentage values refer to permissible intake evaluation.

PTDI = Provision tolerable daily limit WHO/FAO'"
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Hazard Quotient and Hazard Index

Hazard quotient (HQ) and hazard index (HI) are
widely applied indicators for evaluating potential
non-carcinogenic health risks associated with
long-term dietary exposure to contaminants. As
presented in Table 6, the estimated HQ values for
individual heavy metals followed the descending
order of Cd > Pb > As > Ni for both adults and
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children, reflecting differences in metal toxicity,
bioaccumulation behaviour, and exposure levels.
Cadmium consistently exhibited the highest HQ
values, which aligns with its known propensity for
bioaccumulation and prolonged biological persistence
in human tissues. A similar kind of investigation
was also done by Salam et al,* and Azmi et al.™*

Table 7: Hazard Quotient and Hazard Index

C. sexfacitus E. coiodes L. calcarifer L. argentimaculatus L. johnii T. blochii
Adult Child Adult Child Adult Child Adult Child Adult Child Adult Child
HQAs 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
HQCd 0.22 0.22 0.14 0.15 0.19 0.19 0.14 0.15 022 022 017 0417
HQNi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HQPb 0.12 0.12 0.09 0.09 0.11 0.11 0.08 0.08 0.12 012 0.10 0.10
HI 0.37 0.37 0.25 0.26 0.32 0.32 0.24 0.25 0.36 036 029 0.29
HQ = hazard quotient; HI = hazard index
Table 8: Carcinogenic Risk (CR) Assessment
As Cd Pb Ni
Adult Child Adult Child Adult Child Adult Child
C. sexfacitus 1.3x10° 1.3x10°% 1.4x10° 14x10° 37x10% 3.7x10% 6.5x10° 6.5x10°
E. coiodes 8.3x10% 83x10° 92x10° 92x10° 2.7x10% 27x10® 59x10°% 59x10°
L. calcarifer 1.0x10° 1.0x10% 1.2x10° 1.2x10° 33x10% 3.3x10% 6.6x10° 6.6x10°
L. argentimaculatus 9.4 x10% 9.4x10% 9.2x10°% 92x10% 25x10® 25x10% 7.3x10% 7.3x10°
L. johnii 94x10% 94x10° 14x10° 14x10% 3.7x10% 3.7x10® 82x10° 8.2x10°
T. blochii 94x10% 94x10° 11x10° 1.1x10° 29x10% 29x10® 6.5x10° 6.5x10°

Despite these variations, all HQ values remained
below the critical threshold of 1, indicating that
chronic exposure to individual heavy metals through
the consumption of the studied mariculture species
is unlikely to induce adverse non-carcinogenic
health effects over a long-term exposure period of
up to 30 years. This suggests that, when considered
independently, the levels of heavy metals detected
in these species are within acceptable safety
margins for human consumption. However, humans
are typically exposed to multiple contaminants
simultaneously, and interactive or additive effects
may occur as a result of combined exposure. As
highlighted by Chang et al.," prolonged co-exposure
to multiple heavy metals can lead to synergistic or
cumulative toxic effects. Therefore, the hazard index
(HI), which integrates the combined contribution of all
analysed metals, was employed to provide a more
realistic estimation of overall non-carcinogenic risk.

In this study, the calculated HI values for both
adults and children were below 0.5, substantially
lower than the established safety threshold (HI
= 1). These findings indicate that the cumulative
exposure to As, Pb, Cd, and Ni through consumption
of the analysed mariculture species does not pose
significant non-carcinogenic health risks. Although
children exhibited slightly higher HQ and HI values
due to lower body weight and higher intake-to-body-
weight ratios, the overall risk levels remained within
safe limits.

Carcinogenic Evaluation Risk

In the adult population, the carcinogenic risk (CR)
values varied across metals and species, reflecting
differences in bioaccumulation behaviour and dietary
exposure. As exhibited CR values ranging from 8.3
x 10°to0 1.3 x 10°, while Pb and Ni showed similarly
low CR ranges, indicating negligible carcinogenic
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risk associated with individual exposure to these
metals through mariculture fish consumption. These
values fall well below the thresholds defined by
the US EPA? ( insignificant (CR<10-6), tolerable
(10-6<CR <10-4), or significant (CR=10-4)),
suggesting that long-term intake of these species
is unlikely to pose significant cancer risks from As,
Pb, or Ni, respectively.

In contrast, Cd demonstrated markedly higher
CR values, ranging from 1.1 x 103 to 9.2 x 103,
corresponding to a moderate carcinogenic risk
category. This elevated risk is consistent with
the known toxicological profile of Cd, which is
characterised by high bioaccumulation potential, long
biological half-life, and limited excretion in humans.3

A similar carcinogenic risk pattern was observed
for children, with generally higher CR values
than adults due to lower body weight and higher
intake-to-body-weight ratios. This finding highlights
children as a potentially more vulnerable population
group, despite overall CR values remaining within
acceptable or moderate risk ranges. Although the
combined carcinogenic risk from individual metals
was not assessed in this study, prolonged exposure
to Cd through dietary intake warrants particular
attention, as cumulative exposure from multiple food
sources may further elevate lifetime cancer risk.

Discussion

Factors Influencing Antibiotic Residue
Occurrence in Mariculture Species

The absence of detectable residues in cultured
species does not necessarily indicate the complete
absence of antibiotics, but rather suggests
concentrations below the MDL and potentially limited
transfer from the environment to edible tissues.
Nevertheless, evidence of tetracycline detected in
mariculture waters in Penang (4.65-6.66 pg kg-')
confirms that antibiotic inputs into aquaculture
environments can occur.® This interpretation is
supported by previous studies demonstrating
that antibiotic accumulation in fish is primarily
governed by exposure intensity and usage practices.
For example, oxytetracycline (OTC) residues
detected in fish (5.42%) and water (8.33%), with
muscle concentrations ranging from 10.80 to 77.55
Mg kg-', were closely associated with increased
application during the summer season, highlighting
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the role of temporal usage patterns in driving residue
occurrence.*

Furthermore, even under detectable environmental
exposure, the partitioning of antibiotics into muscle
tissue remains constrained. Low tissue—plasma
partition coefficients (Kp) reported for many
antibiotics indicate limited transport and retention in
muscle relative to metabolically active organs such
as the liver and bile. This, combined with species-
specific pharmacokinetic processes including
metabolism and excretion, likely contributes to the
consistently low residue levels observed in edible
tissues.*' Therefore, the absence of detectable
residues in the present study most plausibly reflects
a combination of low environmental exposure and
inherently limited bioaccumulation potential, rather
than complete absence of antibiotic inputs.*?

Despite these encouraging findings, the lack of
transparent and standardised data on antimicrobial
usage in Malaysian aquaculture restricts the
ability to establish robust linkages between farm
practices, environmental concentrations, and tissue
accumulation. As highlighted in the Malaysian Action
Plan on Antimicrobial Resistance (MyAP-AMR,
2007-2021), the absence of a national registry
or approved antibiotic framework for aquaculture
represents a significant gap in surveillance and risk
assessment. Collectively, these findings indicate that
while antibiotic residues in the studied mariculture
species are unlikely to pose immediate food safety
concerns, the combined uncertainties related to
sub-MDL exposure, undocumented usage practices,
and environmental variability underscore the need
for integrated monitoring strategies that couple
residue analysis with usage data and environmental
surveillance to better evaluate long-term risks,
including antimicrobial resistance development.

Factors Influencing Heavy Metal Accumulation
in Mariculture Species

Arsenic distribution in marine systems is influenced
by both abiotic and biotic factors,* and it has been
estimated that at least ten percent of total arsenic
may occur as the inorganic fraction, which is
associated with long term carcinogenic risk.*

Lead is a non-essential and toxic metal associated
with multiple adverse health effects, including
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disruption of haem synthesis leading to anaemia,
as well as neurotoxicity, nephrotoxicity, and
developmental impairments.*® The concentrations
of Pb detected in the cultured species ranged from
0.1190 to 0.1834 mg kg-', remaining well below the
maximum permissible limit of 2.0 mg kg-* established
by the Malaysian Food Act (1983) and Regulations
(1985).33

Cadmium is a highly toxic and carcinogenic heavy
metal characterized by a prolonged biological half-
life of approximately 16 to 30 years, which facilitates
its accumulation in human tissues. Chronic exposure
primarily affects renal function and has also been
associated with carcinogenesis, neurodegeneration,
respiratory dysfunction, and bone demineralization.*
In this study, Cd concentrations ranged from 0.0595
to 0.0917 mg kg-'. Although Cd exhibited relatively
higher levels compared to the other metals assessed,
all values remained within the permissible limits set
by the Malaysian Food Regulations*at 1 mg kg-' and
WHO? at 0.2 mg kg-'. The concentrations reported
here exceed those observed in stingray fillets from
Johor' at 0.036 to 0.045 mg kg-',and cultured sea
bass from Selangor® at 0.016 mg kg-' yet remain
lower than levels reported in golden snapper from
Kedah,*” at 0.3 mg kg-'. These variations highlight
the influence of local environmental conditions and
species dependent bioaccumulation dynamics.

Nickel is widely distributed in the environment and,
although it plays a limited biological role in higher
organisms, elevated exposure can result in toxicity.
Excessive Ni intake has been linked to respiratory
disorders such as emphysema, pulmonary fibrosis,
and inflammation.*® In the present study, Ni
concentrations ranged from 0.0290 to 0.0403 mg
kg-', representing the lowest levels among the
metals analysed. These values are consistent with
previous findings indicating minimal Ni accumulation
in marine fish muscle*® and are well below the WHO
permissible limit of 0.5 mg kg-'.%

The observed interspecies variability is likely
driven by differences in feeding behaviour, trophic
position, and habitat preference, which influence
metal uptake through both dietary and waterborne
exposure pathways.%® Additionally, species-
specific physiological traits, including metabolic
rate, detoxification capacity, and metal-binding

mechanisms, play a crucial role in regulating
accumulation efficiency across different metals.'

The presence of heavy metals in marine
environments arises from both natural processes
and anthropogenic activities.®? In Penang, rapid
urbanisation, land reclamation, and industrial
activities, particularly those associated with
electronics manufacturing, are likely contributors to
metal inputs into coastal ecosystems. Areas such as
Batu Uban, located near the Jerejak aquaculture site,
are undergoing active reclamation and construction,
which may exacerbate metal release into adjacent
waters.®® In addition, effluents from wastewater
treatment plants have been identified as a potential
source of contamination. A recent study in Penang
reported detectable concentrations of metals
including Cd and Ni in both influent and effluent
streams, with Cd levels (0.13 ppm) exceeding
permissible thresholds.®* The discharge of such
effluents into aquatic systems ultimately contributes
to metal accumulation in the marine environment and
subsequent uptake by cultured species.

Health Risk Implications and Monitoring
Considerations

The EDI and PIE assessments indicate that the
consumption of the analysed mariculture species
is associated with limited daily health risk for
consumers. However, it should be noted that EDIs
are influenced by consumption rate, body weight,
and cumulative exposure from other dietary sources.
Therefore, while the present results indicate a
favourable safety profile, continued monitoring
should prioritise Cd and Pb due to their comparatively
higher contribution to overall exposure and greater
toxicological significance. Future surveillance efforts
should focus on identifying spatial hotspots of
contamination, evaluating temporal variations, and
tracing potential anthropogenic sources such as
coastal development, industrial discharge, and land
reclamation activities. In addition, integrating routine
monitoring with risk-based assessment approaches
would enable more targeted management strategies,
ensuring early detection of changes in contamination
levels and supporting long-term consumer protection
and sustainable mariculture practices.

Similarly, the HQ and HI assessments demonstrate
that the consumption of these mariculture fish
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species is generally safe from a non-carcinogenic
risk perspective. Nonetheless, the relatively higher
contribution of Cd to the total HI underscores the
importance of continued monitoring and source
control, particularly in mariculture environments
influenced by anthropogenic activities, to ensure
sustained consumer safety.

The CR findings further emphasise the importance
of continuous monitoring of Cd levels in mariculture
systems, especially in regions influenced by intensive
human activities. The relatively higher CR values
observed for Cd may be attributed to its preferential
accumulation in aquatic organisms and its strong
association with anthropogenic sources, including
industrial effluents, urban runoff, and agricultural
inputs in coastal environments. Accordingly, targeted
strategies such as strengthening wastewater
treatment and discharge control, implementing
routine environmental monitoring, optimising
site selection, and ensuring quality control of
aquaculture inputs are recommended. Integrating
environmental surveillance with human health risk
assessment frameworks would further strengthen
risk management and support long-term consumer
protection.®® In this context, increasing awareness
and adoption of sustainable practices are essential
to minimise the ecological footprint of aquaculture,
which has become a growing concern alongside the
sector’s rapid expansion.

Strengths Challenges and Limitations

This study constitutes a pioneering and compreh-
ensive investigation into the presence of antibiotic
residues and heavy metal contamination in
commercially important mariculture species in
Malaysia, coupled with a quantitative human health
risk assessment. One of the principal strengths of
this work is the implementation of a robust and well-
validated analytical methodology, demonstrating
excellent linearity, acceptable limits of detection and
quantification, satisfactory recoveries, and precision
that complied with international and European
Union performance criteria. This methodological
rigor enhances confidence in the accuracy and
reproducibility of the results, particularly when
analysing complex biological matrices such as fish
muscle, which are often characterised by high lipid
and protein contents.
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Another notable strength lies in the integrated
assessment framework adopted in this study. By
combining contaminant quantification with dietary
exposure estimation (EDI), pollution index evaluation
(PIE), non-carcinogenic risk assessment (HQ and
HI), and carcinogenic risk estimation (CR), this
research provides a holistic evaluation of potential
human health impacts arising from mariculture fish
consumption. Such a comprehensive approach
remains limited in the Malaysian context, particularly
for mariculture systems, and thus offers valuable
baseline data for future monitoring programmes,
regulatory benchmarking, and risk communication
to stakeholders and consumers. Moreover, the
focus on high-commodity and widely consumed
mariculture species enhances the practical relevance
of the findings to public health and food safety
management.

Nevertheless, several challenges were encountered
during the course of this study. The limited availability
of transparent and standardised data on antibiotic
usage in Malaysian aquaculture poses a significant
challenge. The absence of a formal register or list of
approved antimicrobial agents restricts the ability to
establish direct linkages between detected residues
and specific farming practices, treatment histories, or
compliance with recommended withdrawal periods.

Environmental and operational variability across
mariculture farms further complicates data interpre-
tation. Differences in feed formulation, stocking
density, water exchange rates, farm location, and
proximity to anthropogenic activities may influence
contaminant accumulation patterns. Consequently,
direct comparisons across species or with other
regional and international studies should be
interpreted with caution, as these contextual factors
are often highly site-specific and temporally dynamic.

Several limitations of the present study should
also be acknowledged. Sampling was conducted
within a restricted temporal window and limited
geographic coverage, which may not fully reflect
seasonal fluctuations, episodic pollution events, or
long-term trends in contaminant bioaccumulation.
Furthermore, the analysis targeted a selected subset
of commonly used antibiotics and heavy metals,
and thus does not encompass the full spectrum of
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potential contaminants, including other veterinary
pharmaceuticals, organic pollutants, or emerging
contaminants such as microplastics-associated
metals.

In addition, the human health risk assessment was
based on standardised exposure assumptions,
including average body weight and fish consumption
rates. While these assumptions are widely used and
facilitate comparison with other studies, they may
not adequately represent high-risk groups such as
children, coastal communities with elevated seafood
intake, or occupationally exposed populations.
Uncertainties related to bioavailability, cooking
effects, and cumulative exposure from multiple
dietary sources were also not explicitly addressed
and warrant further investigation.

Overall, while this study provides important baseline
information and evidence of generally low health
risks associated with the consumption of selected
mariculture species in Penang, it also highlights
the need for long-term, large-scale, and multi-
contaminant monitoring programmes. Future studies
should incorporate seasonal sampling, expanded
contaminant panels, farm-level antibiotic usage
data, and probabilistic risk assessment models
to capture variability and uncertainty better. Such
advancements would substantially enhance the
scientific basis for regulatory decision-making,
support the development of targeted management
strategies, and contribute to the sustainable growth
of mariculture and food safety assurance in Malaysia.

Conclusion

This study provides a comprehensive evaluation of
antibiotic residues and heavy metal contamination
in commercially important mariculture species from
Penang, Malaysia, together with an assessment
of associated human health risks. The targeted
antibiotics, including ampicillin, streptomycin, and
tetracycline, were not detected in any analysed
samples, indicating a favourable status with respect
to antibiotic contamination. The concentrations of
heavy metals such as Arsenic (0.0805-0.1153 mg
kg'), Lead (0.1190-0.1834 mg kg™'), Cadmium
(0.0595-0.0917 mg kg™"), and Nickel (0.0290-
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0.0403 mg kg™), all remaining below established
regulatory limits by Malaysia Food Regulation and
WHO. Correspondingly, estimated daily intakes
(EDI) were low, ranging from 0.0002—0.0003 (As),
0.0001-0.0002 (Cd), 0.0003-0.0004 (Pb), and
0.0001 mg kg™ day™* (Ni), and were well within
provisional tolerable daily intake thresholds. Non-
carcinogenic risk indicators (HQ and HI) were
below unity, suggesting no significant health risk
under current consumption patterns. However,
carcinogenic risk (CR) assessment identified Cd
(1.1 x 10 to 9.2 x 10-®) as the primary contributor,
with values indicating a moderate lifetime risk over a
30-year exposure period. Although not indicative of
immediate health concern, this finding highlights Cd
as a priority contaminant due to its bioaccumulative
nature and association with anthropogenic inputs.
Nevertheless, the risk assessment is subject to
several limitations. The estimates are based on
standard assumptions of body weight and fish
consumption rates, which may not accurately reflect
variability among individuals or local dietary habits. In
addition, potential cumulative exposure from multiple
dietary sources and other environmental pathways
was not considered, which may underestimate
total exposure. Sensitive populations, particularly
high-frequency seafood consumers, may therefore
experience greater risk than estimated. Overall,
while the findings indicate a favourable safety profile
for the studied mariculture species, continuous
monitoring, refined exposure assessment, and the
adoption of sustainable aquaculture practices are
essential to ensure long-term consumer protection
and environmental sustainability.
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