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A remarkable growth was noticed in the development of molecularly imprinted polymers (MIPs), which have
used as efficient synthetic antibodies that contain selective cavities to the target molecule. Hereunder, a novel
strategy using MIP as a sorbent in solid-phase extraction was coupled to a fluorescence method for ellagic acid
(EA) purification and immediate detection. The synthesis of magnetic-MIP (MMIP) using a rapid and green ultra-
sound technology was assessed by central composite design to determine the optimal polymerization conditions
for a high-imprinting polymer. The MMIP was characterized by Fourier transform infrared spectroscopy, X-ray
diffraction, thermogravimetric analysis, and scanning/transmission electron microscopy, which accurately con-
firmed the functional, magnetic, and morphological features of MMIP. The prepared MMIP was demonstrated to
be selective for EA compared to many similar phenols. The spectrofluorometric method showed a linear range
from 0.05 to 2 ug'mL~! of EA, and the limits of detection (LOD) and quantification (LOQ) were 0.005 and 0.02
ugmL~!, respectively. Besides, the novel proposed smartphone method using the ultraviolet lamp as the excita-
tion source presented a linear range from 0.2 to 4 yugmL™!, a LOQ of 0.2 ug'mL~!, and a LOD of 0.07 ug.mL"!. The
proposed strategy revealed high efficiency in the extraction and detection of EA in grape, redberry, and green
tea. Effectively, the calculated recoveries were ranging from 80 to 102% with low values of relative standard
deviation (<3%). The proposed strategy could be used in many analytical fields for selective, rapid, user-friendly,
visual, and cost-effective detection.

1. Introduction

Typically, a considerable body of literature supports the idea that
polyphenols are the best natural sources of various pharmaceutical
drugs, and are widely regarded as complementary and alternative reme-
dies that can reduce the danger of many serious diseases (particularly
cardiovascular, respiratory, digestive, skin, and cancers), as well as pro-
mote them as protective agents [1-4]. Consequently, the extraction of
these highly valuable compounds from different aromatic and medicinal
plants has moved at the vanguard of search in the medicine field [5]. In
this sense, ellagic acid (EA (C;4HgOg)) is a naturally occurring ortho-
diphenol found in a wide range of plant species [6,7], especially in fruits,
particularly pomegranate, grapes, persimmons, raspberries, strawber-
ries, and peaches; moreover, it is also present in seeds like walnuts and
almond, along with some tea plants [8,9]. EA is an incredibly interest-
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ing compound that has contributed positively to many health aspects
due to its properties of interest [10,11], including anti-oxidant [12],
anti-inflammatory [13], potential neuroprotective agent [14,15], hep-
atoprotective [16,17], cytotoxic [18], antitumor, anticancer, and skin
protective [19,20]. Therefore, its utilization has been recently promptly
popularized.

For this purpose, various extraction approaches have been employed
to extract EA from plant matrix [21]. These include Soxhlet extrac-
tion [22], liquid-liquid extraction [23], recrystallization [24,25], cap-
illary electrophoresis [26], chromatography [27,28], ultrasonic extrac-
tion [29], and microwave-assisted extraction [30]. Nonetheless, the ex-
isting methodologies provide many challenges and limitations. They
need enormous amounts of solvents and are time consuming. Besides,
some of them requires complex instrumentation [31,32]. Moreover,
whereas the solid-phase extraction (SPE) method has been extensively
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applied for EA extraction, it has been reported to have limited selec-
tivity, and purifying efficiency [33]. As a result, the current evidence
put its focus on improving the selectivity yield and shortening the ex-
traction procedure. For the same goal, artificial antibodies known as
molecularly imprinted polymers (MIPs) [34-36] have been reported to
be employed as sorbents in SPE for the efficient isolation and extrac-
tion of EA [37,38] owing to their unique advantages, especially the
high selectivity, efficiency, and cost-effectiveness [39,40]. Additionally,
combining MIP with SPE has been deemed more eco-friendly than con-
ventional SPE, thanks to the use of low volumes of solvents. Magnetic
nanoparticles are highly recommended for use in MIPs preparation as
core materials, especially that their presence would bypass the filtration
and centrifugation standard SPE steps by separating the adsorbent from
the bulk sample easily and rapidly using a magnet [41,42]. Concerning
the analytical detection of EA, chromatography [43] and fluorescence
[44,45] are the commonly used methods. Furthermore, the smartphone
detection became recently a highly recommended tool in food assess-
ment compared to many laboratory methods owing to its portability,
simplicity, rapidity, low-cost, and eco-friendliness [46]. For this rea-
son, the smartphone-based fluorescence detection of EA is considered
a promising sensing technique for the on-site rapid detection. To the
best of our knowledge, this method was used for EA for the first time
in this work. MIP synthesis was highly recommended to be examined
by response surface methodologies, particularly central composite de-
sign (CCD), Box-Behnken, and Doehlert to assess the influential factors
on MIP preparation and to determine the most adequate experimen-
tal conditions for a rapid and relevant polymerization. Indeed, CCD is
the widely utilized experimental design because it can fit a complete
quadratic model and involve sequential experimentation [47,48].

In the current work, a new magnetic-MIP (MMIP) for EA was ultra-
sonically prepared by an optimized radical green polymerization using
the CCD approach. The synthesized MMIP revealed strong affinity to-
wards EA compared to several similar phenols. Fourier transform in-
frared spectroscopy, X-ray diffraction, thermogravimetric analysis, and
scanning/transmission electron microscopy were used to define the
functional, morphological and textural characteristics of the developed
imprinting polymer. Subsequently, the MMIP was successfully applied
in SPE for the quick, ecofriendly, and selective extraction of EA. The de-
veloped MMIP-SPE was coupled to a fluorescence method for accurate
and precise detection of EA in grape, redberry, and green tea samples.
Moreover, smartphone-based fluorescence detection was effectively ap-
plied for a rapid, cheap, and on-site detection of EA in these samples.
The smartphone-based fluorescence method for EA sensing was reported
for the first time in this work. Moreover, the optimization by applying
the CCD plan enhanced the MMIP performance in SPE methodology.

2. Experimental study
2.1. Reagents

EA >97%, ferric chloride hexahydrate (FeCl36H,0) >98%, fer-
rous chloride tetrahydrate (FeCl,4H,0) 99%, ammonium hydrox-
ide (NH40H), oleic acid (OA), sodium dodecyl sulfate (SDS) >99%,
methacrylic acid (MAA) 90%, ethylene glycol dimethacrylate (EGDMA)
98%, ammonium persulfate (APS) >98%, sodium hydroxide (NaOH),
borax (Na,B40,10H,0) >99%, gallic acid (GA) >98%, caffeic acid (CA)
>98%, catechol >99%, ferulic acid (FA) 99% and p-estradiol >98%
were purchased from sigma Aldrich (Spain). Dimethyl sulfoxide (DMSO)
>99% and methanol 99.9% were purchased from PanReac (Spain). Dis-
tilled water (18 MQ cm) was obtained from a Millipore Milli-Q system
(Bedford, MA, USA).

2.2. Instrumentation and apparatus

A high-power ultrasound probe SONICATOR 4000 (Misonix Inc.,
Farmingdale, NY, USA), operating at 20 KHz, with a maximum output
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power of 700 W and equipped with a titanium tip of 13-mm diame-
ter, was used in the MMIP synthesis. Fourier transform infrared (FT-
IR) spectra of the materials were collected using an Affinity-1S IR spec-
trophotometer (Shimadzu, Japan), in attenuated total reflectance (ATR)
mode and in a range of 4000-500 cm~!, to assess the functional char-
acteristics of the developed MMIP and magnetic nanoparticles (MNP).
X-ray diffraction (XRD) measurements were recorded on a Bruker D8
Advance A25 X-ray diffractometer (BRUKER-AXS, Germany), equipped
with a LINXEYE detector, a Cu-Ka radiation source (4=0.1542 nm), and
a 20 step of 0.02035 was employed to define the composition of the de-
veloped materials. Thermo-gravimetric analyses (TGA) were performed
on a TGA Q50 V20.13 Build 39 from TA Instruments (Delaware, USA) by
heating from 30 to 800 °C at a rate of 10 °C/min under nitrogen:air flow
(4:6 v/v). The double beam Scios2 electron microscope (Thermo Fisher
Scientific, USA), operating in scanning/transmission (STEM) mode was
employed to obtain the STEM images of MMIP and MNP. Finally, an FP-
6500 spectrofluorometer (Jasco, Spain) was used for EA determination.

2.3. Synthesis of modified MNP

2.3.1. Preparation of MNP

According to Messaoud et al. [49], MNP were synthesized as follows.
Firstly, 13.56 g of FeCl3'6H,0 and 4.96 g of FeCl,-4H,O were dissolved
with 250 mL of Milli-Q water in a flask under nitrogen deoxygenation
(N). In the second step, 20 mL of NH,OH was added while being vig-
orously and continuously stirred for 40 min at 80 °C. Finally, the syn-
thesized nanoparticles were washed with Milli-Q water to eliminate any
undesired elements. The collected material was dried at 50 °C.

2.3.2. Preparation of ferrofiuidic solution

As stated by karrat et al. [35], to prepare the aqueous ferrofluidic
solution, 100 mg of the previous prepared MNP were dispersed in 10 ml
of Milli-Q water under sonication for 5 min at 60 °C. Next, 70 uL of OA
and 67 mg of SDS were successively introduced to the aqueous solution
under ultrasonic treatment for 10 min.

2.4. Optimization of MMIP synthesis by CCD

In order to develop high-affinity polymers towards target molecules,
response surface methodology (RSM) is assumed to become a vital step
during the synthesis to select the most suitable polymerization condi-
tions [47]. Many experimental approaches were employed to achieve
this goal, particularly the CCD was applied in this study to optimize
the effective parameters on the imprinting factor which was calcu-
lated for each synthetized MMIP versus its corresponding magnetic non-
imprinted polymer (MNIP). The main studied factors (EA amount, added
volume of MAA, and the probe amplitude), their symbols (X; X, and
X3, respectively), and their levels are presented in Table. S1. In the CCD
plan, 32 experiments were performed randomly (16 runs for MMIP and
16 runs for MNIP) with 2 center points, 8 factorial points, and 6 axial
points placed at a distance of «=1.287 from the center as indicated in
Table. S2.

The measured dependent variable in each run was the imprinting fac-
tor (IF), which was calculated based on the uptake capacity Q (mg-g~1)
of MMIP and MNIP as defined by the following equations (Eq. (1) and
Eq. (2)):

_Ce
xV @)
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O (mg-g™) -
Where C; (ug'mL~1) is the initial concentration of EA; C, (ug-mL™1)
is the equilibrium concentration of EA which was not adsorbed by the
polymer; V (mL) is the volume of the adsorption solution; and m (mg)
is the mass of MMIP and MNIP.
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Where Q(MMIP) and Q(MNIP) are the amount of EA adsorbed by
MMIP and MNIP, respectively. A value of IF >1 confirms the presence
of the EA shaped-cavities in the prepared MMIP. The imprinting polymer
shows high performance when the IF reaches high values.

2.5. Preparation of MMIP using a high-power ultrasound probe

After defining the optimum conditions of MMIP synthesis using CCD,
the optimal procedure of the preparation is detailed below.

Prior to the polymerization synthesis of EA-MMIP, a self-assembly
solution was prepared with 20.3 mg of EA as template molecule and
300 uL of MAA as functional monomer, which were dissolved in 30 mL
of DMSO:Milli-Q water (2:1) as the porogen solvent. The preceding so-
lution was stored for 1 h at 4 °C to promote the hydrogen bonding in-
teractions between EA and MAA.

The polymerization of EA-MMIP was performed using a high-power
ultrasound probe by applying the following procedure. Firstly, the self-
assembly solution was added to a beaker glass that contains 20 mL of the
prepared dispersed MNP. Secondly, 317 uL of cross-linker EGDMA was
added to the blend to link between the poly-MAA chains. Thirdly, 20 mg
of APS was introduced to initialize the free radical polymerization. The
N, gas was purged in the solution for its deoxygenation during 15 min.
The previous mixture was left 40 min at 45% of the probe amplitude for
the polymerization completion. The formed polymer was washed with
NaOH (0.1 M) until the complete template removal. The EA removal was
assessed by UV-Vis spectrophotometry (spectrophotometer model T80+
from PG Instruments, Leicestershire, England) at 1=360 nm. Finally,
the resultant polymer was washed several times with Milli-Q water to
remove any trace of solvents. Same procedure was followed for MNIP
synthesis without using the template molecule.

2.6. Binding properties of the developed MMIP

The fundamental challenge in MIPs is proving the effective creation
of the imprinting sites. Accordingly, to investigate the binding character-
istics of the developed materials, 4 mg of MMIP or MNIP was dispersed
in 2 mL of various EA concentrations ranging from 0.1 to 8 yg-mL™! dis-
solved in methanol: Milli-Q water (1:1). The prior adsorption solutions
were shaken at 600 rpm for 15 min at room temperature (25 °C), fol-
lowed by the solid-liquid separation of the previous dispersive solutions
using a magnet. 100 uL of borax 85 mgmL~! was added to the super-
natants and, the mixtures were measured by fluorescence technique at
an excitation and emission wavelengths of 383 and 469 nm, respec-
tively. Each experimental point was measured with three replicates.

The isotherm results were assessed to fit the Freundlich and the Lang-
muir models which are presented in the Eq. (3) and Eq. (4), respectively.

Ln (Q,) = %ln (C.) +log(Kp) 3

Where Q, (mgg™!) is the equilibrium adsorption capacity; 1/n is
related to the adsorption intensity; and Ky (mgg ~ 1) is the Freundlich
constant.

& = Lce + ;
Qe Qm Qm KL

Where Q,, (mgg~!) is the maximum uptake concentration; K;
(L-mg~1) is the Langmuir constant; and Ce (ugmL™1) is the equilibrium
EA concentration.

Likewise, five EA analogue molecules, notably GA, CA, catechol, FA,
and fg-estradiol were evaluated in the selectivity investigation. There-
upon, 2 ml of 5 ugmL~! of each tested molecule was dissolved in
methanol: Milli-Q water (1:1). 4 mg of MMIP or MNIP was added. The
solution was mixed at 600 rpm for 15 min. The supernatant was ob-
tained after the separation by the magnet. In the detection step, 100
uL of borax (85 mg:mL~!) was added to each supernatant, which was
further analyzed using the spectrofluorometer at the specific excita-
tion and emission wavelengths of each molecule, as outlined below:

“
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EA (A=383 nm, A,,=469 nm), GA (4,=280 nm, A.;,=360 nm), CA
(Aex=365 nm, A.,=450 nm), catechol (4,=340 nm, A.,,=370 nm),
FA (1=340 nm, A,,,=400 nm), and f-estradiol (1¢,= 290 nm, A=
365 nm). For each phenol, a factor of selectivity («) was calculated by
the following expression (Eq. (5)):

O(EA)

= Q(analogue molecule)

(6))

Where Q (EA) and Q (analogue molecule) were the uptake capacities
of MMIP towards EA and the analogue molecule, respectively. A value
of a>>1 confirms the effective selectivity of the prepared MMIP towards
EA.

2.7. Application of MMIP as a sorbent in SPE

The developed EA-MMIP was further employed as a sorbent mate-
rial in SPE study by following the procedure illustrated in Scheme (A).
2 mL of EA aqueous solution was added to 4 mg of MMIP, and the solu-
tion was shaken for 15 min to enable the selective binding of EA on its
specific shaped cavities located in the MMIP. Next, the supernatant was
separated from the material using a magnet. The obtained MMIP was
eluted with 2 mL of the methanol: Milli-Q water (1:1). The mixture was
shaken for 15 min. Finally, the obtained supernatant was measured by
the spectrofluorometer.

2.8. Detection of EA

2.8.1. Fluorometric detection of EA

The presence of borax with EA promoted the formation of a fluores-
cent complex between the o-dihydroxy groups of EA and borax. The bi-
nary complex is excited and emitted at 383 and 469 nm of wavelengths,
respectively. The detection method was reported in the following work
[45] as detailed briefly in the subsequent protocol. First, 100 uL of bo-
rax (85 mgmL~1) was added to 2 mL of an EA concentration which
was dissolved in methanol: Milli-Q water (1:1). The mixture was im-
mediately measured using the spectrofluorometer in the corresponding
wavelengths (1¢,=383 nm and A.,,=469 nm). As well as, the previous
solution was measured using a handheld ultraviolet lamp (UV lamp) as
the excitation source (4., around 395 nm) and the smartphone as the
readout tool of the emitted light in a perpendicular direction. The fluo-
rescence signal was analyzed by free ImageJ software to assess the RGB
values and to construct furtherly the calibration curve of the on-site de-
tection of EA as depicted in Scheme (B).

2.8.2. Determination of EA in real samples

The developed strategy MMIP-SPE associated with the spectrofluo-
rometer and smartphone-based fluorescence for the extraction and de-
termination of EA in natural fruit juices (grape and redberry) and green
tea is detailed below.

Using the borax reagent, the initial concentration found in real sam-
ples was measured. The samples were spiked with 0.5 and 1 ygmL™!
of EA. After that, 4 mg of MMIP was added to 2 mL of the sample and
was shaken for 15 min. After the separation step, the uptake concentra-
tion of EA by the MMIP was eluted in 2 mL of methanol: Milli-Q water
(1:1) under stirring for 15 min. Finally, the mixture was fluorometri-
cally measured. Based on the experimental results, the recoveries and
relative standard deviation were calculated to evaluate the accuracy and
the precision of the strategy.

3. Results and discussion
3.1. CCD optimal conditions for MMIP preparation
The quality of the applied quadratic model was assessed by ANOVA

(as detailed in Table. $3). The important value of determination coeffi-
cient (R®=0.953) and the significant observed value of the mathematic
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Scheme. Illustration about the fast and selective extraction of EA using MNP in SPE, followed by fluorescence detection.

model (P-value=0.0024<0.05%) implied that the CCD model had a sat-
isfactory goodness of fit between the experimental and the predicted val-
ues. In addition, it was found that 88.3% of the data was well explained
by the model (Radj2:0.883). Moreover, the lack-of-fit was revealed to
be insignificant (P-value>0.05), which describes the relevant relation-
ship between the experimental variables and the response (IF). Further-
more, X3 (Probe amplitude), the quadratic term of X; (MIP amount?),
and X5 (Probe amplitude?) were the critical factors in the variation of
the imprinting factor (P-values << 0.05). The significant effect of the
quadratic terms of X; and X5 implied that the surface response plot had
a curvature form (concave) in terms of X; and X3 variation.

The equation below (Eq. (6)) described the relationship between the
influential variables and the imprinting factor (IF).

IF = 2.779 — 0.343 X5 — 0.713 X? — 0.765 X> (©)

The three dimensional response profile (illustrated in Fig. 1) repre-
sented the curvature variation of the imprinting factor of the prepared
MMIP depending on the used EA amount in the self-assembly and the
employed probe amplitude during the polymerization, while fixing the
volume of the monomer (MAA) in 300 uL. The desirable experimental
regions corresponded to the top-curvature areas which were colored in
purple.

As shown in the predictor profiler illustrated in Fig. S1A, EA amount
(X;) has a slight influence in the imprinting factor variation. However, it
should be mentioned that employing very small amounts of EA (<8 mg)
in the MMIP synthesis led to the formation of relative weak imprinting
polymer (IF=1.5) due to the insufficient quantity of the template that
normally interacted with the functional monomer to form the specific
cavities of EA during the self-assembly step. Moreover, same conclusion
was remarked in the case of using very high amount of EA (>30 mg).
When EA is plentifully employed in the synthesis, the rest of EA that did
not react with the monomer in the self-assembly step, can be involved in
the reaction with APS. As a result, the radical polymerization would not
be perfectly carried out, similarly the yield of the polymerization could
be reduced as well. Nevertheless, medium amount of EA was the most
adequate for the synthesis to overcome the previous difficulties. Thus,
20.3 mg was the recommended amount based on the maximization of
the desirability function of the CCD model. Concerning the volume of
the monomer, it is quite clear that it had non-significant influence on
the imprinting factor variation, but to maximize the response, it was
fixed at 300 uL as shown in Fig. S1B.

Moreover, it should be noted from the Fig. S1C that high amplitudes
of the probe (such as 70%) corresponded to the low imprinting values
(IF=1), which can be justified by the possibility of the destruction of the
EA shaped cavities when using very strong powers in the synthesis. Be-
sides, low imprinting factors characterized the synthesized MMIPs with

very low amplitudes (such as 28%), and this can be due to insufficient
cavities formed in the corresponding polymers. In this case, higher en-
ergy and prolonged synthesis times will be required. Nonetheless, the
medium amplitudes of the probe exhibited the highest binding capaci-
ties and also great polymer yields, which can be justified by considering
that these moderate powers led to a sufficient energy release, enhanc-
ing the cavitation intensity and, consequently, increasing the yield of
the polymerization without destroying the polymer functions.

To recapitulate, the optimum conditions of the MMIP preparation
were fixed in the following optimal setting: X; = 20.3 mg; X, = 300 uL;
X3 = 45%; IF = [2.6; 3.4]; Desirability = 0.89, while maximizing the
desirability function.

3.2. Green aspects of the developed methodology

The actual research trends are emphasized in the development of
green and rapid preparation protocols. Actually, the MMIP prepara-
tion method is environmentally friendly and rapid, since, instead of us-
ing toxic organic solvents, DMSO, which is less dangerous due to its
biodegradability, high boiling point, and low vapor pressure, was em-
ployed with a reduced volume in the MMIP synthesis. Besides, the APS
was used to initialize the radical polymerization due to its low toxicity
compared with other initiators such as azobisisobutyronitrile. Also, APS
is preferably used owing to its high solubility in water. Furthermore, to
the best of our knowledge, the reduced time for the EA imprinting poly-
mers polymerization was achieved for the first time for EA imprinting
analysis in the present work. Furthermore, the moderate applied ampli-
tude during the synthesis reinforced the green aspect of this method.

Protocol of EA extraction and detection in fruit samples was evalu-
ated using a greenness approach called AGREE, which is based on 12
green analytical chemistry (GAC) principles as detailed in the follow-
ing works [50,51]. The green score of each principle was ranging from
0 to 1 depending on the agreement of the evaluated protocol with the
GAC principle. Scoring results of the 12 principles, which were applied
for EA sensing protocol, were detailed in Table. S4. Clock-like AGREE
graph of the three color representation (green-yellow-red scale reflected
the high-medium-low GAC accordance) was illustrated in Fig. S2. The
reported EA sensing method represented efficient green aspects of an
average greenness score equal to 0.71.

3.3. Characterizations of MNP and MMIP

Several characterization techniques were employed for the studied
materials. The FT-IR spectra of MNP and MMIP (Fig. 2A) demonstrated
the presence of the Fe-O functional group at 549 cm~! in both spec-
tra (for MMIP and MNIP), what demonstrated the decoration of MMIP
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Fig. 1. 3D surface response plot of the imprinting factor in terms of EA amount and the probe amplitude, while fixing MAA volume at 300 uL.

with MNP. In addition, the MMIP spectrum is characterized for the pres-
ence of the polymethacrylic peaks at 1726 cm~! and 1157 cm~!, which
corresponded to C = O and C-O functional groups, respectively, demon-
strating the successful preparation of the polymer.

The same materials were characterized by XRD as shown in Fig. 2B.
This figure presented he XRD spectra of MNP and MMIP. Both were
characterized for the presence of six typical peaks of MNP at 26 values of
30°, 359, 439, 53%, 579, and 62° that are related to the following planes
(220),(311),(400),(422),(51 1), and (4 4 0), respectively. Thus,
confirming the magnetic composition of the developed MMIP (core of
the material).

The findings of TGA displayed in Fig. 2C proved the thermal stability
of the synthesized MMIP. The thermograms of MNP and MMIP showed
a weight decrease when raising temperature from 250 to 450 °C, with
a loss of 2% and 66%, respectively. The vital weight loss is seen with
MMIP due to the decomposition of the polymer around the MNP, sug-
gesting the effective encapsulation of MNP by the imprinted polymer.
Yet, no noticeable weight loss was found beyond 450 °C, indicating that
only the thermal-resistant MNPs were left.

STEM technique was adopted to provide the crucial morphology of
MNP and MMIP. Fig. 2D illustrated the STEM image of the employed
magnetic nanoparticles in spheric forms with a diameter of 10+1.45 nm
(n = 16). Nevertheless, the STEM image of MMIP presented in Fig. 2E
showed some network morphology remarked with the presence of MNP
clusters surrounded by polymeric cover, which demonstrated the deco-
ration of the imprinted polymer by MNPs.

3.4. Adsorption isotherm

The isotherm evaluation of MMIP and MNIP has yielded a better
understanding of the affinity distribution features of the developed im-

printed polymer. Fig. 3A illustrated the isotherm study for MMIP and
MNIP. The figure showed that the uptake capacities of MMIP and MNIP
were increased in terms of EA concentration. Moreover, the adsorption
capacities of MMIP were always higher than the capacities of MNIP. This
fact means that the MMIP contained specific cavities to EA. This result
was confirmed by the important value of the imprinting factor (IF=3).

The isotherm data was fitted to Freundlich and Langmuir binding
models. Fig. S3 showed that the isotherm results fitted better with Fre-
undlich (R? (MMIP)=0.997, R? (MNIP)=0.994) versus Langmuir model
(R2(MMIP)=0.891, R2(MNIP)=0.868) (as presented in Table. S5). These
findings means that MMIP revealed a multi-molecular layer adsorption
properties. Table. S6 summarized the calculated Freundlich parameters
confirming the affinity of the MMIP towards the EA (n (MMIP)=1.6 > n
(MNIP)=0.7 and Ky (MMIP)=5.2 > K (MNIP)=0.03).

3.5. Selectivity study

The selectivity study was carried out against several related phenolic
compounds to EA. The main reason to choose them is because they are
the main compounds detectable by fluorescence method using borax,
and some of them (gallic acid, caffeic acid, catechol, and ferulic acid)
are considered as the most common phenols found with EA in fruit sam-
ples. The Fig. 3B and Table.S6 revealed that the uptake capacities of
MMIP towards EA were found to be significantly higher than towards
GA, CA, catechol, FA, and p-estradiol. Moreover, the difference between
Q (MIP) and Q (NIP) was not significant for the analogous compounds.
Furthermore, MMIP revealed a high selectivity for EA compared with
other phenols which corresponded to high values of selectivity factor,
demonstrating the selective affinity of MMIP towards EA.
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Fig. 2. (A) FT-IR spectra; (B) XRD diffractograms; (C) TGA curves (performed for MNP and MMIP); (D and E) Selected STEM images of MNP and MMIP, respectively.

3.6. SPE protocol

3.6.1. Effect of MMIP amount

The effect of this parameter on the SPE efficiency was evaluated by
measuring the recoveries in terms of MMIP amounts, which ranged from
1 to 20 mg, with both the adsorption and elution time remaining fixed at
15 min. Fig. 4A showed the significant effect of the MMIP amount on the
response, as confirmed by the ANOVA (as shown in Table. S8A), such
that the recoveries progressively increased to reach an optimum value
around 93% for 4 mg of MMIP. After that, they approximatively kept
constant. Hence, the MMIP amount of 4 mg was chosen to be employed
in the further experiments of SPE protocol, according to the pairwise
Tukey comparison detailed in Table. S8A, which confirmed that there is
no significant difference in recoveries when using a MMIP mass superior
or equal to 4 mg.

3.6.2. Effect of adsorption time

Upon establishing the adequate MMIP amount, various adsorption
time values were optimized in an interval ranging from 5 to 30 min
(Fig. 4B). The calculated recoveries were increased significantly from
5 to 15 min, then they were kept in the steady-state. Hence, according
to the statistical analysis (ANOVA and pairwise Tukey comparison), an
adsorption time of 15 min was fixed in the SPE protocol as summarized
in Table. S8B.

3.6.3. Effect of elution time

After determining the optimal MMIP amount and fixing the adsorp-
tion time on 15 min, elution time ranging from 5 to 60 min was evalu-
ated. As shown in Fig. 4C and Table. S8C, the recoveries were noticeably
increased accordingly to the elution time (as confirmed by ANOVA). Af-
ter 15 min the recoveries were almost at the equilibrium state. Thus,
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Fig. 3. (A) Isotherm assessment of MMIP and MNIP for different EA concentrations. (B) Selectivity study of the binding capacities for MNIP towards EA and several
analogous molecules (GA, CA, Catechol, FA, and p-estradiol).
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Fig. 5. (A) Calibration curve of the spectrofluorimetric detection of EA-borax; (B) Calibration curve of the smartphone-based fluorescence detection of EA using a

hand-held UV lamp.

this time value was chosen after applying the pairwise Tukey compar-
ison, which statistically proved that recoveries non-significantly varied
for an elution time equal or superior to 15 min.

3.7. Fluorometric determination of EA

3.7.1. Spectrofluorometric detection

The interaction between EA and borax led to the formation of a com-
plex with high fluorescence properties. This characteristic allowed the
construction of a calibration curve by measuring the fluorometric inten-
sities of this complex against various EA concentrations ranging from
0.05 to 2 ug'mL™1, as illustrated in Fig. 5A. Each experiment was mea-
sured in triplicate. According to the calibration curve, a linear regres-
sion equation of: Intensity (u.a) = 413.62 x [EA] (ug.mL~') +23.06 was
obtained with a significant regression coefficient of 0.997 and a limit of
detection and quantification of 0.007 and 0.02 ug:mL™1, respectively.
These figures of merits were calculated from the calibration set using the
following formula LOQ =3 x LOD = lsoj;f , where SD is the standard
deviation of the blank. It is noteworthy that the fluorescence detection
of EA-borax complex is sensitive, fast, and green.

3.7.2. Smartphone-based fluorescence detection

A novel approach for EA smartphone detection was applied in this
work using a handheld UV lamp. Different concentrations of EA ranging
from 0.2 to 4 ugmL~! were excited under the lamp at the excitation
wavelength of 395 nm. The fluorescent colors were photographed with
a smartphone (model iPhone XR with 1080p HD at 30 fps in resolution)
to assess the RGB channels using the free ImageJ software.

As shown in Fig. $4 the green channel is the most influential color
in terms of EA concentrations. For this reason, this green intensity was
chosen as the signal element for the construction of the calibration curve
illustrated in Fig. 5B. The quantification and detection limits were 0.2
and 0.07 ug-mL~!, respectively.

The developed smartphone-based fluorescence method presented a
large linear range. Since, it is not required to detect very small concen-
trations of EA in real samples, the developed smartphone diagnostic can

be considered as an effective, rapid, and low-cost fluorescence sensor for
the on-site visual detection of low and high EA concentrations.

3.8. Reusability study

The reusability of the developed MMIP was a major profit to evalu-
ate the practical applications and the economic cost of the imprinting
polymer. Effectively, numerous MMIP-SPE cycles were undertaken suc-
cessively following the previously mentioned approach, yielding seven
efficient recoveries ranging from 76 to 95% as shown in Fig. S5, which
proved the durability and the cost-effectiveness of the developed MMIP.

3.9. Comparative study

Indeed, EA has a major importance. But, the synthesis of EA-MIP
was difficult to accomplish. As a result, there are only a few works in
the literature that succussed in the formation EA imprinting polymers.
However, the reported studies in Table 1 are still time consuming [52—
54], complicated since they need fractionating columns [53], and they
required toxic solvents [53,54]. As result, they were not considered en-
vironmentally friendly approaches for the EA determination. However,
in the present work, the required time in the preparation of the MMIP,
as well as the needed time in MMIP-SPE protocol was remarkably re-
duced. Moreover, the combination of MMIP-SPE with an immediate EA
smartphone detection is used for the first time in the recent work. Thus,
the novel developed approach demonstrated to be efficient, green, low-
priced, and fast.

3.10. Real samples application

After determining the best MMIP-SPE protocol, it was used to inves-
tigate its real-world application and its reliability to detect EA in many
natural samples, particularly grape, redberry, and green tea. The sam-
ples were spiked by 0.5 and 1 ug-mL~! of EA. Indeed, the calculated
recoveries were significantly important with values ranging from 83%
to 102% when using the spectrofluorometer detection method and from

Table 1
Comparison study of the developed strategy with other published works using the imprinting polymers in SPE for EA extraction.
Adsorbent in SPE Detection method Binding time (h)  Recovery (%) IF Time (h) Polymerization method Ref
Nano MIP-SPE UV-spectroscopy 1.5 86 3.8 3.5 Distillation-precipitation [52]
MIP microspheres-SPE HPLC 2 86 2.3 27 Distillation-precipitation [53]
2D-MIP-SPE HPLC 2 80-96 2-5 >24 Free-radical [541
This work Fluorometry Smartphone 0.25 80-102 2.6-3.4 1h40min Free-radical -
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Table 2

Green Analytical Chemistry 5 (2023) 100058

Extraction and detection of EA in grape, redberry, and green tea juices using the developed strategy MMIP-SPE coupled to the spectrofluorometer and smartphone-

based fluorescence.

Conc. Before Spiked. Expected. Spectrofluorometer Smartphone-based fluorescence
Sample spiking Conc Conc
(ugmL1) (ugmL™1) (ugmL™1) Found. Conc Recovery RSD (%) Found. Conc Recovery RSD (%)
(ugmL™1) (%) n=23) (ugmL™) (%) (n=3)
Grape juice 0.25 0.50 0.75 0.69 88 1.30 0.65 80 2.07
1.00 1.25 1.21 96 1.58 1.19 94 2.19
Redberry 1.60 0.50 2.10 2.05 920 1.85 2.00 80 2.79
juice 1.00 2.60 2.61 101 1.32 2.51 91 3.00
Green Tea 0.30 0.50 0.80 0.78 96 3.02 0.78 98 2,12
1.00 1.30 1.32 102 1.06 1.17 91 1.85

80% to 98% when using the proposed smartphone-based fluorescence
detection method. Moreover, the relative standard deviations (RSDs)
were noticeably inferior to 3% (as shown in Table 2), demonstrating
that the developed MMIP-SPE revealed good precision and accuracy in
EA extraction.

4. Conclusions

In the present paper, a new high-efficient MMIP for EA was prepared
using a rapid and a green radical polymerization, which was assessed
by a CCD to reveal the adequate conditions. The prepared MMIP ex-
hibited high selectivity towards EA compared to several similar phenols
with an imprinting factor around 3. Indeed, the MMIP was employed
as a sorbent in the SPE for a selective, green, and rapid EA recognition.
For EA detection, the proposed smartphone-based fluorescence method
presented many advantages, including rapidity, cost-effectiveness, and
on-site detection. Furthermore, the strategy of MMIP-SPE coupled to
fluorescence presented a high accuracy and efficiency for EA extraction
and determination in many fruit samples in which the experimental re-
coveries were ranging from 80% to 102% with low RSD (>3%). Con-
sequently, owing to the numerous features of the MMIPs, including the
selectivity, rapidity, and reusability, MMIPs are the most promising sor-
bents to be used for the high-purification efficiency of polyphenols from
plant matrices which will enhance the application of these valuable nat-
ural compounds in the pharmacy field. Furthermore, the application of
smartphone-based fluorescence detection using UV lamp as the excita-
tion source could be certainly of high importance for other purposes,
particularly, in food control, environmental monitoring, and point of
care sensing.
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