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- Highlights:

v" Molecularly imprinted polymers (MIPs) were synthesized via
precipitation polymerization, forming selective recognition sites for
Auramine O with high structural stability and adsorption efficiency.

v" The MIPs showed a maximum adsorption capacity of 125.521 mg g!
and a selectivity factor (IF) of 2.77, while maintaining strong reusability
over multiple adsorption - desorption cycles.

v' Application to bamboo shoot samples yielded high recovery rates
(78.45% - 96.87%) with RSDs below 7% and up to 50-fold enrichment,
confirming their effectiveness for trace-level detection in complex food
matrices.

v" These results demonstrate the potential of the developed MIPs for
integration into solid-phase extraction and adaptation to advanced
analytical platforms for food safety and environmental monitoring.

- Abstract: For the selective adsorption and enrichment of Auramine O, this
study effectively synthesized and characterized molecularly imprinted polymers
(MIPs) via precipitation polymerization of ethylene glycol dimethacrylate (EGDMA)
as a cross-linker and methacrylic acid (MAA) as a functional monomer. SEM, EDS
and FT-IR characterization verified the formation of imprinted cavities designed for
Auramine O recognition. A mesoporous structure with an average pore diameter of
7.334 nm, a large pore volume (0.6166 cm® g™'), and a high specific surface area
(336.31 m? g™') were determined by nitrogen adsorption—desorption analysis, enabling
improved adsorption performance. Adsorption studies demonstrated a maximum
capacity (qmax) of 125.521 mg g', with high selectivity toward Auramine O relative
to structurally similar dyes and minimal suppression from electrolytes. Additionally,
by optimizing the extraction process, an enrichment factor of 50 was achieved. The
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MIPs demonstrated remarkable reusability by retaining the high adsorption and
desorption efficiencies over up to five cycles. Applying the proposed method on
bamboo shoot samples, the recoveries ranged from 78.45% to 96.87%, with relative
standard deviations below 7%. These results exhibit the method's suitability and
robustness for the sensitive, selective detection of prohibited dyes in complex food
matrices, highlighting its potential for routine food safety monitoring and regulatory
compliance.

- Keywords: Molecularly imprinted polymers, Auramine O quantification,
selective adsorption, efficient enrichment, bamboo shoots.

1. INTRODUCTION

Auramine O is a cationic dye of the diarylmethane class with abundant
applications in the textile, papermaking, tanning, printing, and also in the biological
and medical industries [1, 2]. However, the persistence of this compound in the
environment is considered to pose serious risks. According to the International
Agency for Research on Cancer (IARC), the dye compound is classified as Group 2B
which indicates possible carcinogenicity to humans [3-5]. Furthermore, Michler's
ketone, an extremely toxic mutagenic compound, is often detected in commercial
Auramine O dye [6, 7]. Acknowledging the extreme toxicity of Auramine O and the
potential risk of widespread misuse, it is prohibited as a food additive across countries
and regions, including Vietnam [8].

However, in recent years, an increasing number of violations have been
reported, in which Auramine O was illegally detected in pickled bamboo shoots and
durians presented in domestic markets [9]. Despite being stained with a high
concentration of Auramine O to preserve color, bamboo shoot samples may retain
only trace amounts of the dye, making detection and quantification challenging. This
immediately raises concerns in public and highlights the urgent need of developing
methods for trace detection of Auramine O in complex food matrices[10, 11]. In terms
of constructing efficient techniques, sample preparation serves a crucial role in
defining precision and sensitivity.

Solid phase extraction (SPE) has been used as an effective, highly applicable
and compatible technique for advanced analytical instruments like HPLC, LC-MS
[12, 13]. Hence, synthesizing appropriate adsorbent materials for extract columns is
an essential step for enhancing SPE performance. In recent years, many adsorbents
have been synthesized and studied, including activated carbon (AC) [14], HPD300
resin, halloysite nanotubes (HNTs) [15], and hybrid MOF/COF material [16]. Some
nanostructured composites like ZnS:Cu/AC and adsorbents derived from
carboxymethyl cellulose exhibited high adsorption capacity, attributed to their
enhanced surface area and abundant specific binding sites [17]. Nevertheless, a
common drawback of these adsorbents can be witnessed is their insufficient molecular
selectivity, which may undermine the performance in intricate matrices. Additionally,
most commercial adsorbents exhibit poor reusability, which may lead to secondary
waste and ultimately have a negative impact on the environment.
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To overcome these challenges, molecularly imprinted polymers (MIPs) as a
promising type of material have emerged for selective extraction and preconcentration
[18, 19]. MIPs are synthetic polymers developed for excellent molecular recognition
sites toward a specific target molecule [20]. MIPs are advantageous because of the
ease in preparation, high specific mechanical, thermal stability, and reusability [21-
24]. This characteristic makes MIPs useful for the selective adsorption, removal, and
concentration of Auramine O even in complicated sample matrices.

In this study, molecularly imprinted polymers for adsorption of Auramine O
were synthesized via precipitation polymerization with methacrylic acid (MAA) as a
functional monomer and ethylene glycol dimethacrylate (EGDMA) as a cross-linker.
The conditions for synthesis and adsorption of MIPs were studied and optimized to
improve selective enrichment performance. The prepared MIPs was then applied in
the solid-phase extraction of Auramine O from pickled bamboo shoot samples and
consequently quantified by UV-Vis molecular absorption spectrophotometry. This
spectroscopic method achieved enhanced sensitivity and selectivity with assistance
from the integration of MIPs in the sample preparation, while also improving the
accuracy and reliability of trace Auramine O detection in food matrices.

2. MATERIALS AND METHODS
2.1. Chemicals and Instrumentations

All chemicals used in this study were of analytical grade and were purchased
from Sigma-Aldrich (USA) or Merck (Germany). These include Auramine O (99%),
methacrylic acid (MAA, 99%), ethylene glycol dimethacrylate (EGDMA, 98%),
azobisisobutyronitrile (AIBN; 98%), acetonitrile (ACN; 99.9%), methanol (MeOH,
99%), ethanol (EtOH, 99%), and glacial acetic acid (99.9%). Several dyes and
interfering compounds were also used for selectivity and interference studies,
including Malachite Green (99%), Chrysodine G (99%), Tartrazine (99%), and
Leuco Malachite Green (99%). Inorganic salts such as sodium chloride (NaCl, 99%),
magnesium chloride (MgClz, 99%), potassium chloride (KCl, 99%), and calcium
chloride (CaClz, 99%) were also employed. Deionized water was used throughout
all experiments.

A UV-Vis spectrophotometer (UV-1601, Shimadzu) was used for
quantifying Auramine O and evaluating adsorption/desorption. The MIPs
synthesis was conducted with a magnetic stirrer (C-MAG HS 7, IKA).
Adsorption studies were supported by a refrigerated centrifuge (Eppendorf 5420)
and a horizontal shaker (SHR-1D).

2.2. Synthesis of adsorbent materials

Auramine O — molecularly imprinted polymers (MIPs) was synthesized via
precipitation polymerization. In this research, the molar ratio of Auramine
O:MAA:EGDMA for MIPs synthesis is 1.2:1:4. Briefly, 1.0 mmol Auramine O (500
ppm) and 1.2 mmol MAA (functional monomer) were dissolved in 40.0 mL porogenic
solvent of ACN:MeOH (3:1, v/v) and stirred for 30 minutes at room temperature.
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Then, 4.0 mmol EGDMA (cross-linker) and 10.0 mg AIBN (initiator) were added, the
mixture was stirred at 80 °C for 18 h. The resulting polymer after polymerization was
washed repeatedly by EtOH/HOAc (8:2, v:v) and centrifuged at 6,000 rpm for 15
mins in order to remove residual template and monomers. This elution process was
monitored by measuring absorbance of the eluting solution at 431 nm by UV-Vis
spectroscopy until no signal was detected, confirming the complete removal of
Auramine O in the polymer network. The dried MIPs were obtained by heating at
100°C for 8 h.

Non-imprinted polymers (NIPs) were prepared under similar conditions without
Auramine O as template molecules.

2.3. Adsorption Study

The adsorption behavior of the MIPs and NIPs was evaluated using a static
adsorption method. In each experiment, an identified amount of sorbent materials
(0.1-3 mg mL") were added to Auramine O solutions with initial concentrations (Co)
ranging from 5 to 450 mg L', All of the working solution were adjusted to pH 6.5,
then were gently shaken at room temperature for 1 to 90 minutes to reach adsorption
equilibrium. Consequently, the solutions were centrifuged at 6,000 rpm for 15 minutes
to separate the solid material from the solution. The residual Auramine O
concentration (Ce) was measured by UV-Vis spectrophotometry at maximum
adsorbance wavelength of 431 nm. Based on these values, the equilibrium adsorption
capacity (qe), removal efficiency (H%), and imprinting factor (IF) were calculated
using established equations.

e = XV (mgg") (1)
H% = x 100% )
IF = 3)

Co and C. (mg L") represents the initial and equilibrium concentrations of
Auramine O, respectively, V (L) is the volume of the adsorption solution, and m (g)
is the mass of the polymer. gm MIP and qn NIP (mg g™') refer to the maximum
adsorption capacities of MIPs and NIP, respectively.

Two isothermal adsorption models, Langmuir and Freundlich, were conducted
to perform regression analysis of the adsorption isotherms of Auramine O onto the
MIPs material [25]. The nonlinear forms of these models are expressed through the
following equations.

ge=—""(mgg") 4)

qe =Kr C'"" (mg g™) 5
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Here, q. and qm represent the equilibrium adsorption capacity and the maximum
adsorption capacity (mg g'), respectively. The Langmuir constant Ki. (L mg™) and
the Freundlich constant Kr (mg g™') are both indicators of adsorption strength [26, 27].
In the Freundlich isotherm model, the parameter n reflects the degree of surface
heterogeneity and offers insights into the distribution of adsorbed molecules on the
absorbent surface. This model describes multilayer adsorption on heterogeneous
surfaces and is particularly useful for describing non-ideal adsorption systems.

2.4. Desorption Study

This research evaluated the desorption efficiency and reusability of molecularly
imprinted polymer (MIPs) materials through static adsorption experiments. The
desorption of Auramine O from the MIPs was optimized by examining the effects of
different solvent systems, including ethanol/acetic acid (EtOH:HOAc),
acetonitrile/ethanol (ACN:EtOH), and water/acetic acid (H2O:HOACc), at two volume
ratios (8:2 and 2:8, v/v) to determine the most effective desorption condition. After
adsorption, MIPs particles were separated from the solution and then used in the
desorption process. The effects of solvent volume (1 to 25 mL) and desorption time
(1 to 30 minutes) were carefully examined to optimize the process.

To evaluate the material’s long-term reusability, five consecutive adsorption—
desorption cycles were conducted. The desorption yield was quantified using the
enrichment factor (EF) and the desorption percentage (R%), calculated based on the
following formulas:

EF =— (6)

R% =

x 100% (7

Vies 1is the final volume of the desorption solution (mL), Vags 1is the initial
volume of the adsorption solution (mL), Cqes 1is the concentration of Auramine O
recovered after desorption (mg L"), and Co is the initial concentration of Auramine
O before adsorption (mg L™1).

2.5. Sample preparation

Fresh bamboo shoot samples were obtained in domestic markets in Hanoi,
Vietnam. For preparing the extracted solution, 2.0 g of each sample was sufficiently
washed by DI water and grinded in a blender. Subsequently, the solid sample
underwent sonication extraction combining with stirring in 10.0 mL solvent system of
EtOH:H,O (7:3, v/v) acidified to pH 3 by hydrochloric acid for 2 hours at 40 °C.The
extracted solution then was centrifuged at 6,000 rpm and 4 °C for 10 minutes to
remove residual particulates. Following this, the supernatant was collected and
filtered through a 0.22 um PTFE syringe filter, obtaining the final extract which was
stored at 4 °C for further preconcentration and UV-Vis analysis at 431 nm.

MIPs was applied to selectively preconcentrate Auramine O from aqueous
samples. Firstly, 20 mg of MIPs were dispersed in 50.0 mL of sample solution which
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was stirred for 40 minutes at room temperature. After centrifugation at 6,000 rpm for
15 minutes, Auramine O was eluted with 1 mL of ethanol:acetic acid (8:2 v/v)
solution. Finally, the eluate was analyzed by UV-Vis spectroscopy.

3. RESULTS AND DISCUSSION
3.1. Physicochemical Properties

The surface morphology of both synthesized MIPs and NIPs material was
studied with SEM analysis, highlighting differences. Notably, the NIP material is
made of particles which are rough and irregular in shape which in turn dense and form
a compact block as shown in Figure 1A. However, Figure 1B indicates the MIPs
material which has a highly porous structure with more homogenous particles ranging
from 150 to 250 nm. Such porosity is due to the imprinting of the molecules with
appropriate added functional monomer to cross-linker ratio of 1:3 for the formation
of binding cavities for Auramine O [28, 29]. After template molecules are removed
from the polymer structure by elution, selective cavities form during polymer template
removal which increases specific surface area and porosity, which supports retention
to a far greater extent [28, 29]. Thus, the adsorption performance of MIP materials
surpasses that of NIP materials, which do not possess such pores.
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Figure 1. (A) SEM image of NIPs; (B) SEM image of MIPs; (C) EDS data and
(D) FT-IR spectrum of NIPs and MIPs
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EDS spectroscopy of both MIP and NIP materials (Figure 1C) indicate the
presence of carbon (C) and oxygen (O) with characteristic peak values of 0.27 keV
and 0.52 keV, respectively. For the MIP material, the atomic proportion of carbon and
oxygen are 82.88% and 17.12% while it is 85.01% carbon and 14.99% oxygen in
NIPs. The increase of oxygen that is present in MIP as compared with NIPs is most
likely due to the imprinting process, which tends to increase oxygen containing
functional groups that are requisite for developing recognition sites [30], [31], [32],
[33]. The FT-IR characterization (Figure 1D) confirms the copolymerization between
MAA and EGDMA showing absorption bands at 3500 cm™, 1720 cm™ and 1635 cm™
attributed to hydroxyl (O-H), carbonyl (C=0) and alkene or conjugated system (C=C).
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Figure 2. (A) Nitrogen adsorption—desorption isotherm plots of MIPs and NIPs at
77 K; (B) Pore size distribution data of MIPs and NIPs.

The nitrogen adsorption isotherm model (Figure 2A) demonstrates significant
differences in terms of adsorption capacity and structural design between MIPs and
NIPs. The MIPs material obtained an excellent specific surface area of 336.31 m? g’!,
surpassing that of NIPs (50.41 m? g). This data highlights the importance of
molecular imprinting in designing specific binding cavities for Auramine O
adsorption. As far as the pore characteristics are concerned in Figure 2B, MIPs
suggested the mesoporous structure with an average pore diameter of 7.334 nm and
large pore volume of 0.6166 cm® g''. In contrast, the NIPs material has wider pore
width (19.65 nm) and very low pore volume (0.2838 cm?® g'!), suggesting limitations
in terms of adsorption capacity and selectivity. With a well-tailored microstructure,
MIPs demonstrate a uniform polymer network [34, 35], which is effective for
retaining Auramine O. Based on the mentioned parameters, it can be claimed that
molecular imprinting is remarkably crucial in the synthesis of the polymeric material,
structurally and chemically suitable for interacting with target molecules. Overall,
enhanced adsorption efficiency and selectivity in MIPs can be observed in comparison
with non-imprinted material.

3.2. Adsorption properties

The MIPs adsorbent dose was thoroughly investigated (Figure 3A) by using a
range of 0.1 - 3.0 mg mL"! for the adsorption of 10.0 mL of Auramine O stock solution
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10.0 ppm in 30 minutes. It can be observed that the adsorption efficiency sharply
increased at a lower content of MIPs and became saturated when applying a
concentration of 2.0 mg mL™!, obtaining an optimized value of 94.09%. Due to the
fact that specific binding sites are considered completely occupied at this material
content, it was chosen for further experiments.
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Figure 3. (A) Study of optimized adsorbent concentration; (B) Adsorption duration
study; (C) Langmuir isotherm adsorption model and (D) Freundlich isotherm
adsorption model of MIPs and NIPs with Auramine O as template (n = 3).

The effect of contact time on the adsorption capacity of MIPs (Figure 3B) was
investigated systematically to determine the optimal adsorption time. The results
indicate that the equilibrium adsorption capacity (qe) rose continuously during the early
phase, i.e., from 0 to 20 minutes, suggesting that the adsorption sites on the material
surface were filled progressively with Auramine O molecules. This rapid uptake is
because there was an abundant presence of active sites for binding in the early stages
of contact. The adsorption process attained equilibrium at 20 minutes, which means
the respective sites were saturated. This proves that most of the accessible and high-
affinity sites were occupied within this period. Therefore, 20 minutes of contact time
was selected as the optimal adsorption time and applied in all the subsequent
experiments to ensure proper contact between the adsorbent and the analyte.
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Table 1. Comparison of qmax of MIPs with other Auramine O adsorbents.

Adsorbent Qmax (mg.g™1) Reference
Plastic HPD300 7.81 [36]
Halloysite Nanotubes (HNTs) 64.26 [37]
MOF/COF Hybrid 17.95 [38]
Gum xanthan-psyllium-cl-pol
SO Y 2.08 [39]
(acrylic acid-coitaconic acid)
ZnS:Cu/AC NPs 94.20 [40]
Carboxymethyl cellulose-g-
P(MMA)/Cloisite 30B 140.85 [41]
MIP-MAASs 125.52 This research

To determine the appropriate isotherm adsorption model, the relationship
between equilibrium concentration (Ce) and equilibrium adsorption capacity (qe) was
deduced in Figure 3C and Figure 3D. In this study, adsorption experiments was
conducted applying 2.0 mg mL™' of either MIPs or NIPs for 10.0 mL solution with
various concentrations of Auramine O (measurement conditions: pH 6.5, 25 °C, 20
minutes). For both MIPs and NIPs, the Langmuir isotherm model demonstrates a
higher correlation with obtained data than the Freundlich model, with R? values of the
Langmuir model being 0.9932 and 0.9905 in comparison with 0.9815 and 0.9282 of
the Freundlich model, respectively. In the Langmuir isotherm model, adsorption
constant K is a parameter of binding affinity between adsorbent and target molecule.
Particularly, Ki of MIPs and NIPs was determined as 2.857 and 0.424 L mg™!, with
higher binding capacity between MIPs and Auramine O. Notably, maximum
adsorption capacity qmax of MIPs material of 125.521 mg g was determined, while
NIPs only achieve a value of 45.897 mg g'!. With this data, the imprinted factor of
2.77 demonstrates outstanding adsorption efficiency and selectivity of MIPs, suitable
for other studies of imprinted polymers. In comparison with other adsorbents listed in
Table 1, MIPs synthesized from MAA and EGDMA highlight a significantly
enhanced adsorption efficiency among all.

For the pH condition of working solutions, pH 6.5 was chosen as the optimum
condition for chemical interaction of Auramine O and the functional groups of MIPs.
In particular, Auramine O is a basic amine dye with pKai of 9.8, staying as a positive
molecule at working pH condition. Meanwhile, most functional groups of MIPs are
carboxyl groups due to the use of MAA as monomer, remaining negatively charged at
pH 6.5 which promotes stable ionic interaction of MIPs and Auramine O. Both
chemical optimization by pH condition and enhanced structural design of specific
binding cavities in MIPs resulted in excellent adsorption capacity for Auramine O.
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Furthermore, the use of pH 6.5 for the Auramine O removal drives significant impacts
for environmental sampling and monitoring due to the fact that most samples consist
pH of slightly acidic to neutral.

3.3. Desorption properties and enrichment capability

Different solvent systems were applied for the elution of Auramine O from MIPs
material which are shown in Table 2. Above all, the ethanol:acetic acid (8:2 v/v)
solution achieved the highest desorption efficiency with R =95.5%, in which ethanol
provided polarity for the system for favourable mass transfer, whereas acetic acid
weakens the hydrogen bonding and ionic bonding between Auramine O and MIPs [42].
The use of this solvent system leads to the sufficient elution of analytes from specific
adsorption sites while intact the polymeric structure. Despite the fact that Auramine
O is highly soluble in water alone, desorption efficiency of using ethanol:acetic acid
is slightly higher than that of applying water:acetic acid attributed to enhanced
diffusion of ethanol in a moderate hydrophobic polymer network. On the other hand,
the ethanol:acetonitrile system lacks ionic strength to destabilize interaction between
Auramine O and MIPs due to the absence of acetic acid, resulting in reduced
efficiency [43]. Therefore, the EtOH:HOAc (8:2 v/v) solution which achieved the
highest desorption efficiency was further applied in desorption experiments.

Table 2. Study of elution systems with different volume ratios (n = 3)

Elution | EtOH:HOAc | EtOH:ACN | H20:HOAc | EtOH:HOAc | EtOH:ACN | H20:HOAc
system (8:2) (8:2) (8:2) (2:8) (2:8) (2:8)

Co

0.5 0.5 0.5 0.5 0.5 0.5

(ppm)
EF (%) 40 40 40 40 40 40

Caes 19.10 15.05 16.21 18.27 13.76 17.52
(ppm)

R% 95.50 75.25 81.05 91.35 68.80 87.60

(*) EF: Enrichment factor

An investigation was conducted to optimize the desorption duration using the
solvent system of ethanol:acetic acid (8:2 v/v) in the range of 0 - 30 minutes (Figure
4A). It can be observed that desorption efficiency gradually increases during the first
20 minutes and reaches the highest value of 96.08%. Hence, a duration of 20 minutes
was chosen as the optimized desorption time for further experiments. Enrichment
factor (EF) study with initial Auramine O concentration of 0.05 ppm is shown in
Figure 4B. Across the EFs of 5-50 times, the MIPs material obtained recoveries range
from 92.08% to 96.31%, indicating sufficient enrichment capability. However, the
recovery began to drop significantly when the enrichment factor exceeded 50 times
due to the higher accumulation of Auramine O in the polymer network.
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3.4. Reusability of MIPs material

The reusability of MIPs was indicated in Figure 4C. In particular, the adsorption
and desorption efficiency of the first five cycles were in the range from 94.12% to
87.68% and from 92.78% to 85.89%, respectively. Overall efficiency tended to
decrease after the fifth cycle due to the structural disruption of the polymer network,
directly transforming the morphology of adsorption sites. The consistent adsorption—
desorption process may cause network fracturing and micro pore collapse, which
destabilize interactions within the structure of MIPs [44]. Overall, the MIP material
can be recycled up to five times, providing advantageous features for further
applications like preconcentration and sample preparation.

3.5. Adsorption selectivity

Adsorption selectivity of the imprinted material (MIPs) with Auramine O
(Figure 4D) was evaluated via adsorption experiments with other noteworthy dyes
from several groups or in the presence of different electrolytes. The experiments were
conducted with a material content of 2.0 mg mL"! dispersed in various 10.0 mL dye
standard solution of 10.0 ppm, which consists of: Quinoline Yellow (QLY), Tartrazine
(TAR), Sunset Yellow (SS Y), Leuco Malachite Green (LMG), Chrysodine (CHR),
Malachite Green (MG), and Auramine O (AO).
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Figure 4. (A) Study of desorption duration; (B) Enrichment factor investigation; (C)
Reusability of MIPs; (D) Adsorption selectivity of MIPs (n = 3).
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It was witnessed that the adsorption efficiency of MIPs toward Auramine O
achieved 95.57%, superior to other yellow dyes, including QL Y, TAR and SS'Y, of
which efficiency only fluctuated in the range of 5.72-32.05%. The obtained result can
be explained by the presence of specific functional groups. For instance, three of them
contain several sulfonic acid groups, whereas Tartrazine also consists of one carboxyl
group, which negatively charges the overall molecule under neutral pH [45].
Meanwhile, MIPs is functionalized by MAA, which is a carboxylic acid, likewise,
obtaining negative charges [46]. Therefore, strong repulsion between MIPs and the
mentioned anionic yellow dye can be deduced, directly destabilizing the interaction and
decreasing adsorption efficiency. In terms of chemical adsorption, this result proved
the notable selectivity of MIPs to Auramine O among other dyes with similar color.

However, regarding the dyes such as Chrysodine (reddish orange), Leuco
Malachite Green (pale green), and Malachite Green (bluish green), which originally
consist of positive charges at amino groups and conjugated systems like Auramine O,
higher adsorption efficiency was obtained in the range 0£49.44% to 76.79%. Although
selective adsorption of Auramine O among other dyes can be witnessed, this data
indicates that the non-specific binding of structurally similar compounds to Auramine
O can feasibly occur, altering the selectivity of MIP material.

Likewise, the selectivity of Auramine O adsorption was assessed in the presence
of 50.0 ppm of different electrolytes such as NaCl, KCl, MgCl,, and CaCl,. A
maintenance of high adsorption efficiency of MIPs towards Auramine O can be
observed, deducing minor suppression from the ionic environment. This favourable
feature of MIPs promises further advantages in real sample preparation, particularly
without excessive dilution or other treatments.

3.6. Real sample analysis

For the quantification of Auramine O in bamboo shoot matrices, the analytical
performance of the sonication-assisted extraction method and preconcentration using
MIPs was systematically examined in Table 3. Auramine O's absence in unspiked
samples (ND) verified the method's reliability and absence of contamination. To
assess the accuracy of the approach, recovery studies were carried out at three spiking
levels (0.050, 0.100, and 0.200 mg/kg) which were replicated 3 times for each sample.
According to the AOAC guidelines for single-laboratory validation of chemical
methods, recoveries between 80% and 110% are recommended for reliable residue
analysis [47]. The obtained recovery values, which ranged from 78.45% to 96.87%,
are consistent with these criteria.

Table 3. The Auramine O detection results in bamboo shoot samples (n = 3).

Detected content Spiked Found Recovery  RSD
Sample name

( gkgh (mgkg')  (mgkg') (%) (%)
Bamboo . 0.050 0.045 90.09 5.76

. ND
rhizome shoot 0.100 0.097 96.87 3.25
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0.200 0.171 85.68 4.01

0.050 0.042 83.19 6.34

Tongue-shaped ND* 0.100 0.078 78.45 3.54
bamboo shoot

0.200 0.179 89.55 2.10

* ND: Non-detected

With values ranging from 2.10% to 6.34%, precision was evaluated using
relative standard deviation (RSD), which is significantly lower than the upper limits
suggested by both AOAC guidelines (<15%) [47]. Such low RSD values demonstrate
that the extraction and analytical process is highly robust and reproducible across a
range of sample types and concentration levels. When considered as a whole, these
validation parameters demonstrate that the acidified ethanol-water solvent system, in
combination with the sonication-assisted extraction method, offers a reliable,
accurate, and efficient method for determining Auramine O in complex plant matrices.
This technique represents a practical and reliable alternative to conventional
extraction methods, while facilitating routine monitoring and enforcement against the
illegal use of prohibited dyes in food products.

3.7. Current limitations and future work

This study was confined to batch-by-batch adsorption experiments, and the
large-scale or continuous operation of the synthesized MIPs has not yet been explored.
The selectivity assessment was conducted using a limited range of structural analogs,
which may not fully represent the complexity of real environmental or food matrices.
Moreover, the column-mode solid-phase extraction (SPE) configuration has not yet
been implemented or systematically evaluated.

Future research will focus on integrating the developed MIPs into column-based
SPE systems to enable automated and continuous operation with enhanced efficiency
and reproducibility. Further studies will also aim to apply the material for the
determination of Auramine O in various water samples, assessing its performance in
real environmental conditions. In addition, optimization of the polymer composition
and detection strategy will be pursued to advance the analytical sensitivity and achieve
lower limits of detection suitable for trace-level monitoring.

4. CONCLUSIONS

In this study, molecularly imprinted polymers (MIPs) were successfully
synthesized via precipitation polymerization, combined with UV-Vis spectroscopy for
the trace detection of Auramine O in food products. Prepared MIPs exhibit an
excellent maximum adsorption capacity of 125.521 mg g™', a mesoporous structure
with the surface area of 336.31 m? g! and an imprinted factor (IF) of 2.77.
Precipitation polymerization was proved to be a simple and efficient approach for MIP
synthesis, though slight variations in particle size and binding site distribution may
affect batch reproducibility. With proper optimization, these effects can be minimized
for consistent performance. The material was effectively applied for the
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preconcentration of Auramine O in bamboo shoot samples, achieving high recovery
rates (78.45%-96.87%) with RSDs below 7% and enabling a 50-fold enrichment for
ppb-level detection of Auramine O. The reusability of MIPs was demonstrated to
reach up to 5 efficient adsorption-desorption cycles, indicating the potential
application of Auramine O removal in waste-water samples. This study highlights the
potential of the MIP material for further development into solid-phase extraction
columns and its application across various analytical platforms such as
electrophoresis, HPLC, and electrochemical methods, as well as in the analysis of
other food and environmental matrices.
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