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Abstract

This study introduces an innovative bio-based sorbent bead crafted by integrating chitosan (CS) biopolymers,
Fe(NO3)3 and polydopamine nanoparticles (PDA NPs) via glutaraldehyde crosslinking. The primary focus of this study
was the concurrent separation of diverse tetracycline antibiotics (TCs), followed by rigorous reversed-phase liquid
chromatography analysis. The fabricated CS/Fe@PDA sorbent beads were comprehensively characterized using scan-
ning electron microscopy and energy-dispersive X-ray spectroscopy, revealing a surface rich in active carbon (C), ni-
trogen (N), and oxygen (O) moieties. The proposed method demonstrated substantial analytical robustness, enabling the
sorbent bead to detect low concentrations of TCs, with limit of detection values ranging from 142 to 303 mg L⁻1. Notably,
the established linear range of 450e2000 mg L⁻1 extended the applicability of this approach to food and pharmaceutical
product analysis. This study anticipated a paradigm shift in sample pre-treatment methodologies for TC analysis and
envisions CS/Fe@PDA beads as a valuable tool for further advancements in separation science. The proposed bio-sor-
bent introduced a promising avenue for optimizing TC analysis, contributing to broader goals of food safety and
pharmaceutical quality assurance. The results and insights from this study are expected to provide valuable inputs for
ongoing efforts of the Food and Drug Administration to enhance analytical methodologies for food and drug safety.
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1. Introduction

T etracycline (TC) is the second most widely used
antibiotic globally [1,2], playing a crucial role in

combating various infections owing to its broad-
spectrum activity against gram-positive and gram-
negative bacteria, mycoplasma, fungi, Rickettsia, and
parasites [3,4]. However, current methods for
identifying antibiotic residues, including immuno-
assays [5] and biosensors [6], often lack specificity,

struggle to differentiate between members of a
particular antibiotic class.
Challenges arise in the identification of antibiotic

residues because of their complex matrix environ-
ments [7,8]. Methods involving acid hydrolysis have
been reported to decompose acid-sensitive antibi-
otics, prompting researchers to identify their alterna-
tives [9e12]. Regulatory bodies, such as the Food and
DrugAdministration (FDA)and InternationalCouncil
for Harmonisation of Technical Requirements for
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Pharmaceuticals for Human Use ICH, have empha-
sized the application of experimental design ap-
proaches to chromatographic selectivity to enhance
method control and transferability [13,14]. Conse-
quently, researchers have incorporated experimental
design principles into high-performance liquid chro-
matography (HPLC), resulting in the development of
highly selective and sensitive methods [15e18].
Despite advancements in antibiotic analysis,

challenges persists with extraction, cleanup, and
pre-concentration of analytes from sample matrices
[19e21]. Solid-phase extraction (SPE), a cost-effec-
tive sample preparation technique, has replaced
traditional liquideliquid extraction (LLE), owing to
its high preconcentration factors, minimal organic
solvent usage, and straightforward operation
[22e24]. The composition of the adsorbent, which
influences selectivity and sorptive capacity, is
crucial for the SPE process [25e27]. Key consider-
ations for extraction include adsorbent surface
chemistry, porosity, and specific surface area.
Ideally, an adsorbent should be biodegradable,
sustainable, and non-toxic. Numerous materials,
such as activated carbon [28], graphene oxide [29],
metal-organic frameworks [30], polymeric resins
[31], mesoporous/clay materials [32], biochar [33],
and nanocomposites [34], have been explored for
TC separation, but some may pose environmental
risks or lack sensitivity and selectivity, underscoring
the need to develop less hazardous, bio-based, and
durable sorbents that can withstand diverse solvents
during sample preparation.
In regions where substandard drugs, drug coun-

terfeiting, and antibiotic-contaminated foods pose
significant challenges, there is an urgent need for
accurate, cost-effective, user-friendly, and rapid
methods. These methods should utilize basic
equipment to identify and quantify active compo-
nents in complex formulations. Our study aims to
address the limitations of existing HPLC method-
ologies for TC separation and determination.
Although previous studies have contributed
significantly, several challenges persist, including
the lack of specificity in some approaches, potential
decomposition of acid-sensitive antibiotics during
sample preparation, and environmental impact of
certain sorbents [11]. We introduced a novel
approach that combines a less hazardous bio-based
sorbent with experimental design principles for
HPLC. The primary objective of this study is to
develop and validate a new RP-HPLC method for
accurate, linear, and sensitive TC estimation that is
simple, reliable, and cost-effective, prioritizing
environmental sustainability by using a biode-
gradable sorbent.

Our method involves the fabrication of sorbent
chitosan (CS) bio-polymer beads incorporating
poly-dopamine nanoparticles (PDA NPs) and Fe
ions. The chitosan polycation and PDA NPs protect
Fe from oxidation and facilitate smooth interaction
between TC and Fe, ultimately leading to complex
formation. Furthermore, the fabricated sorbent
beads are seamlessly exhibiting significant extrac-
tion efficiency against four different TC antibiotics.
Considering TC separation, determination, and
recyclability, the proposed methodology, utilizing
CS/Fe@PDA beads, was applied under real sample
conditions, maintaining accuracy and robustness
even after seven consecutive extraction and regen-
eration cycles during TC determination.

2. Materials and methods

2.1. Chemicals

High molecular weight Chitosan (CS) (Sigma-
eAldrich, Iceland), 3-hydroxytyramine hydrochlo-
ride (Acros Organics, China), glutaraldehyde solution
grade II 25% in H2O (SigmaeAldrich, Switzerland),
Fe(NO3)3 standard solution (1000 mg L�1, Merck
KGaA, Darmstadt, Germany), oxalic acid 2-hydrate
(Shimakyu's Pure Chemicals, Taiwan), oxytetracy-
cline hydrochloride (Alfa Aesar, China), tetracycline
hydrochloride (Calbichem, China), demeclocycline
hydrochloride (SigmaeAldrich, China), chlortetracy-
cline hydrochloride (Thermo Scientific, China),
acetonitrile (J.T. Baker, South Korea), and methyl
alcohol anhydrous (Macron fine chemicals, Israel); all
the above chemicals were procured as per above
mentioned details. The TC standards were prepared
using purified water with a resistivity of 18.2 MU$cm,
and the samewater was used to prepare all chemicals
throughout the study (Thermo Scientific EDI system).

2.2. Instrumentation

TheHPLC system (Jasco, Japan) was equippedwith
a HPLC pump (Jasco, PU-4180) and UV/visible de-
tector (Jasco UV-2075) equipped with deuterium and
halogen lamps from 190 to 600 nm. The chromato-
graphic data were evaluated using the Clarity soft-
ware provided by DataApex. Chromatographic
separation was performed using a Phenomenex Luna
5u C18(2) 100A (250� 4.6 mm, 5 mm) column. The pH
values were measured using a SUNTEX SP-2100 pH
meter (New Taipei, Taiwan). The samples were pre-
pared using an elma transsonic digitals ultrasonic
water bath (Singen am Hohentwiel, Germany). The
analyte TC was eluted using an isocratic mode
with a mobile phase composition of acetonitrile:
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methanol:10 mM oxalic acid (20:10:70; pH 4.0) and a
constant flow rate of 1.0 mL min�1 maintained
throughout the analysis. The detectorwavelengthwas
355 nm for TC molecules, and the injection volume
was 20 mL for all determinations. Each day, the col-
umn was thoroughly eluted with any residual anti-
biotic by flushing with 50%methanol for 60 min. The
peaks in the chromatograms were identified by
comparison with the retention times and UV spectra
of the standards. The peak area was used for quanti-
fication. All data were recorded under the chro-
matographic conditions described above. Fourier
transform infrared (FTIR) spectra were recorded on a
Bruker Optics-Alpha Opus spectrometer.
All solvents used in the chromatographic system

were filtered through a 0.2 mm hydrophilic poly-
propylene membrane filter (PALL, Mexico) using a
vacuum pump (GAST, MI, USA), and then degassed
for 10 min in an ultrasonic bath.

2.3. Sorbent fabrication

To prepare PDA NPs, 10 mM of 3-hydroxytyr-
amine hydrochloride (dopamine) and 10 mM of
lysine were mixed with 50 mL of TriseHCl buffer
(pH 8.5) and vigorously stirred for 3 days to facilitate
PDA NPs formation. In parallel, CS (2% w/v) was
prepared by dispersing the required amount of CS
powder in 50 mL of a 1000 mg L�1 Fe(NO3)3 stan-
dard solution using ultrasonication. Subsequently,
the prepared PDA NPs were washed three times by
centrifugation at 10,000 rpm for 20 min to remove
the salt, and ultrapure water was used for redis-
persion at each step.
The resulting pellet was blendedwith the prepared

chitosan mixture by ultrasonication to achieve ho-
mogeneity. Subsequently, the mixture was gradually
added to the crosslinking solution to form adsorbent
beads. The crosslinking solution was prepared by
mixing 5.0 mL of 25% glutaraldehyde, 5.0 mL of a
commercially available dishwasher (main in-
gredients: surfactant, citric acid, and NaOH), and
40 mL of ultrapure water. The surfactant in the
dishwasher helps prevent bead aggregation, while
citric acid and NaOH assist in cross-linking [35].

2.4. Sample preparation

Honey sourced from a local supermarket in
Kaohsiung City, Taiwan, was used in this study. The
sample was prepared by measuring 1.0 g of honey
sample and diluting it to 10 mL with ultrapure
water. Subsequently, the sample solutions under-
went filtration through a 0.45 mm nylon filter to

ensure purity. Subsequently, honey samples were
spiked with the required quantity of TC to achieve
the desired experimental conditions. For the com-
mercial TC ointments, the preparation involved
careful dilution to achieve the necessary concen-
trations. The ointments were diluted with ultrapure
water to the predetermined concentration re-
quirements. This simple, yet methodical procedure
was adopted to maintain the integrity of the TC
ointment samples, enabling a consistent and
controlled approach for subsequent analyses.

2.5. Proposed analytical procedure

Initially, 3 mL of 1.0 mg mL�1 selected antibiotic
mixture in 50% methanol solution (in water V/V)
was treated with 0.1 g of prepared sorbent beads for
1 min without any pH adjustment. After the beads
were transferred to a fresh tube, 3 mL of the eluent
solvent, acetonitrile:methanol:oxalic acid (pH 4.0),
was added and vortexed for 1 min, after which the
elute was analyzed using an HPLC instrument at
355 nm.

3. Results and discussion

3.1. Sorbent fabrication and characterization

The separation bead is fabricated, as shown in
Fig. 1. Initially, PDA was prepared by the oxidation
and polymerization reaction at pH 8.5 and room
temperature.
The CS/Fe blend was prepared by mixing the

required amount of CS with Fe(NO3)3 in HNO3 so-
lution. Finally, the CS/Fe@PDA blend was prepared
and crosslinked to produce the sorbent beads. An
average size of the fabricated sorbent beads was
approximately 2.75 ± 0.04 mm, and the fabricated
beads are mostly consistent in size (Fig. 2A and B).
The morphology of the fabricated, CS/Fe@PDA
beads was examined using scanning electron mi-
croscope. The scanning electron microscopy (SEM)
image shown in Fig. 2C reveals the nonporous and
hollow crosslinked bead surface. After treatment
with TC, no evident surface morphological changes
are observed in sorbent beads (Fig. S1 (https://doi.
org/10.38212/2224-6614.3510)), demonstrating the
robustness of CS/Fe@PDA beads.
Furthermore, SEM-energy-dispersive X-ray spec-

troscopy (EDS) analysis shows that the CS/Fe@PDA
beads exhibit the characteristic peaks of C, N, O,
and Fe, which correspond to the precursors used
(Fig. 2D). However, after TC treatment, some char-
acteristic peak intensities tend to increase,
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Fig. 1. Schematic representation of the steps involved in the fabrication of bio-based CS/Fe@PDA sorbent bead for tetracycline antibiotics (TCs)
separation.

Fig. 2. Photographic (A & B) and scanning electron microscopy (SEM) images (C) depict the size and morphology of fabricated CS/Fe@PDA sorbent
beads, respectively. SEM-energy-dispersive X-ray spectroscopy demonstrates the surface element presence on bead (D). Surface functional group
changes of fabricated CS/Fe@PDA sorbent bead before and after TC separation are observed using Fourier transform infrared analysis (F).
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attributable to TC integration on the bead surface
(Fig. S2 (https://doi.org/10.38212/2224-6614.3510)).
The characterization results indicate that the fabri-
cated CS/Fe@PDA beads are robust and can suc-
cessfully separate TC from aqueous samples.

3.2. FTIR analysis

The FTIR spectroscopy was conducted to explore
the reaction-induced bond formation between chi-
tosan (CS) and polydopamine (PDA) during cross-
linking. The FTIR spectra obtained for the resulting
CS/Fe@PDA beads exhibit characteristic peaks in
the range of 400e3600 cm�1 (Fig. 2F). Notably, the
broadening of the band at 3445 cm�1 suggests the
presence of intramolecular hydrogen bonding as
well as OH and NeH stretching features charac-
teristic of CS biopolymers, and is indicative of
hydrogen bond formation between CS and PDA.
Furthermore, the peaks at 2927 and 2852 cm�1 were
identified as symmetric and asymmetric CeH
stretching, respectively. The stretching absorbance
bands at approximately 1730 and 1645 cm�1 indi-
cated the presence of C¼O (amide I) in PDA and CS,
respectively. In addition, the peaks at 1559 and
1313 cm�1 were assigned to primary amine NeH
bending and CeN stretching of amide III, respec-
tively. The bands at 1426 and 1385 cm�1 confirmed
the presence of CH2 bending and CH3 symmetrical
deformation, respectively. The absorbance peak at
1253 cm�1 was attributed to the hydroxyl functional
group in the CS biopolymer, whereas the asym-
metric stretching peak at 1122 cm�1 indicated the
presence of CS glycosidic bond (CeOeC) bridges.
The weak stretching peak at 1025 cm�1 was attrib-
uted to the CeO bond, and the absorbance peak at
921 cm�1 was attributed to the CeH bending out of
the CS monosaccharide ring plane. Notably, the
FTIR spectra exhibited overlapping bands, corre-
sponding to the PDA amide II, OH, NeH, and ar-
omatic groups with similar groups in CS. These
distinctive peaks underscored the key elements of
the PDA nanoparticles, including the typical cate-
chol and amine groups, confirming the successful
oxidative polymerization of dopamine. The
observed peaks below 600 cm�1 wavelength may be
attributed to bond formation between Fe ions and O
moieties present in CS and PDA. This observation
confirmed the effective incorporation of Fe ions into
the established CS/PDA networks. The obtained
FTIR results aligned with those of previous reports
on materials related to CS and PDA. These findings
provide robust evidence supporting the hypothesis
that hydrogen bonding and electrostatic interactions
between CS and PDA contribute to the formation of

CS/PDA bead [36e39]. However, following TC
treatment, the FTIR spectra of the CS/PDA beads
exhibited a decrease in peak intensity at different
locations. This finding clearly supports the integra-
tion of TC on the sorbent surface through a variety
of interactions, including the metal chelation inter-
action between Fe and the TC analyte and p�p
interactions with PDA.

3.3. Analytical performance optimization

To effectively separate the target analyte, it is
crucial to optimize the reaction conditions for the
fabricated CS/Fe@PDA beads. The fabricated beads
were challenged against various separation-influ-
encing factors, including the effects of pH, contact
time, and eluent type.

3.3.1. Influence of pH and contact time
TC exists as cationic, zwitterionic, and anionic

species in acidic, moderately acidic to neutral, and
alkaline conditions, respectively. The fabricated CS/
Fe@PDA beads were treated with a fixed TC volume
(3.0 mL) and concentration (1000 mg L�1), but under
varying pH reaction condition (4.0, 6.0, 8.0, 10.0, and
12.0). To ensure the stability of the pH levels during
adjustments, we used a citrate and carbonate buffer
system. The lowest pH 2.0 was omitted because it
could disintegrate the beads by dissolving the CS.
The resulting solution was analyzed through HPLC
under a optimized conditions.
The results obtained from the study reveal that all

the pH values exhibit significant extraction effi-
ciency, which further indicates that the TC separa-
tion process by the CS/Fe@PDA beads is pH-
independent (Figs. 3 and 4A). The utilized Fe ions
tend to undergo oxidation under different pH con-
ditions; however, the results suggest that the inter-
action between Fe ions and TC is not hindered by pH
conditions. Furthermore, the amine functional
groups from CS and PDA appear to act as protective
agents for Fe ions against O moieties and water
because the amine groups are strongly reactive with
metal ions owing to their nitrogen atoms [40,41].
Previous studies have indicated the formation of
stronger coordinate bonds between TC and Fe. TC
contains multiple potential iron-binding sites,
including the enolic oxygen at C3, amine nitrogen at
C4 of the carboxamide group in ring A, and oxygen
atoms in the C10eC12 phenolic diketone system.
Interactions between TC and Fe3þ ions are antici-
pated to exhibit a complex pH-dependence, which is
attributed to the presence of multiple ionizable
functional groups in TC, characterized by the
following pKa values: pKa1 ¼ 3.3 (tricarbonylamide),
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pKa2 ¼ 7.7 (phenolic diketone), and pKa3 ¼ 9.5
(dimethylamine) [42], along with changes in the
solubility/availability of Fe3þ at varying pH levels. In
aqueous environments with pH above 5, the pre-
dominant form of Fe3þ is Fe(OH)3, which is insol-
uble. In contrast, below this pH threshold, soluble
hydroxyl complexes were present, with free (hex-
aaqua) Fe3þ prevailing below 2.0 pH levels. This
finding suggests that the CS/Fe@PDA sorbent beads
can be effectively used for samples across a wide pH
range. These observations indicated that despite the
notable electrostatic interaction between TC and CS/
Fe@PDA beads, a substantial non-electrostatic
interaction also exists, such as possible p�p in-
teractions between PDA and TC [43].

Contact time, a crucial factor in analyte separa-
tion, can be described as the maximum amount of
analyte transferred from the aqueous phase to the
sorbent surface at a defined time. If the sorbent
produced significant extraction efficiency within a
short contact time, it is considered efficient and tend
to reduce the sample preparation time. As solid-
phase extraction is an exhaustive technique, suffi-
cient time is required to reach equilibrium. The
contact time study was performed by treating the
0.1 g of sorbent bead (1.0 mg L�1) with TC for
different reaction times. The results shown in Fig. 4B
and C reveal that for a contact time of 1.0 min, the
CS/Fe@PDA beads can effectively adsorb more than
80% of the analyte. This finding evidently supports

Fig. 3. Chemical Structures and pKa values of different type of tetracycline antibiotics.
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the significance of the fabricated sorbent consid-
ering the extraction efficiency percentage (%), based
on the results throughout the experiment with
1.0 min as the contact time.

Extraction efficiency ð%Þ¼A
�
B� 100 ð1Þ

where A is the recovered analyte concentration
and B is used (starting) analyte concentration.

3.3.2. Eluent type
The efficiency of the extraction process is intri-

cately linked to careful selection of the desorption
solvent. Therefore, a desorption solvent must fulfill
several critical criteria, including transparency
across the necessary wavelength range, ability to
dissolve target analytes, high affinity for the target
compounds, and fast kinetics to ensure quantitative
recovery within a short timeframe. To investigate
the effective extraction of TC from the CS/Fe@PDA
bead surface, various desorption solvents were

systematically selected and used. These solvents
were oxalic acid (OXA), isopropyl alcohol, acetoni-
trile (ACN), acetone, ethanol, methanol (MET), and
a combination of oxalic acid, acetonitrile, and
methanol in a ratio of 70:20:10 (OXA:ACN:MET).
CS/Fe@PDA beads were treated with each desorp-
tion solvent for 5 min, followed by TC extraction. As
shown in Fig. 4D, oxalic acid, acetonitrile, and
methanol exhibit satisfactory recovery percentages
(%) (Eq. (2)) individually. The combined use of
oxalic acid, acetonitrile, and methanol synergisti-
cally improved recovery%. The superior elution ef-
ficiency of oxalic acid can be rationalized by its
robust masking ability towards Fe ions, as corrob-
orated by previous studies [44,45].
In contrast, the intricate p�p interactions between

TCs and acetonitrile revealed potent interactions
[46], suggesting that acetonitrile exhibited enhanced
efficacy in dissolving TCs than methanol. The in-
teractions between the solvent and TC contributed

Fig. 4. Impact of reaction pH (A), sorbent contact time with analyte (B & C), and different eluent types (D) on the separation and quantification of the
TC analyte (n ¼ 3).
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to the improved recovery percentage compared to
other solvents, providing valuable insights contrib-
uted into the solvent-specific interactions that
govern extraction efficiency. The careful selection of
desorption solvents is crucial in optimizing the
extraction efficiency of TC from CS/Fe@PDA beads.
The observed synergies and specific interactions
with solvents, particularly the unique contributions
of oxalic acid and acetonitrile, provide valuable in-
sights into the refinement of extraction protocols
targeting TCs. Meticulous solvent selection is inte-
gral for developing robust methodologies for the
extraction and recovery of target compounds for
real-world analytical applications.

Recovery percentage ð%Þ¼Cs �Ct
�
Ck � 100 ð2Þ

where, Ck is the known spiked sample concen-
tration, Ct is the TC concentration of the blank target
sample, and Cs is the TC concentration in the spiked
sample.

3.4. Sensitivity of the proposed approach

Validation of the proposed analytical method
involved a comprehensive examination of various
performance parameters to ensure its reliability and
accuracy under optimal experimental conditions.
Among these parameters, linearity, coefficient of
determination (R2), limit of detection (LOD), limit of
quantitation (LOQ), precision, and accuracy were
evaluated. To assess linearity, calibration curves are
accurately plotted by recording peak areas (y) against
standard solution concentrations (x, mg L�1) at
certain distinct concentration levels spanning the
range, as summarized in Table S1 (https://doi.org/10.
38212/2224-6614.3510). This process was performed

for different TCs, namely oxytetracycline (Oxy),
tetracycline (Tet), demeclocycline (Dem), and chlor-
tetracycline (Chl). The resulting calibration curves
exhibit R2 values in the range of 0.996e0.998 for all
the TCs, indicating a remarkably high degree of
linearity and reliability (Fig. 5A). The assessment of
the LOD and LOQ further highlighted the sensitivity
of the method. The LOD and LOQ were calculated
based on the signal-to-noise ratios of 3 and 10,
respectively. The LOD values, ranging from 142 to
303 mg L⁻1, signify the method's ability to detect trace
amounts of TCs. The LOQ values, falling within the
range of 425e939 mg L⁻1, establish the method's
ability to quantify these antibiotics at low concen-
trations (Table S1 (https://doi.org/10.38212/2224-
6614.3510)). Notably, these results highlight the
versatility of the proposed approach compared to the
previously reported TC determination methods
(Table 1), enabling the sensitive detection of four
different types of TCs across a spectrum of concen-
trations. Moreover, it is exceedingly uncommon for
all of the specified TCs to be found in honey samples.
However, it is feasible to distinguish between the
different types of TCs based on their observed
retention times (RT): 5.06 min (Oxy), 5.77 min (Tet),
7.76 min (Dem), and 11.73 min (Chl), under the
abovementioned HPLC conditions. This difference
may be attributed to differences in their chemical
structures, which result in distinct hydrophobic
properties (Fig. S3 (https://doi.org/10.38212/2224-
6614.3510)) [31].
Furthermore, the method's practical applicability

was emphasized by obtaining a linear range and
aligning it with the reported TC concentration in
real samples, such as honey (920 mg L�1) [50]. The
linearity, LOD, and LOQ established the robustness
and practical utility of the proposed analytical

Fig. 5. Proposed method reveals significant linear dependency between various TC types concentration against area under the curve (A) and good
sustainability nature in terms of regeneration (B) (n ¼ 3).
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method for accurate and sensitive detection of
various TCs. The performance characteristics of the
method make it a valuable tool for analytical ap-
plications in regulatory compliance and environ-
mental monitoring.

3.5. Analytical performance of the approach

To evaluate the practical effectiveness of the pro-
posed methodology, the CS/Fe@PDA bead sorbent

was systematically tested using commercially ob-
tained tea and TC ointment samples. The study
utilizes honey sample that was spiked with three
discrete concentrations of TC, as summarized in
Table 2, to mimic real situations. For the preparation
of various TC ointments, a straightforward dilution
procedure was employed, utilizing methanol at a
concentration of 50% v/v. This resulted in the crea-
tion of three distinct concentrations of TC's as out-
lined in Table 3, these concentrations were
strategically selected to replicate the conditions
encountered in real-world scenarios. Subsequently,
the CS/Fe@PDA bead sorbent was used to treat
honey and ointment samples under carefully opti-
mized reaction conditions. The results summarized
in Tables 2 and 3 signify that the proposed sample
preparation method demonstrated remarkable re-
covery values ranging between 92% and 105%, for
all samples. This finding underscores the effective-
ness of the method for selectively extracting TCs,
mitigating potential interference from the non-spe-
cific adsorption of other compounds, such as com-
mercial ointments.
The proposed method was tested for accuracy

using a 3.0 mL of carefully selected concentration of
TCs under ideal reaction conditions. After extraction
and desorption, HPLC analysis was performed on

Table 3. Analytical proficiency of the CS/Fe@PDA bead approach for various TC extraction and quantification in different commercial TC ointments
(n ¼ 3).

Sample Diluted (mg L�1) Found (mg L�1) Recovery (%) RSD (%)

Commercial tetracycline
Ointment (10 mg g�1)

0 ND* e e

500 518.4 103.6 7.04
700 691.8 98.8 5.3
900 908.1 100.9 6.5

Commercial Chlortetracycline
ointment-1 (10 mg g�1)

0 ND* e e

800 820.6 102.5 6.8
1000 1017.6 101.8 2.7
1500 1388.7 92.6 2.3

Commercial Chlortetracycline
ointments-2 (30 mg g�1)

0 ND* e e

800 826.6 103.3 4.4
1000 1006.5 100.7 1.01
1500 1482.7 98.8 5.3

* ND ¼ Not Detected.

Table 1. Efficiency of CS/Fe@PDA bead methodology in comparison to alternative techniques for HPLC-based various types of TC separation and
determination (n ¼ 3).

Sample preparation Analytical method Analyte LOD (mg L�1) Reference

E-tongue Electrochemical Tetracycline ~ 300 [47]
UiO-66-NH2 Fluorescent Tetracycline ~ 199 [48]
Carbon dot F€orster resonance energy transfer Oxytetracycline ~ 190 [49]
CS/Fe@PDA bead HPLC Oxytetracycline 190 This Study
CS/Fe@PDA bead HPLC Tetracycline 142 This Study
CS/Fe@PDA bead HPLC Demeclocycline 303 This Study
CS/Fe@PDA bead HPLC Chlortetracycline 257 This Study

Table 2. Assessment of various TC extraction and determination in
honey samples using CS/Fe@PDA bead methodology (n ¼ 3).

TC type Spiked
(mg L�1)

Found
(mg L�1)

Recovery
(%)

RSD
(%)

Oxy 0 ND* e e

600 624.7 104.1 3.2
1000 968.4 96.8 5.6
1500 1511.1 100.7 4.7

Tet 0 ND* e e

500 507.7 101.5 1.9
700 741.5 105.9 6.2
900 852.3 94.7 4.9

Chl 0 ND* e e

800 843.8 105.5 2.1
1000 1024.2 102.4 5.6
1500 1441.3 96.08 2.9

* ND ¼ Not Detected.
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the resulting solutions. The acquired data revealed
acceptable relative standard deviation (RSD%)
values in the range of 1.59e5.07 for all samples
summarized in Table 4, indicating precise intraday
accuracy. Moreover, the interday accuracy experi-
ment yielded noteworthy RSD% values ranging
from 4.86 to 8.7 for all samples. These findings
affirm that the proposed method exhibits not only
robust inter-and intraday precision for the selected
TCs, but also fulfills the criteria for reliability and
feasibility, supporting its suitability of for enhanced
analysis of real-world samples.

3.6. Reusability

The reusability of an adsorbent is critical for its
practical viability in commercial applications, thus
emphasizing the sustainability of the proposed
methodology. To thoroughly evaluate this aspect, the
proposed approach was meticulously tested over 10
cycles of TC extraction and desorption. Notably, the
methodology exhibited remarkable reusability,
attaining recovery values within the acceptable range
of 85%e115% for TC across five consecutive cycles,
demonstrating sustained analytical performance.
This behavior underscores the robust nature of the
engineered CS/Fe@PDA beads. The CS networks
weaken and solubilize under acidic conditions.
However, the glutaraldehyde cross-linking yielded
notable acid-resistant properties in the resulting
sorbent beads, enabling five exceptional cycles of
regeneration and reuse. The observed decline in the
recovery% values after five cycles may be attributed
to potential loss of Fe ions, and the CS/PDA pre-
senting active sites during the acid-based sorbent
regeneration process. This phenomenon can reduce
the availability of active sites, hindering efficient TC
extraction. Understanding the factors that influence
the reusability of the proposed approach is crucial
for sustained and effective TC extraction and deter-
mination in successive cycles (Fig. 5B).

4. Conclusion

In conclusion, we introduced a highly efficient
strategy for the pre-concentration and simultaneous
determination of four TCs in aqueous samples. This
analytical approach, which integrates a bio-sorbent
based methodology with HPLC, is simple, expedi-
tious, accurate, selective, and effective. The analyt-
ical performance results confirmed the potential of
the engineered CS/Fe@PDA beads as a viable and
efficient tool for sample pre-treatment in the pre-
concentration and RPLC determination of TCs. Our
proposed method exhibits distinct advantages over
existing approaches, considering the sample prep-
aration time, nontoxicity, and degradability. The
fabricated CS/Fe@PDA beads exhibited an impres-
sive ability to effectively extract over 80% of the TCs
within a minute. Our findings not only improve the
analysis of TCs, but also pave the way for innovative
possibilities and future advancements in separation
science. The positive outcomes of this study not only
improve the analysis of TC, but also open up new
possibilities for improving sample-pretreatment
methodologies. We anticipate that the versatility
and efficacy demonstrated by our fabricated bio-
sorbent will inspire further developments in envi-
ronmental and pharmaceutical research.
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