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Abstract

Acrylamide (AA) is a heat-induced process contaminant of toxicological concern associated with potential health risks. Its
selective removal from complex food matrices, such as coffee brew, while preserving quality, remains a major technologi-
cal challenge. This study explored an ionic liquid-based molecularly imprinted solid-phase extraction (MISPE) process
for potential AA binding, combining molecularly imprinted polymers (MIPs) synthesized from polymerizable ionic liquid
monomers with a packed-bed format. The effect of MISPE on coffee quality was examined through pH, total dissolved sol-
ids, colorimetric parameters and browning index. Among the four synthesized materials based on 2-(dimethylammonium)
ethyl methacrylate [H-DMAEMA] and 2-(trimethylammonium) ethyl acrylate, the MIP synthesized with [H-DMAEMA]
acetate exhibited the highest affinity toward AA in aqueous solution (dynamic imprinting factor: 1.72) and well-defined
adsorption—desorption behavior fitted to the Boltzmann model. When applied to coffee brew, the MISPE process pre-
served physicochemical related parameters, including pH, total dissolved solids, and color. However, AA levels remained
unchanged, likely due to competitive interactions with abundant macromolecules such as melanoidins and polysaccha-
rides. These findings demonstrate the feasibility of ionic liquid-based imprinting for AA recognition in aqueous systems
and highlight the physicochemical complexity of coffee as a model matrix for optimizing selective extraction strategies.
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Introduction

In foods like coffee, acrylamide (AA), an amide of high tox-
icological relevance [1] forms during the intermediate stage
of the Maillard reaction, mainly through the reaction of the
free asparagine with reducing sugars at temperatures above
120 °C and low-moisture conditions [2]. The International
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Agency for Research on Cancer (IARC) classifies AA as
“probably carcinogenic to humans” [3]. Consequently, the
European Union has established benchmark levels to reduce
AA in food, setting 400 ug-kg™ ! for roasted coffee and 850
ng-kg ! for soluble coffee [4].

In coffee beverages, AA concentrations have been
reported to range between 1.7 and 79.3 pug-L™ ! [5], lead-
ing to estimated exposures of 10-565 ng/kg body weight/
day [6]. AA exhibits no safe threshold in its dose-response
relationship [7], and even minimal exposure may initiate
carcinogenic processes. Consequently, the European Food
Safety Authority (EFSA) and the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) recommended a
margin of exposure (MOE) approach instead of defining
a tolerable daily intake [8]. Reported MOE values for cof-
fee consumption alone range from 75 to 8378, indicating
a potential health concern since values below 10,000 are
considered critical [9].

Several preventive and mitigation strategies have been
proposed to reduce AA levels in coffee. Biotechnological
approaches include fermentation and enzymatic treatments,
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whereas formulation strategies focus on careful selection of
mature coffee beans, adjusting mass balances according to
species, and shorter brewing times [10-12]. However, miti-
gating AA in coffee remains challenging due to technological
limitations and potential negative effects on sensory properties
[13], highlighting the need for selective removal strategies.

A promising strategy for selective separations is molecu-
lar imprinting technology, which enables the synthesis of
molecularly imprinted polymers (MIPs) [14]. These bio-
mimetic materials, often referred to as “plastic antibodies,”
are obtained by forming pre-polymerization complexes
between a target molecule (template of guest) and a func-
tional monomer (host) (Fig. 1a). The resulting complex is
copolymerized with a crosslinker (Fig. 1b), and subsequent
template removal generates binding sites that are spatially
and chemically complementary to the template, conferring
selective recognition capability (Fig. 1¢) [15, 16].

MIPs based on conventional monomers may exhibit rela-
tively low extraction driving forces for hydrophilic analytes
such as AA. This reduces the selectivity of conventional
MIPs. This limitation can be addressed by using polymer-
izable ionic liquid (IL) monomers that promote extraction
dominated by electrostatic interactions, such as permanent
dipole-ion interactions, representing a more advanced driv-
ing force for extraction [17]. ILs are synthetic salts that are
liquid at room temperature or below 100 °C, composed of
an organic cation and an organic or inorganic anion [18].
When functionalized with polymerizable groups, they can
act as monomers to form polyionic liquids, whose incor-
poration into MIPs enhances both extraction performance
and physicochemical stability compared to MIPs based on
conventional monomers [19, 20].

Although MIPs have been successfully developed for
AA recognition in analytical applications [15, 16, 21], no
biocompatible system has yet been evaluated for coffee
detoxification. Therefore, this study assessed the adsorp-
tion performance of IL-based MIPs using a packed bed

Fig. 1 Schematic representa- a)
tion of the molecular imprinting
process
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solid-phase extraction (SPE) process as a model for the
selective binding of AA from coffee beverages. This rep-
resents the first evaluation of an ionic-liquid molecularly
imprinted solid-phase extraction (MISPE) process for the
removal of AA from a real coffee beverage.

Materials and Methods
Reagents and Materials

The medium-roasted, ground coffee sample, and the No.
2 paper filter bags were obtained from the local market in
Medellin, Colombia. [13C3]-acrylamide (99% isotopic purity)
was obtained from Cambridge Isotope Labs (Andover, MA).
Acrylamide (AA purity>99%) was purchased from Sigma-
Aldrich (Germany). Methanol and ethanol (=99.9%) were
purchased from Honeywell (USA). Formic acid (98%),
potassium hexacyanoferrate (II) 3-hydrate (Carrez 1, 98%)
and zinc acetate 2-hydrate (Carrez II, 99%) were obtained
from Panreac (Barcelona, Spain). Empty LiChrolut® RP-18
polypropylene cartridges (6 mL), with frits used for MISPE
of the coffee beverage, were purchased from Merck (Darm-
stadt, Germany). Oasis-HLB reverse phase cartridges (30 mg,
1 mL) were obtained from Waters (Milford, MA). Cellulose
syringe filter units (0.22 and 0.45 pm) were obtained from
Analisis Vinicos (Tomelloso, Spain). Ultrapure water (Type
I) was obtained from the Barnstead™ Smart2Pure™ water
purification equipment, Thermo Fisher Scientific™ (Sweden).

Preparation of Coffee Beverage

The coffee beverage was prepared using the Chemex
method. A No. 2 paper filter was placed inside the device
and moistened with water at 93 °C, which was then dis-
carded. Roasted and ground coffee (22.5 g) was then added
to the filter, and 120 mL of hot tap water (93 °C) was poured
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in three cycles over 3 min. The resulting coffee beverage
was collected in airtight containers and cooled to 25 °C,
which was the temperature used for the subsequent MISPE
experiments [22, 23].

MISPE Process

In previous work [16], molecularly imprinted (MIPs) and
non-imprinted polymers (NIPs) were synthesized and char-
acterized using the conventional monomer DMAEMA and
four ionic liquid (IL)-derived monomers: 2-(trimethylammo-
nium) ethyl acrylate chloride [TMAEA][CI] (Fig. 2a), 2-(tri-
methylammonium) ethyl methacrylate iodide [ TMAEMA][I]
(Fig. 2b), 2-(dimethylammonium) ethyl methacrylate acetate
[H-DMAEMA][Ace] (Fig. 2c) and 2-(dimethylammonium)
ethyl methacrylate acrylate [H-DMAEMA][Acr] (Fig. 2d).
The structure of the IL monomers was characterized using
Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (UATR/FTIR) and Proton Nuclear Magnetic
Resonance ("H NMR), while the morphology and structure
of the MIPs and NIPs were characterized using Scanning
Electron Microscopy (SEM) and UATR/FTIR (Fig. S1-15).
These characterization analyses were conducted in our labo-
ratory, and a highly detailed discussion of them was presented
in an article previously published by our research group [16].
The porosity and specific surface area of the polymers were
determined by nitrogen adsorption-desorption at 77 K using
a Micromeritics ASAP 2020 Plus instrument (Micromeritics,
USA). First, the samples were degassed under vacuum at 80
°C/4 h and then at 120 °C/2 h before measurement. The spe-
cific surface area and pore size distribution were calculated
using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods, respectively [24].

The MIPs were synthesized using conventional free-
radical chain polymerization. It consists of three stages: a
slow initial stage, followed by a propagation stage and a
termination stage. The goal is to achieve rapid polymeriza-
tion so that the sites imprinted with the template molecule
can be established. The polymerization conditions were
designed to preserve the template—monomer interactions
during network formation, thereby enabling the generation
of selective recognition sites complementary to the tem-
plate molecule. To prepare the MIP, a monomer-template
prepolymer complex was first obtained by stirring the func-
tional monomer with the dummy molecule propanamide
at 30 °C for 4 h in acetonitrile. During this pre-assembly
stage, functional monomers such as [H-DMAEMA][Ace]
can form ion-dipole interactions via their -NH;" or COO™
groups with the amide group of the template (Fig. 3). Once
the MIP is obtained, these interactions will promote the
formation of molecular memory and re-binding through
chemical recognition. Subsequently, the radical initiator
1,1-azobis(cyclohexanecarbonitrile) (ABCN) was added
under stirring and reflux at 80 °C for 1 h; after 23 h at
75 °C, the polymer was obtained via conventional free-rad-
ical precipitation polymerization. Finally, the polymer was
washed, and the template molecule was removed, leaving
behind molecularly imprinted cavities that are complemen-
tary to the AA in size, shape, and chemical functionality.
The NIPs were obtained using the same methodology but
without the addition of the template molecule. Dummy
MIPs, together with their corresponding NIPs, were first
evaluated in aqueous AA solutions through molecularly
imprinted solid-phase extraction (MISPE). The MIP show-
ing the best adsorption performance was then applied to
the coffee beverage.

Fig. 2 Structure of (a) 2-(tri- a) b)
methylammonium) ethyl
acrylate chloride [TMAEA] (o) 0O
[C1], (b) 2-(trimethylammo- | ’ \ | ’ L "
nium) ethyl methacrylate iodide * .
[TMAEMAT][I], (¢) 2-(dimethyl- \/\o i N\ N Yo NS \
ammonium) ethyl methacrylate - ’ ‘ I
acetate [H-DMAEMA][Ace] Cl
and (d) 2-(dimethylammonium) [TMAEAJC]] [TMAEMATT
ethyl methacrylate acrylate
[H-DMAEMA][Acr]
<) o d) °
I b'li-H I ,';:_H
o o
H-DMAEMAJACce] [H-DMAEMAJACT]
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Fig. 3 Sketch of molecularly
imprinted binding site forma-
tion process for selective AA
recognition using the mono-
mers [H-DMAEMA][Ace] and
EGDMA

The extraction performance of the MIP was evaluated for
both aqueous AA solution and coffee beverage. Approxi-
mately 150 mg of polymer were packed between two frits
in an empty 6 mL SPE cartridge. The amount of polymer
was selected so that it had the overscaled potential to retain
AA according to the amount of analyte in the total sample
volume and the adsorption capacity reported in a previous
study [16]. The cartridge was activated by passing 1 mL of
ethanol followed by 1 mL of distilled water at a flow rate of
1 mL-min~ . Subsequently, the pure AA solution (at a con-
centration that is within the range commonly found in coffee
beverages, 48.5 pug-L~ ! [5] or coffee beverage was loaded
at a flow rate of 0.5 mL-min~ !. The first 1.5 mL of eluted
was discarded, and 1.5 mL fractions were collected up to 9
mL for AA solution or 75 mL for coffee beverage containing
63.8 £ 3.2 ng'L™ ! of AA and 5.03 % 0.06% tota dissolved
solids (TDS). After elution, the cartridge was rinsed with 6
mL of water at 55 °C at 1 mL-min~ .

Experimental data for AA concentration as a function
of eluted volume were fitted using the Boltzmann model
(Eq. 1) using OriginPro 8.0® software (OriginLab Corpora-
tion, Northampton, MA, USA).
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where C and C, represent the analyte concentrations in the elu-
ate and feed, respectively. Vis the percolation volume, e is Eul-
er’s number, and 4,, 4,, V;, and dV are regression parameters.

From the fitted parameters, the performance of the MISPE
process was estimated through several metrics: retention vol-
ume (Vy, mL, Eq. 2) [25, 26], hold-up volume (V,,, mL, Eq.
3) [27, 28], number of theoretical plates (N, Eq. 4, estimated
based on Vg, Eq. 5) [29], retention factor (K, Eq. 6) [29, 30],
efficiency index Vy/Vy, [28], breakthrough capacity (Qg, mL,
Eq. 7) [29], bed capacity or dynamic capacity (Qgyn, M&'E™,
Eq. 8), and dynamic imprint factor (/Fy,,, Eq. 9) [31].

Ve = Vo ©)
A,
Vi =Vo+ (dV) xin (99 — 100 * A) (3)
2
412
N=_—"— (4)
(Ve —Vgr)
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Characterizations of Coffee Beverages from
Roasted and Ground Coffee

Determination of AA by LC-ESI-MS-MS

AA concentration in the initial and eluted coffee bever-
ages was determined following the methodology described
by Mesias & Morales (2016) with slight modifications.
15.96 uL of ['3C3]—acrylamide internal standard solution (5
pg-mL™!) was added to 1.5 mL of sample. Then, 39.9 puL of
Carrez I solution (15% m/v potassium hexacyanoferrate (II)
3-hydrate) and 39.9 pL of Carrez II solution (30% m/v zinc
acetate 2-hydrate) were added. The mixture was vortexed
for 5 s and centrifuged at 4 °C and 9000 g for 5 min. Super-
natants were filtered sequentially through 0.45 and 0.22
pm cellulose filters, and 1 mL of filtrate was purified using
Oasis-HLB cartridges (Waters Corp., Milford, MA), con-
ditioned with 1 mL of methanol followed by 1 mL of dis-
tilled water at a flow rate of 2 mL-min™ !. The first few drops
were discarded, and the remaining liquid was collected in an
amber vial for LC-MS analysis [32].

AA quantification was performed using an Agilent 1200
liquid chromatograph coupled to an Agilent Triple Quad-
rupole MS detector (Agilent Technologies, Palo Alto, CA,
USA). The sample (10 pL) was separated on an Inertsil
ODS-3 column (250x4.6 mm, 5 pm; GL Sciences Inc.,
Tokyo, Japan) at 30 °C, using 0.2% (v/v) formic acid in
water as the mobile phase at a flow rate of 0.4 mL-min™!
under isocratic elution. Electrospray ionization in positive
mode was used, with AA eluting at 6.1 min and the needle
set to 1.0 kV. The source temperature was 350 °C, and nitro-
gen was used as the nebulizer gas (12.0 L-min—1). The sig-
nal at m/z 72 - m/z 55 was isolated for AA and m/z 75- m/z

58 for [13C3]-acrylamide. For the transitions m/z 72>m/z
55 and m/z 75>m/z 58, fragmentation was set at a voltage
of 76 V and collision energy of 8 V, and the masses were
recorded using multiple reaction monitoring (MRM). For
quantification, signals at m/z 75 and 78 were used, while
signals at m/z 58 and 55 were used for qualification. AA was
quantified using standard solutions (1-100 ug-L™") spiked
with 50 pg-L™! of [13C3]-acrylamide. Comparison of peak
area ratios for the transitions m/z 72>55 and m/z 75>58
between sample extracts and standards confirmed peak
identity. Results were expressed as pg-L—1 of beverage.

Total Dissolved Solids (TDS) and pH

Total dissolved solids (TDS) were estimated by measuring
Brix degrees using the PAL-BX/RI digital refractometer
(Atago®, Japan) and applying Eq. (10), which relates TDS
concentration to Brix degrees [33, 34].

TDS = 0.87+° Brix (10)
The pH of the coffee beverage was measured at room tem-
perature using a pH meter HI 99,165 (HANNA, Colombia).

Non-Enzymatic Browning and Colorimetric
Parameters

Non-enzymatic browning was measured in samples
diluted 30-fold with distilled water, following the pro-
tocols of Gomez-Narvaez et al. [35] and Nguyen et al.
[36]. Optical density was recorded at 420 nm against the
blank (distilled water) using a Mapada® UV-1200 UV-vis
spectrophotometer.

Colorimetric analysis of coffee beverages was performed
using a CR-20 colorimeter (Konica Minolta, INC., Japan).
Color parameters were obtained according to the CIELAB
color space. Results were expressed as lightness (L*),
chroma (C¥*), hue angle (h), and color difference (AE). L*,
C*, and h values were obtained directly from the spectro-
photometer, while AE was calculated using Eq. 11. Mea-
surements were referenced to the D65 daylight illuminant
and a standard observer with a visual angle of 10°.

Statistical Analysis

The effect of MISPE treatment on the physicochemical and
physical properties of the coffee beverage was evaluated
using a completely randomized design. Differences between
treatments were assessed by analysis of variance (ANOVA),
followed by multiple range comparison tests, using Fisher’s
least significant (LSD) test at a 95% confidence level. Cor-
relations among variables were examined using Pearson’s
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test, and data structure was explored through principal com-
ponent analysis (PCA), retaining components with eigen-
values>1. Analyses were performed with Statgraphics
Centurion® 19 (version 19.1.2, 64 bit, 2020).

AE (L= L) ? + (@ —a'ref)” + (0" —bep2> (11

Results and Discussion

Adsorption Efficiency of [H-DMAEMA][Ace]-Based
MIPs for Acrylamide in SPE Systems

Aqueous Solution of Acrylamide

Polymers prepared from [TMAEMA][I] could not be tested
in the SPE system, as they caused cartridge clogging that
entirely obstructed solution flow, likely due to tighter pack-
ing associated with their finer particle size [16]. The adsorp-
tion behavior of AA from aqueous solution on the surface
of the corresponding MIPs and NIPs packed in MISPE
cartridges is shown in Fig. 4. Among the tested materi-
als, the [H-DMAEMA][Ace]-based MIP (Fig. 4a) exhib-
ited the best performance, reaching up to 83% A removal
and showing the lowest normalized concentrations in the
initial effluent fractions. After 3 mL of eluate, adsorption

gradually decreased until equilibrium was reached. These
results demonstrate that MIPs embedded in fixed-beds SPE
can effectively retain AA in aqueous solution, consistent
with previous findings obtained for dispersed MIP systems
in acetonitrile [16].

The main adsorption parameters derived from Boltzmann
fitting are summarized in Table 1. The breakthrough capac-
ity (Qp) represents the mobile phase volume correspond-
ing to 5% of the maximum analyte concentration in the
effluent, reflecting a combination of mass transfer kinetics,
static binding capacity, and dispersion, thus indicating the
actual working capacity of the polymer [29]. The dynamic
imprinting factor (/Fy,) reflects the number of instances
in which MIP demonstrated superior adsorption capac-
ity relative to the NIP; higher /F, values indicate greater
efficiency and selectivity of the MIP over its non-imprinted
counterpart [37]. A Vi/V\ ratio closer to 1 indicates that the
hold-up volume (V,,) is rapidly reached once the retention
volume (Vy) is attained, resulting in more efficient adsorp-
tion. Similarly, process efficiency is related to the number
of theoretical plates (N), with higher N values indicating
greater efficiency [30]. Conversely, a lower retention factor
(K) is associated with better SPE performance, as it reflects
a lower V), relative to Vy, suggesting faster polymer satura-
tion after Vi, and improved mass-transfer dynamics [38].

Among all tested polymers, M@[H-DMAEMA][Ace]
exhibited the highest AA extraction performance across

Fig. 4 Breakthrough curves fitted a) b)
using the Boltzmann model for -
AA adsorption in normalized 100 1,00
pure solution in MIPs (black
squares) and NIPs (red circles) 0754 -
based on (a) [H-DMAEMA]
[Ace], (b) [H-DMAEMA] e
o050 o 0504
[Acr], (¢) [TMAEA][CI] and (d) 8 " M@[H-DMAEMAJ(Ace] 8 " M@[H-DMAEMAJ(Acr]
® N@[H-DMAEMA][Ace] ® N@[H-DMAEMA][Acr]
DMAEMA —— M@[H-DMAEMA][Ace] Boltzmann fitting —— M@[H-DMAEMA][Acr] Boltzmann fitting
0254 N@[H-DMAEMA][Ace] Boltzmann fitting 0,25 —— N@[H-DMAEMA][Acr] Boltzmann fitting
[ 15 1 0 SSSSSSSS—— 83% removal
0,004 0,00 4
0 2 4 6 8 10 0 2 H H 8 10
Volume (mL) Volume (mL)
c) d)
104 " o g
= 1,00
3
084
0,75 4
064
= M@DMAEMA
o s 080 ® N@DMAEMA
S o4 = M@[TMAEAIC] g om0 —— M@DMAEMA Boltzmann fitting
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Table 1 Parameters used to fit the Boltzmann model to AA adsorption breakthrough data in aqueous solution

[H-DMAEMA][Ace] [H-DMAEMA] [TMAEA][C]] DMAEMA

[Acr]

MIP NIP MIP NIP MIP NIP MIP NIP
Qp (mL) 0.90 0.31 0.48 0.37 0.19 0.25 0.18 0.13
Quyn (ng-g™") 734.0 427.2 484.7 409.2 605.8 588.1 395.4 261.9
IF gy, 1.72 - 1.18 - 1.03 - 1.51 -
Vr/Vum 0.49 0.38 0.44 0.42 0.22 0.28 0.28 0.30
N 6.09 4.52 4.88 4.71 434 433 433 4.35
K 1.03 1.64 1.25 1.37 3.56 2.55 2.59 233
R%-adj 0.95 1.00 1.00 0.99 0.93 1.00 0.99 0.97

all evaluated parameters (Table 1). This outcome suggests
advantages in hydrogen bond basicity, polarity (dielectric
constant (g), donor number (DN), and acceptor number
(AN)), and enhanced acid-base interactions with AA [16].
The Kamlet-Taft basicity scale parameter, 3, suggests that
hydrogen-bonding ability (HBA) serves as a measure of
proton acceptance or electron pair donation. Other studies
have also found that the extraction driving force was influ-
enced by the B-hydrogen-bonding basicity of the anions in
these ILs, with the [Ace]™ anion exhibiting higher -basicity
than the [CI]™ anion. This relatively strong basicity induces
high polarity in the IL due to its highly localized charge.
The polarity of the IL monomers may influence the AA
adsorption capacity of the polymers under study. One way
to express polarity is through the dielectric constant €, DN,
and AN, where it has been reported that protic ILs exhibit
higher polarity than aprotic ones, a finding consistent with
the comparison of the Qgy, and IF, values of the [Ace]”
anion relative to the [CI]™ anion [16].

Polymers derived from monomers such as M@
[H-DMAEMA][Ace] may therefore be more suitable for
applications involving direct contact with consumer prod-
ucts, such as coffee beverages. Notably, no cytotoxicity has
been reported for monomers based on DMAEMA [39]. In
contrast to conventional IL monomers derived from imid-
azole, which are frequently associated with toxicity, IL
monomers synthesized from DMAEMA and acetic acid,
a compound commonly used as food additive [40], offer a
more biocompatible alternative.

Surface Properties of MIPs

All isotherms exhibited a convex shape throughout the
entire range of relative pressure (P/P,) and corresponded
to Type III isotherms according to the IUPAC classifica-
tion (Figs. S16-19). This indicates that the interactions
between the adsorbed molecules are stronger than those
between the adsorbate and the surface. The rebinding of
the analyte is governed by the molecular imprinting effect
rather than by the porosity of the system. The [TMAEA]
[Cl]-based MIP exhibited higher nitrogen adsorption at

low relative pressures, showing the highest BET sur-
face area (14.1 m%g), followed by DMAEMA-based MIP
(12.3 m?*/g), [H-DMAEMA][Acr]-based MIP (4.6 m?/g),
and [H-DMAEMA[][Ace] (2.0 m?*g) (Table S1). This trend
correlates well with the morphologies observed by SEM
(Fig. S10), where smaller polymer particles (e.g., MIP based
on [TMAEA][CI]) exhibited larger surface areas. Therefore,
it is important to highlight that although the [H-DMAEMA]
[Ace]-based polymer had the smallest surface area (Table
S1), it exhibited the highest adsorption performance
(Table 1). This indicates that the performance is due to spe-
cific adsorption processes resulting from the molecularly
imprinted cavities, rather than surface area, which is a valu-
able attribute of molecularly imprinted systems.

Coffee Beverage

The [H-DMAEMA][Ace]-based MIP, identified as the most
effective in aqueous AA solutions, was subsequently evalu-
ated in a fixed-bed SPE system using coffee beverage. As
shown in Fig. 5, the AA concentration in the coffee bever-
age effluent remained relatively stable up to a final volume
of 75 mL, with values ranging from 56 + 2.8 to 71.2 + 3.6
ng-L~ . These concentrations are consistent with those pre-
viously reported for coffee beverages [5, 41]. The absence
of a decreasing trend indicates that, under these conditions,
the MISPE process did not achieve detectable AA removal
from the coffee matrix.

In a previous study, an effective AA removal process was
achieved using a MIP based on [H-DMAEMA][Ace], syn-
thesized with acetonitrile as the porogenic solvent [16]. How-
ever, the extraction was performed in agitation and dispersion
systems, rather than in a cartridge-packaged format employed
in the present study. Acetonitrile was used as the extraction
solvent, a condition that does not simulate the real medium in
which AA is typically found, namely, an aqueous coffee bev-
erage. Acetonitrile is an aprotic solvent, incapable of form-
ing hydrogen bonds because it lacks hydrogen atoms bonded
to electronegative atoms such as oxygen or nitrogen. This
property allows precise control over the specific interactions
between the functional monomer and the template molecule,
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Fig.5 Concentration of AA in
coffee beverage effluent from
roasted and ground coffee during
the MISPE process using M@
[H-DMAEMA][Ace]
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as acetonitrile does not interfere with hydrogen bonding or
electrostatic forces. Thus, it facilitates the re-binding process
[42], as previously observed [16]. However, MIPs generally
exhibit reduced adsorption capacity for the target molecule
when tested in solvents different from those used during
polymer synthesis, a phenomenon attributed to the so-called
molecular memory effect, which was confirmed in this study.
Likewise, when hydrophilic analytes are extracted using sol-
vents more polar than those employed during MIP synthesis,
re-binding efficiency tends to decrease significantly [42, 43].
This trend was also evident in our experiments, as the coffee
beverage represents an aqueous medium. Compared with ace-
tonitrile, water exhibits markedly higher values of dielectric
constant (&), dispersion forces (34), polar forces (8,), hydro-
gen-bonding forces (8y), and solvatochromic polarity (E),
making it a substantially more polar solvent [42]. Therefore,
water was able to compete with the MIP for AA binding sites,
thereby impeding the detoxification of the coffee beverage.

Coffee is a highly complex matrix consisting mainly of
water and high-molecular-weight polymers such as mela-
noidins and polysaccharides (e.g. galactomannans and ara-
binogalactans), as well as lipids, minerals, organic acids,
phenolic acids (notably chlorogenic acids), and nitrogenous
compounds such as caffeine and trigonelline [44]. Several
of these components may interact with AA or with the
MIP surface, interfering with the selective adsorption of
AA. Moreover, coffee beverages contain not only neutral
aprotic compounds but also acidic and conjugated ionic spe-
cies derived from coffee solids, together with ions such as
Na', Mg?" and Ca®" originating from the tap water used
for preparation [44, 45]. Considering the charged surface of
the MIP, these ionic species may compete for active adsorp-
tion sites via electrostatic interactions, thereby limiting AA
adsorption, particularly considering its low concentration
relative to other coffee constituents.

Melanoidins are polyfuncional high-molecular-weight
polymers that can exhibit either positive or negative charges
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[46]. In fact, the polyanionic character of coffee melanoi-
dins enables their isolation from the beverage using SPE
materials [47]. Analogously, during the percolation pro-
cess, a fraction of the melanoidins content in the coffee
beverage may be adsorbed onto the molecularly imprinted
ionic liquid polymer via electrostatic interactions between
the charged adsorbent and adsorbate. Although this frac-
tion may be small, the adsorbed melanoidins could form a
superficial layer that acts as a physical barrier, thereby hin-
dering AA adsorption. This effect is particularly relevant
considering that AA is a small molecule (71.08 g-mol 1),
present at very low concentrations in the coffee beverage
(63.8 pg-L™ !, Fig. 5), whereas melanoidins are high-molec-
ular-weight polymers of 3 to 22 kDa [48] and may account
for up to 23% (w/w) of he dry weight of coffee beverage
[49]. This behavior supports the existence of a competitive
matrix effect caused by other constituents of the coffee bev-
erage (melanoidins, conjugated acids and salts, and various
ions), many of which are present at higher concentrations
and molecular sizes than AA.

Melanoidins, as functionalized polymers, can retain or
trap various substances and can even form covalent bonds
with a wide range of small molecules [46, 50, 51]. Melanoi-
dins can be functionalized with ester (C = O), amine (N—H),
and aromatic (C—N) groups [49], which can interact with
AA. In addition to this steric effect, melanoidins can chemi-
cally interact with AA. Pastoriza et al. (2012) demonstrated
that model coffee melanoidins can react with AA through
Michael-type additions between nucleophilic amino groups
and the a,B-unsaturated carbonyl of AA, forming stable
adducts [52]. Such covalent or strong non-covalent associa-
tions may reduce the free AA available for adsorption by the
MIP. Together with the high abundance and macromolecu-
lar size of melanoidins, these interactions likely explain the
negligible extraction observed [52]. Furthermore, because
the MIP is fixed in bed, it faces a competitive disadvantage
compared with other polymers in the coffee beverage that are
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dispersed under dynamic conditions, which may favor the
adsorption of AA onto components other than MIP. There-
fore, a potential improvement in the AA re-binding process
on the MIP could be explored by dispersing and stirring the
polymer in the coffee beverage due to a higher probability
of collision and kinetic energy. To recover the polymer from
the coffee beverage after adsorption, magnetic field extrac-
tion could be used, which could be carried out using a core
(Fe;Oy4)-shell (MIP) format involving surface imprinting,
another molecular imprinting strategy that improves mass
transfer and adsorption-desorption efficiency for extraction
and reusability [53].

Like melanoidins, polymeric compounds such as galac-
tomannans and arabinogalactans may compete with AA for
adsorption onto the MIP, as they contain -OH and -COOH
groups capable of interacting with the MIP’s functional
groups. Furthermore, the functional groups present in galac-
tomannans and arabinogalactans may facilitate AA adsorp-
tion via interactions with its amide group [21], resulting in
its retention on their surface and thereby limiting the elimi-
nation of this contaminant in the coffee beverage. Addi-
tionally, coffee is a polyphasic beverage in which not only
water-soluble components of roasted and ground coffee
are extracted during preparation, but also a fraction of the
lipids presents in the roasted product [44]. Consequently,
it is possible that lipids in the coffee infusion similarly cre-
ate a shielding effect on the molecularly imprinted surface,
obstructing AA adsorption [54].

Effect of the MISPE Process on Some
Physicochemical and Physical Properties of Coffee
Beverage

pH and Total Dissolved Solids (TDS)

Figure 6a shows the evolution of pH values during the
MISPE process. It was observed that pH increased sig-
nificantly (p < 0.05) in the first fractions of the effluent

Fig. 6 Effect of the MISPE

process on (a) pH and (b) total -
dissolved solids (TDS) in the ° o o
coffee beverage effluent from 6. s3aaaaa
. © @ © © © ©
roasted and ground coffee using
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with different letters indicate 4
significant differences (p<0.05)
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volume. However, from 7.5 mL onwards, the effluent pH
did not show significant differences compared to the coffee
beverage prior to the MISPE process. These results sug-
gest that, although the MISPE process temporarily affects
the pH of the coffee beverage during the initial percolated
volumes, the pH eventually stabilizes to a value similar to
that of the original sample. The pH values obtained were
within the range reported in the literature for coffee bever-
ages [36, 55].

AA is a very weak base that, at pH values below 3.0,
can be protonated and carry a positive charge in its struc-
ture [21]. This protonation could enhance its re-binding
through electrostatic interactions during the MISPE process
due to the ionic nature of the polymer (M@[H-DMAEMA]
[Ace]). However, under the pH conditions of coffee bever-
age effluent (Fig. 6a), AA is predominantly in its molecular
(neutral) form, so no improvement in the adsorption would
be expected as a result of the beverage’s pH. Conversely,
it has been reported that the adsorption mechanism of AA
on other materials may still be influenced by pH. Although
at pH values near 5.0 AA is neutral, the binding efficiency
may increase because functional groups on the adsorbent,
such as the -NH, groups, can acquire a positive charge and
interact ionically with the carbonyl group (C = O) of AA
[21]. Coffee beverages contain a variety of charged species,
which may cause the polar AA molecule to interact pref-
erentially with them, thereby limiting its adsorption in the
MISPE system.

Similar to the pH behavior observed during the initial
fractions of the effluent volume, the total dissolved solids
(TDS) content decreased significantly (p < 0.05) in the first
9 mL of percolated extract (Fig. 6b). However, after 10.5
mL, no significant differences were observed compared to
the untreated sample (p > 0.05). The initial decrease in TDS
concentration suggests that portion of the solids present in
coffee may contribute to the matrix effect that limits AA
adsorption. Similar TDS values have been reported for cof-
fee beverages in other studies [56].
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Colorimetric Parameters and Browning Index

Absorbance at 420 nm, which correlates with melanoidin
concentration, enables the evaluation of caramelization
and Maillard reactions progression, as this wavelength
corresponds to the maximum absorption peak of these
compounds [36]. Figure 7 shows the color parameters
and browning index values, which are consistent with
those reported in other studies [36, 57]. Although slight
color differences were observed, AE values below 2 were
obtained, indicating no visually perceptible changes and,
therefore, no loss of visual quality [58, 59]. While the
MISPE process did not significantly affect C* and % values
across all total fractions (TF), L* values increased, and the
browning index decreased during the first fractions of the
coffee beverage volume (p < 0.05). These changes indicate
that the coffee beverage extracts became lighter in color
and contained fewer melanoidins during the first 4.5 and
6.0 mL, respectively. This suggests that the portion of the
melanoidins in the coffee beverage were adsorbed onto the
MIP surface until equilibrium was reached [46, 60]. Even
the small amount of melanoidins adsorbed could be suf-
ficient to block the active sites of the MIP for selective
adsorption.

Pearson Correlation Analysis

Significant negative correlations were found between pH
and both TDS content and the browning index (mela-
noidins, Abs 420 nm), while positive correlations were
observed with L* and AE (Fig. 8). This result indicates
that a decrease in TDS and melanoidin content leads to an
increase in the pH of the coffee beverage, resulting in a
lighter color and, although slightly, showing a greater over-
all color difference.

A significant positive correlation was also found
between TDS and melanoidin content (Abs 420 nm),
suggesting that decreases in TDS are accompanied by
reductions in melanoidins. This finding agrees with previ-
ous reports, which indicate that melanoidins account for
between 11 and 43% of the dry fraction of coffee [46, 61].
Similarly, other authors have also reported positive cor-
relations between the browning index and TDS [36, 55].
Melanoidins are known to be brown-colored compounds
that have a major influence on coffee color [62]. There-
fore, lower TDS and melanoidin levels are associated with
lighter coffees, which explains the strong negative correla-
tion between L* and both TDS and melanoidins, as well
as the strong positive correlation between the L* and AE.

Fig. 7 Effect of the MISPE pro- a) - L b) W AE
cess on some color parameters:
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Fig. 8 Pearson correlation matrix
between physicochemical proper-
ties and color during the MISPE
process. Values marked with an DS
asterisk (*) indicate significant Abs 420 nm
correlations (p<0.05). TDS:

% total dissolved solids, Abs L
420 nm: browning index AE

pH

c

Other studies have also reported negative correlations
between brown compounds (melanoidins, Abs 420 nm)
and the L* value [63]. Finally, variations in AE were posi-
tively related to slight changes in C*, further supporting
the observed color dynamics.

Results reported by other authors also suggest a negative
correlation between pH and total solids content [S5]. Among
the solids in coffee infusion are organic acids such as chlo-
rogenic acids, which account for approximately about 16%
(/m) [46] and can influence the pH of the beverage [64].
This could explain the inverse relationship between total
solids and pH values, since a decrease in solids also implies
a reduction in organic acid content, potentially leading to
a decrease in pH. Similar results have been reported in the
literature [65]. Likewise, the inverse relationship observed
between pH and melanoidin content may be explained by
the direct relationship between TDS and melanoidins: a
decrease in melanoidins is associated with a reduction in
TDS, which, in turn, is related to an increase in pH, as previ-
ously discussed. Other studies have also reported a negative
correlation between pH the content of brown compounds
(Abs 420 nm) [55], which could be attributed to the fact
that various acids, such as chlorogenic and quinic acids, can
bind ionically to melanoidins, thereby inversely affecting
the pH of the infusion [66].

On the other hand, it showed a correlation only with the
C* parameter and did not exhibit significant correlations
with the other variables analyzed, as it did not undergo sig-
nificant changes during the MIPSE process (Fig. 8). This
behavior was similar to that of the AA content (Fig. 5) in
the coffee beverage, which also did not show significant
variations during the percolation process and, therefore,
could not be statistically correlated with the characteriza-
tion parameters studied. This is consistent with the findings
of other authors, who reported no significant correlations
between AA content and other variables such as pH, total
solids, and browning index (melanoidins) [32].

Abs 420 nm

Principal Component Analysis (PCA)

Two principal components were extracted, accounting for
79.49% of the total variance (Fig. 9). Principal component
1 (PC1), which explained 57.06% of the variance, showed
positive loadings for L*, AE, pH, and C*, and was therefore
mainly associated with color and pH. PC1 also presented
negative loadings for TDS and Abs 420 nm, which are
related with the melanoidin content. Principal component 2
(PC2) explained 22.43% of the variance and was negatively
influenced by % and pH, while showing positive loadings for
C*, Abs 420 nm, and, to a lesser extent, AA content, which
did not correlate with any of the studied variables. The PCA
pattern corroborated the Pearson correlation, highlighting
the inverse relationship between TDS, and melanoidin con-
tent, with pH and L* values.

Although it was not possible to remove the AA, this
study confirms that the MISPE process induced only tran-
sient changes in the composition of coffee beverages with-
out altering their overall physicochemical balance. This
stability supports the polymer’s compatibility with beverage
matrices and its potential for future optimization in dynamic
extraction systems. Additionally, this study presents a clear
scientific explanation for understanding the matrix effect on
AA retention and lays the groundwork for further research
in this field.

Conclusions

This study provides an exploratory assessment of ionic-
liquid-based molecularly imprinted polymers for the poten-
tial binding of acrylamide (AA). While the [H-DMAEMA]
[Ace]-derived MIP demonstrated significant adsorption
capacity in controlled aqueous solutions, its performance
was severely constrained when applied to the complex cof-
fee beverage matrix. The results indicated that selective
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recognition was inhibited in the actual beverage. This tech-
nical limitation is attributed to competitive adsorption of
abundant coffee constituents, such as melanoidins and poly-
saccharides, which likely block the polymer’s active sites
or interact with AA molecules, preventing their capture.
Despite the lack of analyte removal, the process preserved
the physicochemical integrity of the beverage (pH, color,
and solids content), suggesting the material s basic compat-
ibility with food matrices. To address these mass transfer
limitations and site competition, future research should
transition from static systems toward dispersion-based
strategies combined with surface molecular imprinted for
magnetic solid-phase extraction (MSPE). Such dynamic
systems may enhance the collision probability between AA
and the absorbent surface, potentially facilitating more effi-
cient separation in chemically dense environments.
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