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Tailored Imprinted Polymers for Selective Recognition of
Sulfonated Dyes: Extraction of dyes from Soft Drinks, Water and
Food Samples

Krushna Shinde*?, Rupali Thorave*?, and Sudhirkumar Shinde*?

Synthetic sulfonated food dyes in beverages and processed foods pose health and environmental risks due to their
persistence and potential toxicity, whereas traditional detection methods lack selectivity and involve excessive solvent use.
Here, we report synthesis of molecularly imprinted polymers (MIPs) featuring with high affinity and enhanced binding
capacity for sulfonated dyes. The MIPs were prepared using phenyl sulfonic acid (PSA) as a template, a tweezer-type bis-
imidazolium functional monomer, 2-hydroxyethyl methacrylate (HEMA) co-monomer, and ethylene glycol dimethacrylate
(EGDMA) crosslinker. The reocgnition performance of the PSA imprinted MIPs was evaluated via rebinding isotherm data,
fitted to the mono-Langmuir isotherm model revealing binding capacities ranging from 100 - 300 umol g* with affinites in
order to 103-10* M affinity in both organic and aqueous solvents. The optimized demonstarted superior affinity for a wide
range of structurally diverse sulfonated dyes containing a PSA substructure It’s practical applicability was confirmed through
successful recognition of commercial dyes in water, soft drinks, and food matrices, including the successful capture of
adulterated food dye from turmeric samples. As a proof of concept, class-selective MIPs were employed as adsorbents in
solid-phase extraction cartridges (SPE), effectively capturing trace amounts of sulfonated dyes from water. Collectively,

these results underscore the potential of the developed MIPs for food monitoring and environmental remediation.

Introduction

The estimated worldwide annual production of synthetic dyes
exceeds 7 x 10° tons. These dyes are widely utilized across
diverse industries, including textile dyeing, paper, pulp, plastic,
color, photographs, foods, cosmetics and other industrial
applications.! According to Grand View Research (GVR, 2023),
the global food colors market size was valued at USD 3.13 billion
in 2023, and it is expected to grow at a compound annual
growth rate (CAGR) of 6.5% from 2024 to 2030.2 Synthetic food
dyes, particularly sulfonated aromatic compounds and
sulfonated azo dyes, are extensively used to enhance the visual
appeal of beverages, confectionery, and processed foods.3
Among these, Tartrazine (TZ, E102), Sunset Yellow (SY, E110),
Carmoisine (E122), Amaranth (AM, E123), Ponceau 4R (E124),
Allura Red AC (E129), Brilliant Blue (E 133), and HT Brown (E155)
are the most utilized.* > The release of sulfonated azo dyes into
aquatic environments has significant ecological consequences.
These compounds interfere with light penetration by altering
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sunlight absorption and reflection, thereby disrupting
photosynthetic activity and biological functioning of aquatic
organisms. In addition, they can reduce dissolved oxygen levels,
ultimately leading to the degradation of aquatic ecosystems.
Exposure of synthetic azo dyes and degradation products such
as aromatic amines, compounds classified as possible human
carcinogens associated with potential health risk and overall
ecological toxicity.> The continued application of these
colorants raises concern regarding their long term safety.
Regulatory agencies, including the European Food Safety
Authority (EFSA) and the US Food and Drug Administration
(FDA), have established guidelines to control their use and
ensure consumer safety.” 8 Nevertheless, despite extensive
research on dietary exposures and associated health risks, the
data remains controversial. Acceptable intake limits have been
proposed; however, certain studies emphasize the need of
stricter monitoring and regulation of sulfonated dyes in food
products.®19 Industrial wastewater containing synthetic dyes
particularly from textiles and food processing industries —
represent a major environmental challenge. Aromatic
sulfonates are characterized by high acidity (pKa < -1), strong
hydrophilicity, and low n-octanol-water partition coefficients
(log K > 2.2). As a result, these compounds exhibit high mobility
in the aquatic system, and pass through wastewater treatment
processes.!! Conventional wastewater treatment methods
including adsorption, flocculation, coagulation, ultrafiltration,
reverse osmosis and oxidation processes are inappropriate for
industrial applications due to high sludge generation and cost.1?
Consequently, current physical, chemical, and biological
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methods struggle to effectively remove the color from dye-
containing effluents, highlighting the need for efficient, cost-
effective and sustainable treatment technologies. The accurate
detection and removal of dyes from foods and beverages
remain a critical area of research. Several physicochemical
quantification methods have many limitations due to high cost,
low efficiency, high energy consumption and secondary
pollution.13 14

Common analytical techniques for dye detection include UV-Vis
spectrophotometry and chromatographic techniques, such as
thin layer chromatography (TLC), high-performance liquid
chromatography (HPLC), capillary electrophoresis, liquid
chromatography mass spectroscopy (LC-MS), and gas
chromatography mass spectroscopy (GC-MS).*> Although highly
sensitive, these methods require efficient sample pre-
treatment due to matrix interferences from soft drink
components such as sugars, preservatives, and organic acids.
Conventional pre-treatment strategies such as liquid—liquid
extraction (LLE), solid-phase extraction (SPE), membrane
extraction, and ion-exchange chromatography face challenges
such as poor selectivity, high solvent usage, and limited
reusability.1® Sample treatment constitutes a critical phase that
demands meticulous refinement to mitigate matrix
interferences and ensure compatibility with the specific food
matrix under analysis. Therefore, the development of
straightforward, selective, effective pre-concentration and
extraction methodologies is of paramount significance,
particularly when coupled with the application of highly
sensitive chromatographic and spectrometric techniques for
the precise quantification of target dyes within diverse food
matrices.

Molecularly imprinted polymer (MIPs) technology offers a
promising approach to address these challenges. MIPs are
synthetic polymers engineered with tailor-made recognition
sites complementary in size, shape, and functional groups to a
target molecule.’”® MIPs are prepared by polymerizing
functional monomers and cross-linkers in the presence of a
template molecule (e.g., dye). Upon removal of the template,
cavities with specific binding affinity to the dye remain.
Compared to biological receptors such as antibodies, MIPs have
gained popularity due to their robustness, thermal and
chemical stability, low cost, and reusability. MIPs have proven
effective in capturing various targets, ranging from small
molecules to larger entities such as pharmaceuticals and
pesticides,?? 2! peptides, proteins,?? glycans,?®> and cells?* 25
Nevertheless, further research is needed to explore the
synthesis and application of MIPs, especially for sulfonated food
dyes or sulfated biomolecules.?®?° In recent years, sulfonated
dye-selective MIPs have gained significant attention in the
research community, as evidenced by numerous studies (Table
S1). These polymers are synthesized using broad range of
sulfonated dye templates, including Acid Black 1, Acid Black 210,
Acid Brown 703, Acid Green 16, SY, Acid Violet 19, Cibacorn Red
Dye, Direct Red 23, TZ, and Congo Red (CR). Researchers have
investigated a variety of neutral and cationic charged functional
monomers, such as acryloyloxyethyl trimethyl ammonium
chloride, methacrylic acid, 1-(a-methyl acrylate)-3-

2| J. Name., 2012, 00, 1-3

methylimidazolium bromide, acrylamide, 1-vinyl imidazale,3:
aminopropyltrimethoxysilane, and titaRiuh10I8GPreeRIhe:
These functional monomers play a key role in the interactions
between the sulfonated groups of dye templates in the pre-
polymerization stage and in stabilizing the monomer-template
complex throughout polymerization, which ultimately shapes
the binding sites within the MIPs structure. Polar solvents, or
their mixtures, are often preferred, particularly when
sulfonated dyes act as templates, as this promotes stable pre-
polymerization complexes — a pre-requisite for generating well-
defined and effective recognition sites. The effectiveness of
MIPs is typically evaluated by comparing their performance
against non-imprinted polymers (NIPs). Studies (Table S1)
consistently show that MIPs exhibit higher dye-binding
capacities and selectivity than NIPs. This enhanced functionality
makes them particularly well-suited for various applications,
especially the removal of dyes from contaminated water
sources. Dye-specific MIPs have been successfully used to bind
and remove imprinted dyes from wastewater, river water, and
industrial discharge. Despite these advantages, sulfonated dyes
present several limitations when used as templates for
synthesizing MIPs, including the introduction of additional
environmental burden. The removal of the template from the
polymer generates non-environmentally friendly solvent waste.
Another common technical issue arises from the use of protic
polar solvents, which, while required to dissolve sulfonated
dyes, can detrimentally impact monomer-template
complexation when employed as a porogen. Specific sulfonated
dye imprinted materials, while effective for targeted dyes, often
lack versatility due to their limited selectivity. To address these
challenges, this study introduces a novel approach by creating
class-selective MIPs designed for the general recognition of
dyes containing phenyl sulfonate moieties. Phenyl sulfonic acid
(PSA) is employed as a substructure template due to its non-
toxic nature, cost-effectiveness, and prevalence structure in
commercial sulfonated dyes. This study systematically explores
the influence of polymer compositions and azo initiators on the
molecular recognition, binding affinity, and binding capacity of
templates, focusing on sulfonated dyes containing the PSA
moiety. A comprehensive examination of the MIPs' recognition
capabilities is conducted in both pure water and polar
environments containing potential interfering compounds,
providing a thorough assessment of their selectivity and
robustness. The applicability of the developed MIPs is
demonstrated through successful recognition and extraction of
target sulfonated dyes from water, food samples, and soft drink
samples, showcasing their potential for practical, real-world
applications.

Experimental

Materials

Tetrabutylammonium hydroxide (TBAOH; 10% in methanol)
and 95% ammonium hexafluoro phosphate (NHsPF¢) was
(SRL)

received from Sisco Research Laboratory India.
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phenylsulfonic acid (PSA) were purchased from Avra Synthesis
Private Limited India. EGDMA and HEMA were received from Otto
Chemie Pvt Ltd India. 1-vinylimidazole (> 98%) was received from TCI
Japan. N,N'-Azo-bis(2,4-dimethyl) valeronitrile (ABDV) was received
from Simson Pharma Limited India. Dry MeCN was received from
Merck USA. Sodium benzyl Orange (Na-BO) was received from TCl,
Japan. 2% TZ was received from Garden Flavours Company Pvt. Ltd.
6% SY was received from Bakers Ville India Pvt. Ltd., Alizarin Red S
(AR), and Metanil Yellow (MY), Fast Green FCF (FG), AM, and Indigo
Carmine (IC) were received from Otto Chemie Pvt. Ltd. India. Methyl
Orange (MO) Methylene blue (MB) was received from TCI, Japan.
37% hydrochloric acid (HCI) was received from Merck Life Sciences
India. HPLC grade 99.8% trifluoroacetic (TFA), HPLC grade methanol,
HPLC grade MeCN, sodium chloride (NaCl) and 25% NHjs solution was
received from Loba Chemie Pvt. Ltd. India. Glacial Acetic acid was
received from Clairo Filt India. The Functional monomer 1-Vinyl-3-
{3-[(2-vinyl-1H-imidazol-3-ium-3-yl)methyl]benzyl}-1H-imidazol-3-

12+ 2PFg)
according to a previously reported procedure.?? EGDMA and HEMA

ium bishexafluorophosphate (FM, was synthesized

were passed through a column of activated basic alumina to remove
inhibitors and stored at - 20 °C before polymerization.

Synthesis of Imprinted Polymers (P1, P2, Py1, Pn2)

The imprinted polymer P1 was prepared by dissolving the
template TBA PSA (0.2 mmol; 79.7 mg) and the functional
monomer 12* 2PFg (0.2 mmol; 116.5 mg) complex in 1120 ulL of
dry MeCN. EGDMA (755 uL; 4 mmol) was added as a crosslinker
to this monomer-template complex solution. For the imprinted
polymer P2, a complex was formed by dissolving the template
TBA PSA (0.4 mmol; 159.5 mg) and the functional monomer 12+
2PFs (0.4 mmol; 227.5 mg) in 2240 uL of dry MeCN. The co-
monomer HEMA (1.6 mmol; 195 ulL) and EGDMA crosslinker
(455 uL; 2.4 mmol) were added to the functional monomer
template complex solution. For each polymer, 10 mg of the
ABDV initiator was added to the above 10 mL screw-capped
sintered vials containing the pre-polymerization solution. The
solution was purged with a flow of dry nitrogen at room
temperature for 5 min. The vials were closed with a lid and then
sealed with silicone tape. Then, polymerization was carried out
at 48°C for 24 h in a preheated oven. After polymerization, the
glass vials were broken, and the bulk polymers were crushed
into coarse particles. The template was removed from the
polymers by shaking overnightin 1 N HCI, and again washed in
2 hinthe 1 N HCI, then 1 h in the 50 mL methanol: acetic acid:
water/85:15:5 (v/v) solvent mixture, followed by two times with
50 mL of distilled water and a final washed with 50 mL of HPLC-
grade methanol. The polymer was then dried in the oven at 40°C
for 2 h and thereafter subjected to fine grinding with a mortar
and pestle to achieve particle size of 10 pum - 500 um. The
obtained particles, without sieving, were used to assess the
binding properties. Reference polymers named non-imprinted
polymer NIPs (Py1 and Pn2) corresponding to imprinted
polymers with different proportions of imprinted polymers
were prepared as described above, but in the absence of the
template molecule from the pre-polymerization solution.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Polymer Composition of PSA-Imprinted Polymers Prepared by Azo-
Initiated Thermal Polymerization in Dry Acetonitrile.

Polymer  Template Functional Comonomer Crosslinker Porogen
(T, mmol) Monomer (CM, mmol) (CL, mmol) (mL)
(FM,
mmol)
P1 TBA PSA 12*.2PF¢ EGDMA (4) MeCN
(0.2) (0.2) (1.12 mL)
Pyl 12*.2PF¢ EGDMA (4) MeCN
(0.2) (1.12 mL)
P2 TBA PSA  12*.2PF¢ HEMA (1.6) EGDMA MeCN
(0.4) (0.4) (2.4) (2.24 mL)
Pn2 12*.2PF¢ HEMA (1.6) EGDMA MeCN
(0.4) (2.4) (2.24 mL)

42+

7 A
(S

PF,.TBA!

PSAMIP ; Dye 'ji

7/1/\/\1‘
Figure 1. Depiction of PSA recognition cavity in imprinted receptor and
principle of capture dye containing PSA substructure. PSA MIP made from
complex of tweezer type imidazolium functional monomers (12*.2PF6":
FM) and TBA PSA template in presence of HEMA comonomer (CM),

EGDMA crosslinker (CL) and ABDV initiator at 48 °C

In a prior investigation, a unique tweezer-type dipodal
functional monomer (FM) featuring imidazolium groups at the
1,3 positions of benzene rings and terminal vinyl polymerizable
groups (illustrated in Figure 1, 12*.2PF¢’), demonstrated

significant interactions with sulfonates in acetonitrile. Thorave
et. al. reported the association constants (Ka) of the 12*.2PF¢-
:TBA PSA (FM:T) complex to be 6.17 x 103 M* and 3.7 x 103 M
as determined by UV and *H NMR titration at room temperature
respectively.?® In our previous report, the stoichiometric
complex, comprising TBA PSA and 12*.2PF¢’, was utilized in the
production of MIPs using an EGDMA crosslinker, both with and
without the incorporation of a HEMA comonomer.?® These
polymers were synthesized via thermal polymerization in MeCN
solvent using AIBN initiator at 65°C. Based on our previous
findings, incorporating the water-loving HEMA comonomer into
MIPs improves their water compatibility and enhances their
ability to bind larger analytes containing phenyl sulfonate
substructures. Azobisisobutyronitrile (AIBN) and ABDV are
thermal initiators commonly used in free radical
polymerization in organic solvents. ABDV is better suited for
due to its

azo

lower-temperature  polymerization lower

decomposition temperature; its 10-hour half-life temperature

J. Name., 2013, 00, 1-3 | 3
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is 51°C, compared to 65°C for AIBN. The polymerization
temperature is expected to substantially influence the

Table 2. The binding constants (Ka) and specific binding
capacities (Bmax) for polymers P1, Py1, P2, Py2 from the
rebinding isotherm were obtained using TBA PSA in 100% MeCN
and PSA and TZ in 100% H,O0.

Polymer: Rebinding Ka Bmax Ref
Analyte Solvent (x 103 (umol g  Figure
M) Y) (sh
P1: TBA PSA 100% 12.77 99.69 + FigS2
MeCN 20.14
Py1: TBA PSA 7.93 77.37
+12.9
P2: TBA PSA 23.81 118.1 +
18.15
Pn2: TBA PSA 15.72 788 £
11.16
P1: PSA 100% H,O @ 21.21 247.1 * FigS4
18.1
Pn1: PSA 23.36 168.1 =
7.45
P2: PSA 15.89 3094 +
31.05
Pn2: PSA 20.70 175.1 =
9.6
P2: TZ 100% H,O @ 24.27 129.2 +  Fig3
22.8
PN2: TZ 21.94 66.56 +
15.98
polymer's affinity and specificity, thereby affecting the

monomer-template complex and the polymerization process.
Building on these prior results, the present study explores the
polymerization of the 12*.2PFs: TBA PSA complex combined
with the EGDMA crosslinker, either with or without the HEMA
comonomer, using the azo-initiator ABDV at 48 °C for 24 hiin a
conventional oven. Inspired by the growing field of metal-
organic framework-derived porous functional polymers3° and
considering bis-imidazolium functional monomers provides
additional crosslinking density, the polymer composition was
optimized by reducing the crosslinker concentration and
increasing the monomer-template complex concentration, as
detailed in Table 1. Both PSA-imprinted polymers (P1, P2) and
reference polymers synthesized without TBA PSA and
designated as non-imprinted polymers (Pn1, Pn2), were
produced. The resulting polymers were processed
particulate form through manual grinding with a mortar and
pestle, followed by extensive washing with a 1N HCI, acidic
methanol, water, and methanol to eliminate any residual
unreacted monomers and templates. Optical microscopy and IR
spectroscopy (Figure S1) were employed to confirm the
polymers identities and ensure comparable morphology and
composition. Subsequently, rebinding assays were conducted
to assess the polymers' recognition capabilities toward the TBA

into

4| J. Name., 2012, 00, 1-3

PSA. Polymers were incubated in MeCN containingvarying
concentrations of TBA PSA (ranging fror?@t® 50/NAJL B the
level of unbound analyte in the supernatant were quantified
using HPLC-UV (Figure S2).

The amount of TBA PSA bound to the polymers was then
calculated using Equation S1. A Langmuir monosite binding
model was applied to the data presented in Figure S2 (Equation
S2) allowing estimation of binding constants (Ka) and capacity
(Bmax). The fitting data, shown in Figure S2 and summarized in
Table 2, revealed an affinity (Ka) of P1 for the class 1 binding
sites of 12.77 x 103 M2, which is 1.61 times greater than that of
Pn1 (Ka = 7.93 x 103 M1). The binding capacities (Bmax) of P1
and Pn1 were determined as 99.69 + 20.14 umol gt and 77.37 +
12.95 umol g, respectively. As depicted in Figure 1, the
imprinted polymer P1, featuring its PSA-specific cavities,
exhibited superior affinity for TBA PSA, whereas the non-
imprinted polymer Py1 displayed lower affinity, confirming the
successful imprinting of PSA within the imprinted polymers. The
enhanced affinity of P1 underscores the effectiveness of the
imprinting process in creating selective binding sites for the
target analyte. In this study, we evaluated the imprinting
capabilities of P1/Py1 (Figure S2) and RP1/RPn1 polymers
(Figure S3), which were synthesized using azo initiators at
polymerization temperature of ABDV and AIBN?° at 48°C and
65°C, respectively. Our findings indicate that the RP1/RPy1
polymer, synthesized with AIBN, exhibited a slightly lower
imprinting effect (Ka — 9.36 x 103 M) compared to the P1/Py1
polymers (Table 2). This observation aligns with the principle
that the interaction strength between the imidazolium cation of
the functional monomer and sulfonate-based anions, primarily
facilitated by hydrogen bonding, exhibits an inverse relationship
with temperature.3! The results are consistent with previous
studies indicating that reduced polymerization temperatures
promote the formation of monomer-template complexes and
the synthesis of MIPs through hydrogen bonding and
electrostatic interactions, thereby influencing the
characteristics and number of MIPs recognition sites.3% 33 The
rebinding isotherm data, analyzed using a one-site binding
model for TBA PSA (Figure S2 and Table 2), revealed a binding
affinity (Ka) of 23.81 x 103 M! for P2. This value represents a
1.51-fold increase compared to the Ka observed for Py2 (15.72
x 103 M1). Interestingly, the binding capacity (Bmax) for both
NIPs, Pn1 and Pn2, remained consistent at approximately 78 +
11.2 pumol g, indicating comparable saturation levels of bound
analyte. However, a notable enhancement in binding capacity
was observed for P2 (118 + 18.15 umol g'') when compared to
P1. These findings suggest that polymer P2 and Pn2,
characterized by a higher concentration of the monomer-
template complex exhibit superior binding characteristics,
leading to improved affinity and capacity for the TBA PSA.
Polymer compositions of P2/Pn2 incorporating the template-
functional monomer (T:FM) complex were synthesized with a
T:FM:CM:CL ratio of 2:2:12:8 (in mmol). This represents a
doubling of the T:FM ratio compared to previous polymers that
were T:FM:CM:CL ratio of 1:1:12:8 (in mmol).?° The T:FM ratio
is also significantly higher than that of polymer P1/Pn1, which
has a FM:T:CL ratio of 1:1:20 (in mmol) as shown in Table 1. The

This journal is © The Royal Society of Chemistry 20xx
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enhanced binding capacity in P2 (Table 2) suggests a higher

concentration of monomer-template complex, potentially
generates a greater number of recognition sites.
Na® N,
P .'I‘,@isi@,;';
10

Methylene Blue (MB]

1
W
HO. 0 OH on
o JUD o ner
Na' o8] St Qe Na
6 6@ S0
T
4 5

Tartrazine (TZ) Alizarin Red S (ARS)

Sunset Yellow (SY)

Fast Green FCF (FG) Amaranth (AM)

Na*
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o Na’ Na*
50 0 S0 # Na® 50
AT QI Qe W
o ey gt o
[+] o o H N
Na* 1
7 8

L]
Methyl Orange (MO)

e

Benzyl Orsinge (BO) Indigo Carmine (IC) Metanil Yellow (MY)
Figure 2. Chemical structure of sulfonated dyes (1 to 9) containing PSA moiety
and control dye (10) without sulfonate group, used for the evaluation of P2,

Pn2 polymers.

Following the successful imprinting of TBA PSA in MeCN, the
study assessed polymer recognition of the PSA analyte in 100%
water. As summarized in Table 2 and Figure S4, all polymers
demonstrated a binding affinity of roughly 2 x 10* M-1. Polymer
P2 exhibited a higher binding capacity for PSA (Bmax - 309.4 +
30.25 umol g1) than P1 (Bmax - 247.1 + 18.1 umol g1).

The water-soluble synthetic azo dye, SY, which contains phenyl
sulfonate moieties, was examined for its interaction with P2 and
Pn2 polymer particles. Briefly, 5 mg of each polymer was
incubated in 4 ml of water containing 0.1 mM of the SY dye for
15 min. After removing the supernatant and washing with acidic
and basic solvents, optical and fluorescence images were taken
using a red excitation filter and an exposure time of 700 ms.
Figure S5 displays fluorescence images revealing a significant
difference in fluorescence intensity between P2 and Pyn2
particles. P2 particles exhibited strong fluorescence, suggesting
substantial SY retention. Conversely, Py2 particles exhibited
weak fluorescence, indicating a lower affinity for SY than
imprinted polymer P2. The washing fractions were collected,
and the combined fractions were quantified by HPLC-UV
spectroscopy. The results were consistent with the fluorescence
measurements, confirming that the imprinted polymer P2
retained 265% of the SY, whereas the non-imprinted polymer
Pn2 retained only approximately 33%.

1507 8 o b 0.51C
[m

= L-=---0 203 ot
Lol o g

= # g e ef OF

H Eﬂ, o ° fo02 ©

E P il s 3 — Py2 0.2
i E — 2

0.0+
700 200 400 500 600 700
Wavelength (run)

- 2.0+
00 02 04 06 08 10 300 400 500 600
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Figure 3. (a) Rebinding isotherm of TZ dye with P2 and Py2 polymers in
100% water. Absorbance spectra of the supernatant after rebinding of TZ
dye (1 mL) with 2.5 mg of polymer at concentrations of (b) 0.2 mM and
(c) 0.4 mM TZ in 100% water.

Based on preliminary data indicating improved selectivity of the

produced imprinted polymer for SY dye, a quantitative
examination of binding affinity and capacity was performed

This journal is © The Royal Society of Chemistry 20xx
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using TZ dye in an aqueous medium. TZ dye was selectedas.
suitable analyte for the rebinding expg&rimentsodipes0884%s
structural features, particularly the presence of two phenyl
sulfonate moieties, which are expected to interact favorably
with the binding sites in the imprinted polymer matrix. In the
rebinding experiments, polymer P2 and Pn2 were accurately
weighed (2.5 mg each) and suspended in 1 mL of TZ dye
solutions. A range of TZ dye concentrations spanning from 0 to
2 mM was prepared to generate a comprehensive rebinding
isotherm. The suspensions were gently agitated on a shaker at
room temperature for a duration of 100 min to ensure
equilibrium. Following the incubation period, the samples were
centrifuged at 10000 rpm for 5 min to separate the polymer
particles from the supernatant. The supernatant was carefully
collected and dye compared to Pn2 and the reference sample.
To quantify the amount of TZ dye bound to the polymers, a
rebinding isotherm was constructed (Figure 3a). The isotherm
was plotted with bound TZ (umol g?) versus free TZ
concentration fitting with one site binding model (Equation S2).
The concentration of TZ dye remaining in the supernatant was
determined by measuring the absorbance at 430 nm using an
external calibration curve. Rebinding analysis revealed similar
affinity constants (Ka) of approximately 2 x10* M for both P2
and Pn2. However, the binding capacity of P2 (129.2 + 22.8 umol
g!) was roughly twice that of Py2 (Table 1), suggesting that the
imprinting process significantly enhanced TZ binding capacity of
P2.

Sulfonated dyes shown in Figure 2 include TZ (1), SY (2), FG (3),
AM (4), AR (5), BO (6), IC (7), MY (8), and MO (9), all of which
contain one, two, or three phenyl sulfonate moieties. These
dyes were subjected to single point rebinding assays, a design
chosen to demonstrate the broad utility of MIPs for capturing
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Figure 4. Binding of sulfonated dyes by P2, Py2 in 100% water. Absorption
spectra of (a) Tz, (b) SY, (c) FG, (d) AM, (e) AR, (f) BO, (g) IC, (h) MY, and (i)
MO, after incubation with P2, P2, along with reference spectrum of each dye
solutions. Inset: Photographs of dye binding experiment in glass vials after 20
min, showing P2 polymers with captured dyes.

sulfonated dyes bearing the template substructure. Methylene
blue (MB, 10) which lacks a phenyl sulfonate substructure, was
included as a control. P2/Pn2 polymers (5 mg) were dispersed
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in 4 mL of aqueous solutions containing individual dyes at
concentrations of 1 mM for TZ, AR, and MY and 0.1 mM for SY,
FG, AM, BO, IC, and MO. After a 15-min settling period, 300 pL
of the supernatant was analyzed using a multiplate reader
(BioTek Synergy H) over a wavelengths range of 230 to 900 nm.
Absorbance spectra (Figure 4a — 4i) showed that P2 polymers
exhibited higher dye uptake compared to both Pny2 polymers
and the reference dye solution, as evidenced by the lower
intensity of the P2 supernatant and visually confirmed by
images of the dye-bound P2 polymer (Inset Figure 4a — 4i). In
contrast, no significant differences were observed between P2,
Pn2, and the reference MB dye solution (Figure S6), with no
visible changes in the supernatant solutions or dye-bound
polymers.

Polymer P2 and Pn2 were subsequently evaluated direct
interaction with sulfonated dyes in a selection of commercially
available beverages. This set comprised five distinct commercial
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Figure 5. Sulfonate dye binding by P2, Py2 in soft drink CD1 - CDA4.
Absorption spectra of (a) CD1, (b) CD2, (c) CD3, and (d) CD4 after polymer
treatment, reference spectra of the original soft drinks. Inset:
photographs of dye binding experiment in glass vials after 25 min.

drinks (Figure S7): three carbonated beverages (CD1, CD2, CD3)
and two fruit juices (CD4, CD5). The tested beverages contained
mixture of sugars and additives, including artificial sweeteners,
flavorings, and preservatives, alongside the target sulfonated
dyes. Notably, CD1 and CD3 contained caffeine at
concentrations of 29 and 13 mg per 100 mL, respectively. The
fruit juices, CD4 and CD5 consisted of 10.5% orange juice from
pulp and 5.1% concentrate mango pulp, respectively. The
specific sulfonated dyes present were: Allura red CD1, SY CD2,
TZ CD3, a combination of TZ and SY CD4, and SY CD5. Briefly,
P2/Pn2 polymers (11 mg CD1, 5 mg CD2, 1 mg CD3, and 2.5 mg
CD4, CD5) were suspended in 4 ml of each soft drinks, incubated
for 15 min, and analyzed by UV-Vis spectroscopy (230-900 nm).
These spectra were compared with those of Py2 and the original
soft drinks. The UV spectra (Figure 5a, 5b, 5c, 5d and Figure S8)
revealed that the polymer P2 adsorbed dyes from soft drinks to
a greater extent than Pn2 and the reference drinks. Obvious
visual differences among P2, Pn2, and soft drinks were also
captured in the inset photographs of Figure 5. These results
indicate that MIPs can selectively recognize sulfonated dyes in
the complex matrix of soft drink matrices where high polarity
and interferences from sugar, organic acids, and preservative
are present.
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(f) sample 3. In each panel, the spectra from P2 and Py2 are overlaid for direct
comparison.

MY an unapproved food colorant worldwide3* belongs to yellow
azo dye class and finds diverse applications in the wool, silk,
paper ink, and aluminum industries. Despite its industrial
versatility, MY consumption poses significant health risks.
Studies linked MY exposure to neurotoxicity,
carcinogenicity, and genotoxicity, as harmful effects on critical
organs such as the brain, liver, kidneys, testes, and ovaries.3®
Concerns have been raised about its presence in food products,
particularly turmeric, especially those processed by
unorganized sectors. To investigate the presence of MY, four
samples of non-food grade turmeric powder were collected
from local markets. Sample preparation involved dissolving 200
mg of turmeric powder into 10 mL of water. Following this, 1 mL
of the supernatant solution was used for MY dye extraction
using 2 mg of P2/Pn2 polymer. After washing with acidic and
basic solvents, two elution fractions were dried by evaporation
and reconstituted in water. The extracted MY dye was analyzed
by C18-HPLC-UV method. Analysis of HPLC spectra from eluted
fractions (Figure 6), coupled with the quantified MY dye data
(Table S2), demonstrated that the P2 polymer displayed a
superior binding affinity for MY dyes extracted from the
collected samples compared to Py2. MY was detected in three
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Figure 7. (a) MIP-SPE units with P2, Py2 cartridges. (b) C18-HPLC-UV
chromatograms of eluted fractions (E1, E2) from P2, Py2 cartridges after
extraction of a dye mixture (TZ, SY, FG, AR, and MY; 4.5 x10% M in 1L
water. Ref: dye mixture in elution solvent. Peaks are labelled with dye
names.
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of four turmeric samples at concentrations ranging from 0.7 to
9 mg per gram of turmeric (Table S2). Sample 4 showed no
detectable MY (Figure S9).

As a proof of concept, the effectiveness of synthesized MIPs for
the dye extraction from water was evaluated using P2 and P2
as solid phase extraction (SPE) sorbents. For MIP-SPE, 20 mg of
P2/Pn2 polymers were packed into 3 mL cartridges (Figure 7).
An equimolar mixture of TZ, MY, FG, AR, and SY dyes (each at
45 nM) was spiked in 1 L of water. The water containing mixture
of mono-, di-, and tri- sulfonated dyes was passed through the
P2/Pn2 cartridges at a flow rate of 2.5 mL min-t under a vacuum
of approximately 30 mm Hg. After drying the polymer, adsorbed
dyes were eluted in two steps (E1, E2) using acidic methanol.
The eluted fractions were quantified via C18-HPLC-UV and
compared with reference samples. As shown in Figure S10, the
combined elution fractions for both MIP and NIP exhibited
similar adsorption abilities for water-soluble dyes with a slight
preference for multi-sulfonated over mono-sulfonated dyes,
yielding recoveries ranging from 50% to 90% in water. Notably,
the chromatograms (Figure 7) revealed higher dye
concentrations in the E2 fractions from P2 compared to Pn2 in
contrast to E1 fractions. This suggests that P2 polymers retain
sulfonated dyes more strongly than corresponding NIPs.

Conclusions

In this study, we have developed class-selective molecularly
imprinted polymers (MIPs) for the recognition of sulfonated
dyes using a substructure imprinting approach with phenyl
sulfonic acid (PSA) as the template and a tweezer-type bis-
imidazolium functional monomer. The optimal conditions—
lower polymerization temperature (48 °C) with ABDV initiator
and a higher template-to-monomer ratio (P2 formulation)—
markedly enhanced binding capacity and affinity. MIPs created
using HEMA and EGDMA with optimized compositions
demonstrated improved water compatibility compared to MIPs
synthesized without HEMA. Notably, the optimized polymer
(P2) demonstrated a binding capacity of 300 umol g* and
affinity constant (Ka) of 1.6 x 10* M1 for PSA and for a
structurally diverse sulfonated dyes (including TZ, SY, FG, AM,
ARS, BO, IC, MY and MO) in both organic and aqueous solvent.
These MIPs successfully recognized and bound sulfonated dyes
even in complex matrices such as commercial soft drinks
containing carbohydrates, organic acids, preservatives, and
caffeine. Importantly, we have demonstrated for the first time
that imprinted polymers can be used to capture adultered food
dyes from turmeric samples, highlighting their potential
application in food safety monitoring. As a proof of concept,
developed MIPs were employed as adsorbents in solid phase
extraction (SPE) cartridges, enabling the capture of a mixture of
ultra-traces sulfonated dyes from water.

Collectively, these findings establish that substructure-
imprinted MIPs offer a promising, selective, and robust
platform for the extraction and preconcentration of sulfonated
dyes from complex food and environmental matrices, with
significant implications for public health protection and
environmental monitoring.

This journal is © The Royal Society of Chemistry 20xx
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