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We developed a metronidazole (MNZ)-selective sensor, combining magnetic and fluorescent molecularly
imprinted polymers (MFMIP) with a non-imprinted reference composite (MFNIP). Using isothermal titration
calorimetry (ITC), we optimized the MNZ-to-APTES ratio during polymerization, obtaining a specific MNZ-
APTES bonded complex (K, = 2.575 x 10® L/mol, AH> = —1.079 kJ mol ™!, TAS® = 18.389 kJ mol~}, and
AG® = —19.468 kJ mol ™). The MFMIP composite, incorporating Fe;04@TEOS magnetite nanoparticles and
CdTe@TGA quantum dots, exhibited cavity-specific interactions with MNZ, as confirmed by surface plasmon
resonance (SPR) studies. Compared to MFNIP, the MFMIP sensor demonstrated superior selectivity in water
samples (5-60 pM, with LOD and LOQ values of 1.28 and 5.00 pM), and even in the presence of interferents. In
addition, the use of CdTe quantum dots enabled real-time analysis via Stern-Volmer quenching mechanisms
without complex sample preparation. In conclusion, our MFMIP sensor offers sensitive and selective MNZ
detection. It presents practical advantages, including real-time analysis and ease of handling, making it a
promising extraction—-determination system for trace concentrations of MNZ.

1. Introduction the human body can cause seizures, peripheral neuropathy, ataxia, and

the development of bacterial resistance to it [1,5]. Therefore, the con-

Since their discovery and development, antibiotics have played a
vital role in the treatment of veterinary, human, plant, and even bee
diseases. Therefore, the presence of antibiotic residues in food and
aqueous matrices may be a consequence of disease treatment [1]. The
accumulation of antibiotic residues in the body can result in the devel-
opment of resistant bacteria and toxic and carcinogenic reactions [2].

Metronidazole (MNZ; Figure S1, Supplementary Material) is the most
commonly used nitroimidazole antibiotic, which is well known for its
antimicrobial properties and action against anaerobic bacteria. How-
ever, several studies have noted that MNZ causes genotoxic, carcino-
genic, and mutagenic side reactions [3,4]. The accumulation of MNZ in
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centration of this drug in human blood plasma, water, and foods such as
meat, milk, and honey must be controlled [2,6,7].

Various methods such as mass spectrometry [8], high-performance
liquid chromatography (HPLC) [9], microfluidic cartridge setup [10],
and high-performance thin film chromatography [11] have been used
for the detection of antibiotics in various matrices (water, honey, milk,
and tissues of edible animals). Although efficient, these analyses are
expensive, difficult to handle, and/or require sample pretreatment,
which increases analysis time [12,13]. Composite sensors based on
molecularly imprinted polymers (MIPs) may be used to overcome these
limitations. These sensors contain fluorescent probes that generate
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signals via fluorescence spectroscopy [14-16]. The detection of analytes
using fluorescence spectroscopy has become very attractive, owing to its
high recognition capacity, sensitivity, selectivity, simplicity, and
responsivity, low cost, and capacity for real-time detection [15-17].

MIPs exhibit excellent chemical, thermal, and mechanical stabilities,
as well as selective recognition and application in diverse matrices. In
typical sol-gel in-situ syntheses of MIPs, monomer complexes enable the
formation of imprinted polymers containing functional groups that
complement certain parts of the molecules used as the templates. These
complexes undergo polymerization, which is promoted by crosslinking
agents and favors the formation of porous polymeric matrices. Subse-
quently, the templates are eliminated by cleaving the previously
occurring interactions. Thus, the final materials retain only molecular
“memories” of the templates, constituted by cavities complementary to
them in size, shape, and position of certain functional groups
[16,18,19].

Thus, MIPs exhibit selective sites that enable specific interactions
with analytes, significantly reducing the possibility of interference
during analysis. This assigns to MIPs high selectivity and significant
potential as artificial recognition materials [18,19]. To compare selec-
tivities and sensitivities, non-unprinted polymers (NIPs), which lack the
template molecules and selective cavities, are synthesized [3,16].

Various materials can be added during MIP synthesis to obtain a final
product with specific characteristics. To attribute fluorescent properties
to MIPs, quantum dots (QDs) may be used. Because they are luminescent
nanomaterials, QDs exhibit excellent quantum yields and recognition
capabilities while interacting with molecules and are widely used for
sensing, bio-imaging, and diagnosis [15,16].

QDs can also be used as recognition and transduction elements for
MIPs. The presence of a fluorescent signal, owing to the incorporation of
QDs in the polymeric matrix, increases the utility of MIP-based sensors,
as the addition of QDs can improve the precision and efficiency of the
analysis. In addition, QDs promote an increase in sensor selectivity and
enable the recognition and direct quantification of target analytes
[3,14]. Cadmium telluride (CdTe) QDs are semiconductor nanocrystals
with diverse applications, owing to their high stability in aqueous media
[20,21].

Owing to their magnetism, MNPs can be easily isolated and sepa-
rated from complex multiphase media by the application of a magnetic
field. The separated material can be re-suspended by pausing the
application of the magnetic field [22]. The use of Fe304 and MIPs can
facilitate a simple and fast recovery of polymers, eliminating the need
for additional procedures such as centrifugation and filtration [23].

Various morphological, chemical, thermal, and functional tech-
niques for the characterization of MIP/NIP particles have been used in
the broad evaluation of composites fabricated using them [24-28]. In
particular, the selective binding of the target molecule to the MIP-
printed cavity has been investigated to better understand the molecu-
lar events related to the kinetics and thermodynamics of these in-
teractions. MIP structures on surfaces such as immobilized films are
often investigated using surface plasmonic resonance (SPR) [29-33].
Recently, MIP and SPR technology has been applied in several domains,
for example, the selective and unlabeled detection of HSA protein in
biological samples [34] detection of amoxicillin residues in egg extracts
[35] and sulfamethoxazole detection [36]. SPR is widely known to
enable fast, real-time, and highly sensitive analyses of a wide range of
target substances, with a good reliability and signal stability [37-39].

Herein, we synthesized and characterized magnetic and fluorescent
imprinted composites (MFMIPs) for MNZ determination. Molecular
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imprinting was performed on the surface of the nanoparticles using the
Stober method of in-situ polymerization. In the MIPs, selective recog-
nition cavities, in which MNZ could rebind and selectively interact with
fluorescent nanocrystals, resulted in quenching. FesO4@TEOS NPs
attributed superparamagnetic characteristics to the biosensor, facili-
tating its extraction from aqueous matrices. The interactions of MFMIP
and the non-printed reference MFNIP with the target molecule, MNZ,
were studied using SPR, which facilitated the determination of the ki-
netic parameters of these interactions. MFMIP was used to detect trace
concentrations of MNZ in water samples.

2. Experimental section
2.1. Materials

All chemicals and reagents used in this study were of analytical grade
and did not require further purification. Thioglycolic acid (TGA), (3-
aminopropyl) triethoxysilane (APTES), cadmium chloride hexahydrate
(CdCly-6H20), ammonium hydroxide (NH4OH), methanol (CH3OH),
sodium tellurite (NaTe,03), tetraethoxysilane (TEOS), sulfamethoxazole
(SMX), 1-butyl-3-methylimidazoliumchloride ([Bmim]Cl), and metro-
nidazole (MNZ) were supplied by Sigma-Aldrich (USA). Sodium hy-
droxide (NaOH) was obtained from Vetec Quimica fina (Brazil) and
sodium borohydride (NaBH4) from Nuclear (Brazil). Dibasic sodium
phosphate (NagHPO4) and sodium phosphate monohydrate (NaHj.
PO4-H30) were purchased from Vetec (Brazil). CM5 sensor chips and
coupling reagents (N-ethyl-N’-(dimethylaminopropyl) carbodiimide
(EDC), N-hydroxysuccinimide (NHS), and ethanolamine hydrochloride
were purchased from GE Healthcare (USA). Deionized water was ob-
tained from a MILLI-Q water purification system (18.2 M Q cm re-
sistivity, Millipore, USA) and used as a solvent.

2.2. Rational planning and preparation of composites

2.2.1. Isothermal titration calorimetry (ITC) analysis

The enthalpy changes associated with the MNZ-APTES interactions
at 298.15 + 0.1 K were recorded using an isothermal titration micro-
calorimeter PEAQ-ITC (Malvern Instruments). Initially, MNZ (1 mM)
and APTES (40 mM) solutions were prepared in water-methanol (1:1)
and degassed before titration. Subsequently, the sample and reference
cells were loaded with 195 uL of the MNZ solution, and the APTES so-
lution was injected into them using a syringe. After baseline stability had
been achieved, 19 aliquots of the monomer solution (2 uL each) were
injected into the MNZ solution. A dilution experiment was performed by
replacing the MNZ solution with the pure solvent (water/methanol 1:1).
The samples were constantly stirred at 500 rpm to ensure uniform
mixing. The initial interval and delay time between successive injections
was 3600 and 180 s, respectively. Raw data was obtained as a plot of
potency (uW) against time. These data were integrated to obtain a plot of
the observed enthalpy change (AH,;;) per mole of the injected APTES.
The AH,ps associated with the APTES dilution was subtracted from the
corresponding AHys of the MNZ-APTES mixing to obtain the real
apparent enthalpy change (AHyp-in) of the MNZ-APTES interactions.
The AH,p,_in values for MNZ-APTES interactions were finally plotted as
a function of the molar ratio of APTES/MNZ and fitted to a single set of
identical sites (SSIS) model (Martinez et al., 2013; Eq. (1) to obtain the
binding constant (K}), binding stoichiometry number (n), and calori-
metric standard enthalpy change (AHY,;) for MNZ-APTES complex for-
mation.

@
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where Q is the total heat content; V. is the cell volume; and [L]; and [R];
are the total concentrations of the ligand (APTES) and receptor (MNZ) in
the system, respectively.

Using K;, and AH', the changes in Gibbs free energy (AG') and en-
tropy (AS’) can be calculated using Egs. (2) and (3).

AG" = —RTInkK, ()]
AG = AH —TAS’ 3)

2.2.2. Synthesis of CdTe@TGA QDs

CdTe@TGA was synthesized using a one-pot method in an aqueous
medium [41]. The synthesis was initiated using a mixture of 93.7 mg of
CdCl; 7H20 and 52.0 pL of the TGA surface ligand. Subsequently, a
solution of NaOH (0.2 M) was added until a pH of 10 is obtained. Next,
5.2 mg of NayTeOs and 3.7 mg of the reducing agent NaBH4 were added.
The reaction temperature was maintained at 98 °C with magnetic stir-
ring for 2 h in a glycerin bath. The QDs were purified using a non-solvent
(acetone) through centrifugation at 3200 rpm for 10 min. The super-
natant was discarded, and the material was dried in a vacuum oven at 60
°C for 24 h.

2.2.3. Synthesis of Fe304@TEOS MNPs

Magnetite MNPs were synthesized by modifying a coprecipitation
method reported in the literature [42]. Initially, two 50 mL aqueous
solutions containing 3.5 and 4.0 g of FeSO4 and FeCls, respectively, were
prepared and mixed together. The mixture was stirred with 25.0 mL of a
solution of NaOH (10 M) in an inert atmosphere of nitrogen for 2 h and
subsequently purified with water until a neutral pH is obtained. For the
TEOS coating, 300.0 mg of Fe304 were dispersed in an isopropanol--
water mixture (1:5 v/v), and then 5.0 mL of a solution containing 28%
NH4OH and 2.0 mL of TEOS (98%) were added. The reaction was
maintained at room temperature with stirring for 12 h, followed by
purification with deionized water until neutral pH. The particles were
separated by the application of a magnetic field and dried in a vacuum
oven at 60 °C for 24 h.
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2.2.4. Preparation of MFMIP and MFNIP

The composite was synthesized in situ via the sol-silica gel method
using the Stober process [43] for molecular imprinting on the surface of
nanoparticles. In a water-methanol mixture (1:1 v/v), 100 mg of MNZ
was solubilized, followed by the addition of 547.0 pL of APTES and
stirring for 1 h. A 10-milliliter aqueous dispersion containing 1.0 mg of
CdTe@TGA and another 10-milliliter aqueous dispersions containing
240.0 mg of Fe304@TEOS were added to the reaction medium, followed
by 2.08 mL of TEOS and 35.0 pL of NH4OH. The molar ratio of the re-
agents MNZ, APTES, TEOS, and NH4OH was 1:4:16:1.6 [44]. The syn-
thesis was conducted for 22 h at room temperature, and the reaction
mass was then washed with an acetic acid—methanol mixture (1:9) until
the complete removal of MNZ molecules from the polymer matrix.
MFNIPs followed the same synthetic route as MFMIPs, except for the use
of MNZ. The composites were then dried at 60 °C in a vacuum oven for
24 h. Fig. 1 shows the steps for the synthesis of the composites.

2.3. Characterizations

2.3.1. Electron microscopy

The sizes and morphologies of the prepared materials were evaluated
via scanning electron microscopy (SEM) using a Philips XL-30 micro-
scope, Field Emission Gun (SEM-FEG), and the operating state of the
equipment was at a voltage of 120 kV. Transmission electron micro-
scopy (TEM) was performed on a Transmission Electron Microscope
model FEI TECNAI G? F20 HRTEM.

2.3.2. Spectroscopic and surface characterizations

UV-vis and photoluminescence spectra (400-700 nm) were obtained
using a Cambridge UV-vis spectrophotometer (CB40FJ, England) and a
Varian Fluorescence spectrophotometer (Cary Eclypse, Australia),
respectively. Fourier-transform infrared (FT-IR) spectra (4000-500
em™!) were obtained using a Shimadzu Infrared Spectrophotometer
(A213749, Japan). Dynamic light scattering (DLS) and zeta potential
(PZ) analyses were performed using a Zetasizer Nano ZS instrument
(Malvern Instruments).
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Fig. 1. Steps involved in the preparation of the printed MFMIP and non-printed MFNIP polymers.
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2.3.3. Surface plasmon resonance (SPR) analysis

All SPR analyses to evaluate the interaction between the composites
(MFMIP and MFNIP) with MNZ, SMX, and [Bmim]Cl were performed at
25 °C in a two-channel Biacore® X100 device (GE Healthcare, USA).
Three CM5 sensor chips composed of carboxymethylated dextran
covalently attached to a gold film were used as sensors. Two flow
channels were present on the CM5 surface: the sample channel (in which
MFMIP or MFNIP was immobilized) and reference channel (without
composite immobilization). The SPR experiments were performed in
triplicate to ensure accuracy, and the results were expressed as the
means + standard deviations (standard deviation was between 3 and
7%).

2.3.3.1. Immobilization of the composite on the chip surface. The com-
posite (MFMIP or MFNIP) was immobilized on the surface of the CM5
sensor chip comprising the carboxymethylated dextran matrix via amide
coupling [45]. The carboxylic acid groups were first activated for 7 min
with a mixture of EDC (0.4 M) and NHS (0.1 M; 1:1 v/v) at a flow rate of
10 pL min 1. A suspension of 30 pg mL ~1of the composite (MFMIP or
MENIP) in 10 mmol/L of sodium acetate (pH 4) was then injected over 7
min, resulting in a low-density composite immobilization (1972 RU for
MFMIP and 2168 RU for MFNIP) that minimized potential mass trans-
port and agglomeration effects on the sensorgram data. Finally, excess
activated carboxyl groups were blocked with ethanolamine for 7 min. To
monitor possible non-specific interactions between the composite and
chip surface, a reference channel was prepared as previously described,
but without composite immobilization.

2.3.3.2. Analysis of MNZ interactions with the immobilized composite.
Interactions between the composites (MFMIP or MFNIP) and MNZ and
between MFMIP and SMX or [Bmim]Cl were evaluated under conditions
of pH 7.4 (HBS-P buffer, 0.01 M HEPES, 0.15 M NaCl, and 0.05% v/v
surfactant P20) for various concentrations of the analytes (MNZ, SMX, or
[Bmim]Cl) ranging 0.4-1.8 mM. The buffer was injected before each
composite-analyte binding cycle to obtain a baseline. The analyte so-
lutions were then injected into the sample and reference channels of the
chip over 60 s at a flow rate of 10 pL min~!. Subsequently, the pure
buffer was injected again into both sensor chip channels to dissociate the
formed complexes. Finally, flowing buffer was injected twice over 360 s
at a flow rate of 10 uL min~! to regenerate the chip surface at the end of
each experiment. The reference and sample channel signals were sub-
tracted, and the net SPR signals (resonance units, RU) were traced over
time (sensorgrams).

2.3.3.3. Kinetic studies on composite-MNZ interactions. The binding
model proposed by Schasfoort (2017) was used to determine the kinetic
parameters of association (k,) and dissociation (k4) while studying the
interactions between the immobilized composites (MFMIP or MFNIP)
and various analytes (MNZ, SMX, and [Bmim]Cl).

The sensorgrams obtained for the interactional studies were mathe-
matically treated according to global adjustments made using integrated
rate Egs. (4) and (5) to determine the values of the observed constants
(kops) and dissociation parameters (kq) for the evaluated processes. The
k, values were determined via the slopes (Eq. (6) of the ky; vs. MNZ
concentration curves (Figure S11).

RU(Z) = RUmax(rec) [1 - eik"”“(rfw } )
RU(1) = RU(tm)e %= ©
and

kobs = ka*[analyte] + kd (6)

where RU(t), RUn,y, and RU(tm) denote the SPR response at time t, SPR
signal at the beginning of the descending exponential curve of the sen-
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sorgram, and SPR response of the analyte (MNZ, SMX, or [Bmim]Cl)
under the composite saturation condition, respectively.

The activation energy (E.) associated with the formation of the
[composite (MFMIP or MENIP) — MNZ]* transition complex can be
determined by evaluating the dependence of Ink, and Ink; on temper-
ature, using a non-linear Arrhenius fit (Egs. (7) and (8). In this approach,
the transition complex is assumed to have been formed either from the
association of free materials, composites and MNZ (E}l) or dissociation of
the thermodynamically stable complex (Eé); [46].

ke —ain( D) e o) La(L) @
ke =ap(z) +e(z) +4(7)
and
paae(L) 43a( L) ()
! C(T)+ <'TF>

where b, c, and d are constants graphically determined via polynomial
adjustment, k, corresponds to k, (x = a) or kg (x = d), R is the universal
gas constant (8.314 J mol ! K), and T is the temperature in K.

The Eyring equation was used to determine the change in Gibbs free
energy of activation (AGL; Eq. (9), and the changes in enthalpy of acti-

E'= —R

vation (AH}C) and entropy of activation (AS}C) were determined using
Egs. (10) and (11), respectively, [47,48].

ke = % exp (‘ﬁTG«f) ©
AHY(T) = Eqyu (T) = RT 10
and

TASL(T) = AHY(T) — ASK(T) an

where kg is the Boltzmann constant, and h is the Planck constant.

2.4. Adsorption kinetics studies

To evaluate the adsorption kinetics of MNZ, 30 uM of the analyte
were added to 0.2 mg mL ! of the MIP composite. Fluorimeter readings
were obtained from 1 to 120 min. The concentration of the analyte was
calculated using the emission intensity and the calibration curve
developed for the MIP, wherein the amount of MNZ adsorbed in the
matrix and that left in the supernatant could be defined, because the
initial concentration was known. The adsorption capacities of the Q
composites were determined using the following relationship:

(Co—C)V
m

0= 12)
where Cy, Ci1, V, and m represent the initial concentration of the MNZ
solution (mg L'l), concentration of MNZ in the supernatant after
adsorption (mg L'l), initial volume of the MNZ solution (L), and mass of
the composite (g), respectively.

2.5. Sensitivity and selectivity tests

In a pilot test, the MFMIPs and MFNIPs were evaluated for their
sensitivities to various concentrations of MNZ in water, using spectro-
fluorimetry. For this, 50 mg of each material were dispersed in 10.0 mL
of water and placed in an ultrasound bath for 15 min. An aliquot of this
suspension (200 puL) was then added to 5 mL of seven solutions (pH 6.0)
containing MNZ at concentrations ranging 1-60 uM. The fluorescence
spectrum of each concentration was obtained at wavelengths between
400 and 800 nm, with an excitation wavelength of 340 nm and a reso-
lution of 5 nm. The experiment was performed in triplicate. The lower
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limit of detection (LOD) and lower limit of quantification (LOQ) were
obtained using Egs. (13) and (14), where, a is the slope of the straight
line of the MNZ concentration (uM) as a function of the emission in-
tensity (a.u.), and SDyeference is the standard deviation of the response for
ten measurements of a reference sample.

LOD

_ 3XSDeference a3)
a

10X SDeference
LOQ = — =2 rderence

a4

The selectivities of the sensors prepared for the detection of MNZ
were evaluated by comparing the detection capacity of the composites
against two interferents: sulfametroxazole (SMX) and butylmethylimi-
dazolium chloride ([Bmim]Cl). The same masses of MFMIP and MFNIP
used in the sensitivity test were used in the selectivity test, and the
concentration of the MNZ, SMX, and [Bmim]Cl solutions was 30 uM (pH
6.0). The results obtained for MFNIP and MFMIP were compared to
assess the influence of the cavities on sensor selectivity.

3. Results and discussion
3.1. Rational planning, preparation, and characterizations of materials

3.1.1. Isothermal titration calorimetry (ITC) analysis

ITC is a quantitative technique commonly used to determine ther-
modynamic parameters related to biochemical interactions in solutions
[49,50]. Although there are few reports in the literature about using ITC
to determine the binding affinity of MIPs for small molecules [51] and to
predict the optimum ratio of model molecules to functional monomers
[52,53], ITC provides energetics data and fundamental insights into the
binding mechanisms of MIPs. Therefore, to evaluate the number of
template molecules (MNZ) bound per monomer (APTES) for the for-
mation of selective cavities and the energy involved in this interaction
during the molecular imprinting process, the binding of APTES to MNZ
was investigated using ITC. Thus, the equilibrium binding constant (Kj),
standard enthalpy changes (AH), and complex stoichiometry (n) were
obtained directly via a single experiment.

ap &
i

2

AH_ [ kJ mol’
o
i

©
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34 5 7 B 9
r]APTES/nMNZ

01 2

Fig. 2. Plot of AH,, versus molar ratio for the MNZ-APTES interaction. The data
points reflect the experimental injection heat after correction for the heat of
dilution, while the solid line represents the calculated fit of the data.

Journal of Molecular Liquids 390 (2023) 123027

Fig. 2 shows the plot of the apparent molar enthalpy change
(AH,pp—in) of MNZ-APTES binding against the molar ratio (naprrs/
nyvnz), Which was obtained at 298.15 K.

By fitting the AH,, versus molar ratio curves to the SSIS model [40]
described by Eq. (1), Ky, n, and AH,, were calculated. Using these pa-
rameters, the AG° (Eq. (2) and TAS° (Eq. (3) values for the MNZ-APTES
complex formation were determined. The Kj and n values obtained using
ITC were 2.575 x 10% L mol~! and 1.162, respectively, indicating that
approximately 1 mol of APTES was bound to 1 mol of MNZ. Using the K}
value determined here, a negative AG® value (—19.468 kJ mol™1) was
obtained for the MNZ-APTES interaction. The negative value indicates
the predominance of the MNZ-APTES complex over free molecules
during thermodynamic equilibrium and results mainly from the con-
tributions of three molecular processes that occur in the system: the
desolvation of MNZ and APTES molecules, intermolecular interaction
between them, and conformational changes in the structures of the
model molecule and monomer, owing to their interaction. Therefore, to
determine the driving force involved in the formation of the
MNZ-APTES complex, their enthalpic and entropic contributions were

analyzed.
The formation of a complex between MNZ and APTES resulted in a
decrease in the enthalpy (AH° = —1.079 kJ mol ™) and an increase in

the entropy (TAS° = 18.389 kJ mol™1) of the system. A negative AH°
value indicates that hydrogen bonds between the amino functional
group present in APTES and the nitro and hydroxyl groups of MNZ
dominated complex formation. Therefore, although other processes
occurring in the system also led to an increase in enthalpy (e.g., des-
olvation of MNZ and APTES molecules and conformational changes in
the interacting molecules), they were overcome by the energy released
during the MNZ-APTES interaction process. However, the entropic gain
could be explained by the increase in the degrees of freedom of the water
molecules released from the solvation layers of MNZ and APTES during
complex formation.

Subsequently, the composite was prepared using the ideal molar
proportions of the model molecule and monomer. Because the added
monomer was not expected to interact effectively with the model
molecule (MNZ) in the MFMIP preparation, a higher molar ratio was
used, that is, (MNZ)/(APTES) = 1:4.

3.1.2. Syntheses and characterizations of the composites

The MFMIPs and MFNIPs were obtained from in-situ polymerization
processes, which occurred on the surfaces of CdTe@TGA and Fe304@-
TEOS, via the sol-gel method. Hydrogen-bonding interactions between
MNZ and the polymeric matrices were favored by the hydroxyl and
amine groups present in the APTES functional monomer. The final
composites exhibited MNZ recognition, extraction, and quantification
abilities in aqueous matrices.

In the infrared spectra shown in Fig. S2a (Supplementary Material),
the TGA coating on the CdTe QDs was confirmed by a modification in
the bands of pure TGA. For example, the S-H stretching band was not
observed, indicating interactions between sulfur and the PQ surface.
Furthermore, the stretching band of the C=0 group shifted from 1693
cm ™! to a shorter absorption wavelength of 1536 em?, indicating that
carboxylic acid had been transformed into a carboxylate anion [54]. The
MNPs had also been effectively coated with TEOS, because in the spectra
of the magnetite nanoparticles coated with TEOS (Fig. S2b, Supple-
mentary Material), intense absorption bands were observed at 1085,
956, and 802 cm !, which were attributed to the stretching vibrations of
Si-OH groups and bending vibrations of Si-CH, and Si-CH3 groups.
However, the bands corresponding to Si—-OH and Si—O-Si vibrations may
have been overlaid, possibly because of the coating process, the for-
mation of Si-O-Si and Si-OH bonds, and the proximity of the absorption
wavelengths of the vibrations of these bonds to those of the bending
vibrations of the Si—-CH, and Si—-CH3 bonds, respectively [55]. The FT-IR
spectra of TEOS, MFMIP, and MFNIP (Fig. 3) suggest that the FesO4
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nanoparticles were successfully coated with TEOS and demonstrate
evidence of polymerization on the NP surfaces.

The infrared-region absorption spectrum of TEOS is as shown in
Fig. 3A. The main absorption bands at 1082, 967, and 790 cm ™! were
attributable to the stretching vibrations of the Si-O bond and the
bending vibrations of the Si-CH, and Si-CHj3 groups, respectively.
Similar bands were observed in the spectra of MIP and NIP (Fig. 3B and
3C). However, as a result of polymerization, Si-O-Si bonds were formed,
which absorb at wavelengths close to those of the Si-CH3 bending vi-
brations. Therefore, the Si-O-Si bands may have overlapped with those
of Si—-CHjs in the spectra of MFMIP and MFNIP, with absorptions at 791
and 782 cm ™}, respectively [55]. Furthermore, two other bands in the
spectrum of MIP, with absorptions at 3858 and 3736 cm™!, and in the
spectrum of NIP, with absorptions at 3853 and 3739 cm !, were
attributed to the symmetric and asymmetric stretching vibrations of the
amino groups (NHj) close to the electronegative atoms. These bands
originated from the functional monomer APTES, which had been used in
the first step of the synthesis of the MFMIPs and MFNIPs for the gen-
eration of specific template cavities [16].

The difference in the absorption intensities of the MFMIP and MFNIP
spectra, mainly the absorption bands of the amino groups, was notable.
This difference may have been a consequence of variations in the posi-
tions of the functional groups, which may have been located at the
surface or the interior of the polymer matrix, owing to the presence of
the template during the synthesis of the material.

Some bands appeared in Fig. 3A in the region below 700 cm ™!, which
were attributed to the stretching vibrations of the Fe-O bonds, indi-
cating the presence of the magnetic nanoparticles that had been used in
the synthesis of the composites [23]. The presence of CdTe@TGA
quantum dots in the polymer matrix was also confirmed by the presence
of two nearly overlapping bands in the spectra of Fig. 3B and 3C, which
were similar to those observed for the nanocrystals in their infrared
spectrum (Fig. S2a). In the spectrum of the QDs, these bands appeared at
wavelengths of 1536 and 1358 cm™!, whereas in the spectra of the
MFMIPs and NIPs, they appeared at 1538 and 1420 cm ™! (Fig. 3B) and
1539 and 1420 cm ™! (Fig. 3C), respectively, which corresponded to the
symmetrical and asymmetrical stretching vibrations of the carboxylate
ions present on the surface of the QDs [54]. These results confirm the
success of the sol-gel synthesis during the surface polymerization of QDs
and MNP@TEOS.

The morphologies of CdTe@TGA, Fe3s04@TEOS, and the composites
were studied using transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM), the results of which are shown in Fig. 4,
and more details are shown in Figures S4, S5, and S6 (Supplementary
Material). Fig. 4a shows a histogram of the size distribution, indicating
that the synthesized QDs were spherical, monodisperse crystals with an
average diameter of 3.1 nm. The HRTEM image in Fig. 4b shows that the
Fe304@TEOS NPs were spherical and exhibited a slightly higher
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Fig. 5. Influence of pH on the zeta potential of MFMIP. The error bar of each
measurement was smaller than the sizes of the symbols used.

polydispersity than the Fe3O4 NPs. The histogram of FesO4@TEOS
showed a diameter of 18.4 + 3.6 nm, averaging approximately 7 nm
more than that of the Fe304 NPs before coating, indicating that the NPs
were coated with silica.

Fig. 5 shows the zeta potential (PZ) curve for MFMIP, which indicates
that variations in pH caused the PZ to remain practically constant up to
pH 10. The variations in PZ were in the modulus of 10 mV, yet the values
remained in the modulus greater than 30 mV. A pH of 6 was selected for
all experiments involving the composites (imprinted and non-printed),
because this value can be easily adjusted for aqueous media, wherein
the molecular structure of MNZ (pKa = 2.62) is deprotonated, which
favors the interaction of the composite analyte.

In addition, the stability of the MFMIPs containing the CdTe QDs can
be affected by pH. A study by Xu et al. [56] demonstrated that the
fluorescence intensities of MFMIPs with CdTe probes, studied at pH
values from 2 to 14, decreased at pH values below 4 or above 12,
indicating that the imprinted silica shell was ionized at these pH values,
which affected the stability of both the QDs and cavities [56]. Therefore,
a pH closer to neutral was chosen.

3.2. Kinetic composite-MNZ interaction study via SPR

Although molecular imprinting technology has been recurrently
investigated for the detection of antibiotics, rational planning and
knowledge on specific interactions are still scarce, which limits ad-
vancements in the use of nanocomposites [57,58]. Therefore, we

Fig. 4. HRTEM images for: (a) CdTe quantum dots and (b) Fe30,@TEOS, both with insets showing size distribution histograms.
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Fig. 6. SPR sensorgrams for the complex formation between the immobilized
MFMIP (1972 RU) and various concentrations of MNZ (0.4-1.8 mM) at
298.15 K.

assessed the recognition properties of the composite-MNZ interaction
via SPR binding studies, which resulted in the sensorgrams shown in
Fig. 6.

As shown in Fig. 6 (298.15 K) and Figure S10 (285.15-301.15 K),
various concentrations of MNZ (0.4-1.8 mM) were flowed over the chip
surface with immobilized MFMIP, resulting in seven binding curves. At
each cycle, which is called a sensorgram, the buffer solution was first
injected over the surface to define the baseline, followed by the injection
of the MNZ solution. As the MFMIP and MNZ bonded, the concentration
of the complex gradually increased, as indicated by an increase in RU,
until a steady state was reached. Finally, the buffer was injected once
more to induce the dissociation of the thermodynamically stable com-
plexes ([MFMIP-MNZ]°).

The imprinting effect on the sensitivity of the composite was evalu-
ated via SPR experiments with a chip containing immobilized MFNIP. As
shown in Figure S13, a low RU signal indicated that no interaction
occurred between MFNIP and MNZ. This shows that the presence of
imprinted sites with sizes and shapes complementary to the template
molecule is fundamental to the molecular recognition of
nanocomposites.

The selectivities of the imprinted sites were also studied using two
molecules with chemical structures similar to (C4qmimCl) and different
from (SMX) those of MNZ. The obtained sensorgrams (Figures S12 and
S13) showed very low RU signals for MFMIP in the presence of either
C4mimCl or SMX. This indicates that, in addition to shape and size
complementarity, the specific interactions between the template mole-
cule and the imprinted site result in a high selectivity of the nano-
composite towards MNZ.

By globally fitting the sensorgrams (Fig. 6 and Figure S10) to the 1:1
Langmuir binding model [59] which best fitted the data, the kinetics of
the interaction between MFMIP and MNZ were determined. As the an-
alyte and buffer were injected continuously, the concentration of MNZ
in the flow cell was maintained over time. Thus, the association phase
could be described by a pseudo-first-order rate law, which contained
information regarding the association (k,) and dissociation (k4) kinetic
constants (Egs. (4) and (6). In contrast, the dissociation phase was
described by a first-order rate law, which contained information on kg4
only (Eq. (5). Table 1 lists the values of k, and k4 obtained at various
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Table 1
Values of k, and k4 for the complex formation between MFMIP and MNZ at
various temperatures.

T/K ke*/10° M1 st ke*/ st
285.15 0.75 0.45
289.15 0.54 0.43
293.15 0.63 0.43
297.15 0.90 0.44
298.15 1.04 0.44
301.15 1.48 0.45

*For all parameters, the standard deviation was less than 4%.

temperatures.

kq and ky were in the order of 10°M s ' and 107 s’l, respectively,
and their values indicated that, on an average, 89 complexes were
formed per second, whereas 44% of them dissociated during the same
time interval. In the preparation of the MFMIP, after the interaction of
the monomer (APTES) with the template molecule, TEOS is added to
form a crosslinked rigid polymer with a cavity that maintains its shape
even after the template molecule is washed away [60]. Therefore, the
slow association between free MNZ and MFMIP may be indicating that,
even though MFMIP have a rigid structure, conformational changes
occurs in the 3-aminopropyl groups inside the cavity for
[MFMIP-MNZ]° to be formed.

To better understand the dynamics of composite-MNZ recognition,
the energetic parameters of activation were determined according to
transition state theory [61]. The activation energies (Ei) were obtained
using Egs. (7) and (8), via the non-linear regression of the In ky vs. 1/T
curves (Figure S12), while the changes in the free Gibbs energy (AG!),

enthalpy (AH,{), and entropy (AS?) of activation were calculated using
Egs. (9)-(11), where x = a corresponds to association and x = d cor-
responds to dissociation. Fig. 7 shows the dependence of these param-
eters on temperature.

AG! and AGf1 were associated with the potential energy and
configurational/conformational barriers that separated the interme-
diary state from free MNZ, MFMIP, and [MFMIP-MNZ]°, respectively. In
the investigated temperature range, both AG! and AG} values were
positive and remained almost constant, indicating a compensation be-
tween the values of AH! and TAS! with increasing temperature, as
verified by the curves shown in Fig. 8.

The formation of [MFMIP—MNZ]i, either via the association of free
MNZ and MFMIP or the dissociation of [MFMIP-MNZ]°, occurred with a
linear dependence of AH% on the TAS} values with increasing temper-
ature. This may have been caused by the modification of the solvation
structure of the interacting entities during the formation of an activated
complex or an induced fit of the binding site where the interaction
occurred [62].

When the template molecule reached the binding cavity to form the
activated complex, water molecules in the MNZ solvation layer and
imprinted sites were released to the bulk, which resulted in an increase
in the enthalpy and entropy (I) of the system. MNZ then bonded with the
nanocomposite via hydrogen bonding with the amine groups present in
the imprinted site, losing configurational degrees of freedom, which
resulted in a decrease in enthalpy and entropy (II). In addition, during
the formation of the activated complex, an induced fit of the binding
site, which is generally accompanied by an increase in enthalpy and
entropy (III), may have occurred.

For the formation of [MFMIP-MNZ]?, besides the shape-recognition,
the 3-aminopropyl groups pointing inward the cavity must be in the
right orientation to perform the hydrogen bonding with MNZ. Consid-
ering the temperature dependence of the processes I, II, and III, the
negative Ef, AH!, and TAS], values observed at low temperatures can be
attributed to the 3-aminopropyl groups having less rotational degrees of
freedom and, probably, remaining in a conformation that favors the
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Fig. 7. Dependence of the energetic parameters of activation on temperature for the formation of the transition complex ([MFMIP-MNZ]*) from the association (a)
and dissociation (b) phases. The error bar of each measurement was smaller than the sizes of the symbols used.

hydrogen bonding with the MNZ molecule. Therefore, the energy
release and entropy decrease coming from process II, overcame pro-
cesses I and III.

However, as the temperature increased, Ef, AH!, and TAS! also
increased becoming positive. Although the cavity remains rigid as the
temperature of the system is increased, the 3-aminopropyl groups gain
rotational degrees of freedom. The more flexible the 3-aminopropyl
groups, the more hindered the formation of hydrogen bonding with
MNZ due to the different orientations assumed by these groups.
Consequently, the energetic and entropic contributions from process II
decrease, and the energy release and entropy increase from the des-
olvation of the molecules (I) and the induced fit of the binding site (III)
dominate the values of Ef, AH}, and TAS!.

In contrast, the formation of [MFMIP—MNZ]:( via the dissociation of
[MFMIP-MNZ]° occurred with very small Ef\ and AHE\ values and
negative TAS! throughout the studied temperature range. Because the
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Fig. 8. Plots of AH,{ versus TASi for the [MFMIP-MNZ] formation via the as-
sociation between the MFMIP-MNZ and MNZ species (x = a) or [MFMIP-MNZ]
dissociation (x = d). The error bar of each measurement was smaller than the
sizes of the symbols used.

desolvation of the cavity and the MNZ molecule do not occur in this step,
this result indicates a restructuration of the complex in which: (a) the
energy absorbed and released from breaking and forming intermolec-
ular interactions due to changes in the conformation of the complex are
counterbalanced; and (b) the complex becomes more structured when it
dissociates from [MFMIP-MNZ]° to [MFMIP—MNZ]i as shown by the
decrease of the entropy.

The analysis of the association and dissociation steps thus revels that
when the free MNZ associates with the MFMIP through hydrogen
bonding, a lower entropy state is reached with the formation of
[MFMIP-MNZ]". Then, the relaxation of the complex occurs with the
increase of the system’s entropy until [MFMIP-MNZ]° is finally formed.

3.3. Adsorption kinetics

The adsorption of MNZ on the MFMIP was studied from 0 to 600 min.
Fig. 9 shows the change in the concentration of the analyte in the matrix
over time. The adsorption process can be divided into two steps: fast and
slow. At 0 min, MNZ was absent in the polymeric matrix. Upon contact,
MNZ was rapidly adsorbed; in the first minute, 82.63% of the mass of
MNZ initially added had already been adsorbed by the composite. Then,
a slower adsorption process followed, starting at 1 min, which led to
equilibrium.

2,5

¢~("“~fkd

40 60 80
Time/ min

Fig. 9. Rate of adsorption of MNZ by the MFMIP. The error bar of each mea-
surement was smaller than the sizes of the symbols used.
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3.4. Sensitivity tests

The influence of agitation on the interaction between MNZ and the
composite was first investigated. A previous evaluation had indicated
that agitation prevented fluorescence quenching in MNZ-composite
(MFMIP or MFNIP), whereas without agitation, fluorescence was
immediately suppressed after the contact of MNZ with the composite.
Therefore, for the MNZ-composite interaction tests, agitation was not
employed, which was consistent with the methodologies reported in the
literature for MFMIPs containing QD fluorescent probes [63].

Sensitivity tests were used to evaluate the sensitivities of the MFMIPs
and MFNIPs for the detection of various concentrations of MNZ. MFMIP
suspensions (0.2 mg mL™Y) prepared using 1-60 pM MNZ were tested.
Fig. 10 shows the fluorescence quenching for both composites, with a
high linear correlation as the MNZ concentration increased. The results
indicate LODs of 1.28 and 2.81 pM and LOQs of 5.00 and 10.00 pM for
the MFMIP (Fig. 10a) and MFNIP (Fig. 10b), respectively. Thus, the
influence of the selective cavities present in the MFMIP was evident,
which was twice that observed in the interaction between MNZ and
MFNIP.

The stability and reproducibility of the sensor can be assessed by
calculating the relative standard deviation (RSD%) derived from tripli-
cate sample analyses with identical concentrations during the metroni-
dazole sensitivity test. The RSD% values ranged from 0.130% to 1.25%
for NIP and from 0.274% to 1.72% for MIP across all analyses. These
results demonstrate that the sensor exhibits both reproducibility and
stability.

3.5. Sensor selectivity

In the selectivity studies, 30 uM of each molecule were used, and the
results are shown in Fig. 11.

These results demonstrated that MFMIP was more selective for MNZ
than MFNIP. The MFNIP sensor exhibited fluorescence quenching for all
molecules tested, whereas the MFMIP sensor exhibited a significant
fluorescence suppression only in the presence of MNZ, which was the
template molecule. Thus, the formation of selective cavities with specific
chemical groups that can interact with MNZ can significantly reduce the
matrix interference effect [3].

A comparison of the quenching effects of the contact of MFMIP with
SMX, [Bmim]Cl, and MNZ indicated 4.2%, 3.3%, and 41.34% decrease
in fluorescence, respectively. This indicated that selective cavities were
formed in the MFMIP that favored interaction with MNZ, possibly via
hydrogen bonding, and promoted selective suppression [63].
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Fig. 11. Emission intensities of the MFMIP and MFNIP composites in the
presence of various analytes.

4. Conclusions

In this study, we successfully synthesized CdTe quantum dots (QDs)
and Fe3O4 magnetic nanoparticles (MNPs) embedded in a molecularly
imprinted polymer matrix to create a metronidazole (MNZ)-selective
sensor, termed MFMIP. Our sensor exhibited excellent performance and
selectivity in detecting MNZ in water samples, with a low limit of
detection (LOD) of 1.28 pM and a linear range of 5-60 pM. The MFMIP
sensor outperformed the non-imprinted reference composite (MFNIP) in
terms of sensitivity, making it a promising candidate for real-time MNZ
analysis without the need for complex sample preparation.

Through SPR studies, we confirmed the highly specific interactions
between MFMIP and MNZ, elucidating the kinetic aspects of their
binding. The MFMIP-MNZ binding mechanism involved a hydrogen
bonding process leading to the formation of [MFMIP—MNZ]i, followed
by the relaxation of the transition complex and the final [MFMIP-MNZ]°
formation. This detailed understanding of the interaction enhances our
confidence in the reliability and accuracy of the MFMIP sensor.

Notably, our MFMIP sensor demonstrated superior selectivity for
MNZ over other analytes with similar and different chemical structures,
including sulfamethoxazole (SMX) and 1-butyl-3-methylimidazolium
chloride ([Bmim]Cl). This selectivity, coupled with the ease of
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Fig. 10. Photoluminescence spectra of a) MFMIP and b) MFNIP during the sensitivity tests for MNZ. The error bar of each measurement was smaller than the sizes of

the symbols used.
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handling and rapid analysis capability of the MFMIP sensor during the
first minute of contact with the analyte, sets it apart from current MNZ
detection methods.

In conclusion, our work presents a novel and efficient MNZ sensor
with great potential for trace-level MNZ detection in environmental and
clinical applications. The successful integration of quantum dots and
magnetic nanoparticles into the molecularly imprinted polymer matrix
highlights the versatility and effectiveness of this approach for devel-
oping highly sensitive and selective sensors. Future research can explore
the applicability of this sensor in real-world scenarios, offering a valu-
able tool for monitoring MNZ concentrations in various settings.
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