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Abstract: This work focuses on the development of a hybrid material based on SBA-15 silica with a
molecularly imprinted polymer (MIP), using spiramycin (SPI) as a template, for use as sorbent in
solid-phase extraction (SPE). Characterization techniques such as nitrogen gas adsorption–desorption
isotherms, infrared spectroscopy and scanning electron microscopy confirmed the structure and
properties of the SBA-15@MIP-SPI material. SPE conditions using SBA-15@MIP-SPI as sorbent were
optimized, which allowed us to demonstrate the high selectivity and adsorption capacity of SPI on
the synthesized material. The best conditions were 50 mg of sorbent, loading with 1 mL of standard
solution or sample of cow milk previously extracted in acetonitrile and eluting with 3 mL of methanol
with 1% acetic acid. After the optimization process, the material demonstrated recovery percentages
of 81 ± 3% in SPI standard solutions and showed its potential in cow milk samples (71 ± 6%). The
novelty of the research consists of the combination of MIPs with SBA-15, which could offer important
advantages in terms of specific surface area and porous structure, thus improving performance and
reducing the amount of sorbent compared to other traditional methods.

Keywords: spiramycin; SBA-15; SBA-15@MIP-SPI; hybrid material; molecularly imprinted polymers;
solid-phase extraction; SPE; selective material; cow milk

1. Introduction

Spiramycin (SPI) belongs to a group of 16-member macrolide antibiotics and was first
obtained from Streptomyces ambofaciens in 1954 by Rhône-Poulenc laboratories [1]. The
currently known SPI is a mixture of three compounds, SPI I, SPI II and SPI III, with SPI
I being the predominant one [2,3]. SPI is metabolized in the organism to neospiramycin,
which is identified as the major metabolite [3]. SPI is an antibiotic mainly used around the
world because it is effective against several common pathogenic microorganisms, including
Gram-positive cocci such as Staphylococcus aureus; Streptococci of groups A, B, C and D;
Gram-negative cocci such as Neisseria meningitidis and Neisseria gonorrhoeae; protozoa such
as Toxoplasma gondii; and others [1,4]. In veterinary practice, SPI is employed to treat
respiratory diseases in poultry and ruminants, as well as mastitis, arthritis and rinderpest
in cattle [4]. The importance of controlling this antibiotic in food is due to its massive use
in the meat industry. The growing demand for animal products has increased, with Europe
being one of the largest consumers [5]. This increase in production has led to an increased
risk of disease spread due to the large number of animals on farms. Consequently, the
intensified use of antibiotics such as SPI to treat infections can put consumers’ health at risk.
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Therefore, the control of such residues in food of animal origin is of paramount importance.
The European Union has established maximum residue limits (MRLs) to control such
chemical contaminants. Regulation (EU) No 37/2010 [6] sets MRLs for the sum of SPI and
neospiramycin between 200 and 300 µg/kg for muscle, fat, liver, kidney and milk of bovine
animals; between 200 and 400 µg/kg for muscle, skin, fat and liver of chickens not used for
egg production; and for SPI I between 250 and 2000 µg/kg for muscle, liver and kidney of
porcine animals.

The matrices in which SPI appears are complex, making it important to include a sam-
ple preparation step to eliminate interferences before analysis. SPI analyses are generally
carried out by high-performance chromatography (HPLC) with detection systems such
as diode array (DAD), ultraviolet (UV), fluorescence (FD), and electrochemical detectors
(ECDs) or highly selective detectors, such as mass spectrometry (MS) or tandem mass
spectrometry (MS/MS) detectors [7]. The latter are less common in some laboratories
as they are an expensive piece of equipment. In the case of HPLC-DAD analyses, it is
of great importance to obtain a clean extract free of interferences as they are more prone
to be affected by interferents that may hinder the identification of peaks, unlike HPLC-
MS or HPLC-MS/MS where the identification of compounds is based on their molecular
weight and their fragmentation. SPE is one of the most used techniques in the analysis of
antibiotics, including macrolides [7,8], since it allows for the extraction, purification and
preconcentration of the analyte, generating clean extracts to inject in HPLC. SPE has been
applied with different commercial sorbents for the determination of macrolides in several
food samples, such as milk [9–11], eggs [9,11–14] and tissues [9,15]. Generally, the method-
ologies that apply SPE use commercial cartridges such as Oasis HLB® [9–13] or Bond elut
SCX® [15] with large amounts of sorbent, between 200 and 500 mg. These sorbents, besides
using large amounts of material, are not specific towards the target analytes, which can
be a problem when the analysis is using HPLC-DAD. Moreover, currently, the principles
of green analytical chemistry and green sample preparation aim to bring methodologies
to miniaturization, consequently reducing the amount of waste [16]. Therefore, the use of
new materials such as molecularly imprinted polymers (MIPs) or silica-based materials can
be an alternative to commercial materials [17].

MIPs are synthetic materials with predetermined selectivity toward specific target
analytes [18,19]. Using molecular imprinting technology, MIPs create recognition cavities
that match the size, shape and interactions of template molecules. Once templates are
removed, MIPs can selectively rebind to the target molecules [20]. Traditionally, MIPs
are prepared through bulk polymerization or precipitation. However, these materials
sometimes exhibit certain disadvantages, including reduced binding capacity, challenges in
mass transfer and template leakage in the case of conventionally prepared MIPs [21,22].

On the other hand, mesostructured silica materials have aroused great interest within
the scientific community and are used in various industrial applications, including catalysis,
separation processes and the control of environmental pollution [23]. These materials
exhibit a highly ordered mesoporous structure (with pore diameters ranging from 2 to
50 nm according to IUPAC), resulting in well-defined pore sizes, a large pore volume,
a high surface area and easily modifiable pores [23–25]. A highly studied mesoporous
material is SBA-15-type silica (Santa Barbara Amorphous number 15), developed by Zhao
et al. [26], which has a hexagonal structure. This material has great hydrothermal stability
due to its thicker, amorphous walls and relatively large pores [23]. Its synthesis is simple; a
source of silicon is needed, generally tetraethylorthosilicate (TEOS), a commercial triblock
copolymer called Pluronic 123 with amphiphilic character (hydrophilic zone and another
hydrophobic zone) and ordering properties, which is used as a director of the structure and
acidic conditions with HCl.

For all the above reasons, both materials have gained importance as SPE sorbents.
In this sense, hybrid materials that combine mesostructured silicas such as SBA-15 with
MIPs can offer a material with highly specific molecular recognition properties, with good
extraction performance and a low amount of sorbent [27]. Different investigations that
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combine mesostructured silicas with MIPs for the determination of chemical contaminants
have been described in the literature as obtaining good extraction yields; for example,
Wang et al. [22] used an SBA-15 support with a specific MIP for dicyandiamide, a substance
used in fertilizers, applied to the detection of this analyte in milk. Also, some studies used
this type of hybrid material for other types of analytes and samples [20,21,28], but now,
there is no application of SBA-15-type mesostructured silicas with MIPs used as sorbent in
SPE for the determination of SPI in milk samples.

In this work, a hybrid material formed by an MIP within SBA-15-type silica was
synthesized and characterized by various techniques. The material was designed as SPE
sorbent for the selective determination of SPI in milk samples before its analysis by HPLC-
DAD. Different parameters were optimized to assess the selectivity and performance of the
synthesized material.

2. Materials and Methods
2.1. Reagents and Materials

Spiramycin (SPI) and five other different types of analytical grade macrolide antibi-
otics, erythromycin (ERY), roxithromycin (ROX), josamycin (JOS), ivermectin (IVER) and
tylosin (TYL), were purchased from Sigma Aldrich (St. Louis, MO, USA). Stock standard
solutions (1000 mg/L) of each antibiotic were prepared by diluting 10 mg in 10 mL of ace-
tonitrile (ACN). Standard working solutions were prepared at the desired concentrations
in NaH2PO4/ACN (70:30, v/v). All solutions were stored at −20 ◦C in darkness.

LC-grade solvents such as ACN, methanol (MeOH) and n-hexane; synthesis-grade
toluene and acetone; HCl (37%, 36.45 g/mol, 1.19 g/mL); acetic acid (HAc 60,052 g/mol,
1.05 g/mL); and NaOH were purchased from Scharlab (Barcelona, Spain). Reagents for syn-
thesis, such as tetraethylorthosilicate (TEOS, 98%, 208.3 g/mol, 0.93 g/mL), poly(ethylene-
glycol)-block-poly (propylene-glycol)-block-poly (ethylene-glycol) (EO20PO70EO20, Pluronic
123, 5800 g/mol, 1.019 g/mL), ethylene glycol dimethacrylate (EGDMA), methacrylic acid
(MAA), sodium diethyldithiocarbamate (Na-DTC) and tetrahydrofuran (THF), were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). 4-(chloromethyl)-phenyltrimethoxysilane
(CPTS) was acquired from AbcrGmbH (Karlsruhe, Germany). Sodium phosphate monoba-
sic (NaH2PO4) used for mobile phase preparation and Scharlab ExtraVac® vacuum mani-
fold (12-port model) used for SPE were obtained from Scharlab (Barcelona, Spain). Polyethy-
lene frits (0.20 µm), empty syringes (3 mL), nylon syringe filters (0.45 µm, 13 mm) and
nylon membranes (0.45 µm pore size) were obtained from Mervilab (Madrid, Spain). The
Milli-Q water (resistivity 18.2 MΩ cm) used in this work was obtained from a Millipore
Milli-Q-System (Billerica, MA, USA).

2.2. Synthesis of SBA-15 and SBA-15@MIP-SPI
2.2.1. Synthesis of SBA-15

The synthesis of SBA-15 followed the procedure described by Zhao et al. [29]. Initially,
19.4 g of Pluronic 123 was dissolved in a mixture of 576 mL of 2 M HCl and 144 mL of H2O.
The dissolution process occurred under stirring at 400 rpm and 35 ◦C. Subsequently, 40.8 g
of TEOS was added dropwise, and the mixture was stirred for 20 h. After this period, the
stirring was halted and the temperature was raised to 80 ◦C for an additional 24 h (aging
process). The resulting material was filtered, washed with distilled water to remove the
surfactant (P123) and air-dried. Finally, the material was transferred to a porcelain dish
and calcined by ramping up the temperature to 500 ◦C over 8.5 h and then holding it at
500 ◦C for 12 h.

2.2.2. Preparation of SBA-15@MIP-SPI

In this first step, 2.5 g of SBA-15 was placed in a Schlenk and covered with 25 mL
of CPTS solution at 5% (v/v) in dry toluene with an excess of CPTS (1.4 mL more). The
mixture was heated to 55 ◦C in a liquid silicone bath to maintain the temperature. The
synthesis was carried out with stirring (300 rpm) for 42 h, ensuring that the temperature
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remained stable throughout. After this time, the obtained material was washed three times
with 10 mL of dry toluene and twice with 10 mL of acetone. Finally, it was left to dry for
2 h in the oven at a temperature of 70 ◦C.

Once the SBA-15 silica was silanized, 0.8 g was weighted and the polymerization
initiator, Na-DTC, was fixed. For this purpose, the silanized material was kept for 4 h at
40 ◦C with 10 mL of 2% (w/v) Na-DTC solution in THF. After 4 h, the material was washed
with 10 mL of THF, Milli-Q water, MeOH and acetone.

Finally, 0.6 g of the silanized material and the initiator were put in contact with 32 mg
of SPI (template molecule), 350 µL of the functional monomer, MAA, and 3772 µL of
crosslinking monomer, EGDMA, and were added to 14 mL of the porogen solvent, ACN.
The molar ratio of the template molecule/functional monomer/cross-linker was 1:2:10.
The polymerization of the mixture was carried out under UV irradiation for 6 h at 365 nm,
always maintaining a nitrogen atmosphere. This process was carried out twice to ensure
polymerization. To obtain the NIP, the same process was carried out, but without adding
SPI to the polymeric mixture. Figure 1 summarizes this process.
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Figure 1. Synthesis of MIP within SBA-15-type silica.

After completing these three steps, the template molecule was extracted using two
methods, orbital shaker extraction (1 h at 60 ◦C and 130 rpm, with 20 mL volumes of
0.5% (v/v) acetic acid in MeOH) and then Soxhlet extraction (6 h, with volumes of 80 mL of
0.5% (v/v) acetic acid in MeOH), as the previous technique was not sufficient to completely
remove the template. As Soxhlet extraction was found to be a more efficient technique for
template extraction, in the following batches’ synthesis, only Soxhlet extraction for 12 h
was used.

2.3. Characterization of the Synthesized Material

The SBA-15 silica, SBA-15@MIP-SPI and SBA-15@NIP were characterized using nitro-
gen gas adsorption–desorption isotherms, scanning electron microscopy (SEM) and atten-
uated total reflection Fourier transform infrared spectroscopy (ATR-FT-IR). The surface-
specific area (SBET) was determined by recording N2 gas adsorption–desorption isotherms
using a Micromeritics ASAP 2020 analyzer. Additionally, the pore size distribution was ob-
tained from the desorption branch using the Barrett–Joyner–Halenda (BJH) model. Before
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conducting the analysis, the materials underwent overnight drying in a vacuum line and
subsequent degassing at 90 ◦C under vacuum for 10 h in the porosimeter’s degassing port.
The nitrogen adsorption–desorption data were then recorded at a temperature of −196 ◦C
using liquid nitrogen. The surface morphology of the studied materials was examined
using an EM-30AX Plus COXEM microscope from JASCO (COXEM Co, Daejeon, Republic
of Korea) for SEM. Before conducting the analysis, the samples underwent Au coating
using an SPT-20 sputter coater. The materials were positioned in a metal stub with the
help of a sticky carbon disk, and they were subsequently coated with a 50 nm layer of gold
(applied for 300 s at 50 mA). Finally, the samples were observed at an accelerated voltage
of 20 kV, with magnification ranging from 70 to 100,000 times. Identification of the main
functional groups was performed by recording ATR-FT-IR spectra using a Jasco FT-IR 4100
(Jasco, Tokyo, Japan) in the wavelength range of 4000–450 cm−1.

2.4. Solid-Phase Extraction Conditions

Empty cartridges were packed with 50 mg of SBA-15@MIP-SPI or SBA-15@NIP mate-
rial and plugged with polyethylene frits at both ends. A nylon membrane (0.45 µm pore
size) was also inserted at the bottom of the sorbent bed to prevent material loss during
sample loading. The cartridges with the packed material were conditioned with 1 × 3 mL
of ACN, followed by 1 mL of a solution of 5 µg/mL SPI in ACN. This was followed by a
washing step with hexane (1 × 2 mL) and, finally, the analyte was eluted with 1 × 3 mL of
MeOH with 1% acetic acid (Figure 2). Eluates were evaporated to dryness with a stream
of nitrogen and redissolved with 300 µL of NaH2PO4/ACN (70:30, v/v) for HPLC-DAD
determination (see Section 2.5).
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2.5. Chromatographic Conditions

An Agilent 1200 series Liquid Chromatography system (Agilent Technologies, Wald-
bronn, Germany), with an Agilent 1290 quaternary pump, an autosampler with a 20 µL
loop, a thermostated column compartment and a photo-diode array detector, was used
to evaluate the performance of the synthesized material. The instrumental parameters
were controlled via the Agilent ChemStation software Rev. B. 04. 02. 96. The analytical
column used for the separation was a Prontosil Hypersorb ODS (5.0 µm, 250 × 4.6 mm,
Scharlab, Barcelona, Spain). The injection volume was 20 µL, and the temperature of the
column throughout the analysis was maintained at 60 ◦C. The separation was in gradient,
combining solvent A (ACN) and solvent B (phosphate-buffer solution, 25 mM, pH 7). The
phosphate-buffer solution was prepared by dissolving the appropriate amount of NaH2PO4
in Milli-Q water and adjusting the pH with NaOH solution (5 M) to pH 7. The total runtime
was 20 min. The gradient program is shown in Table 1.



Separations 2024, 11, 247 6 of 14

Table 1. Gradient program for analytical determination of SPI.

Time (min) % ACN % Phosphate Buffer Flow (mL/min)

0 50 50 1.000
3 50 50 1.000
7 58 42 1.200
15 58 42 1.200
16 70 30 1.500
20 70 30 1.500

SPI quantification was performed using peak area measurements at a wavelength of
231 nm.

2.6. Sample Preparation

To assess the usefulness of the synthesized material, it was applied to milk samples.
The semi-skimmed cow milk samples were purchased from local supermarkets in Madrid,
Spain. The samples were doped with SPI at a concentration of 5 µg/mL. After doping, the
samples were stabilized at room temperature for 20 min. Then, 1 mL was collected and
subjected to a deproteinization process with 4 mL of ACN. The samples were centrifuged
for 10 min at 2500 rpm and filtered with a 0.45 µm nylon filter. Subsequently, the optimized
process described in Section 2.4 was carried out.

3. Results and Discussion
3.1. Characterization of the SBA-15 and SBA-15@MIP-SPI
3.1.1. Textural Characterization of Materials Synthesized through Nitrogen Physisorption

The textural characterization of the materials was carried out by nitrogen physisorp-
tion. Through this analysis, the pore size distribution, surface area and pore volume of
the synthesized materials were determined. Table 2 summarizes the data obtained after
nitrogen physisorption analysis. This analysis showed that after the formation of the hybrid
material the pore diameter decreased considerably, from 56 to 35 Å (Table 2, Figure 3a). This
was caused by the formation of the polymer on the surface of the silica pore, which caused
the pore diameter to decrease concerning the starting material (SBA-15). The surface area
and pore volume were also seen to decrease due to the presence of MIP (Table 2). On the
other hand, Figure 3a not only shows a decrease in the pore diameter after the formation of
the MIP, but the grafted MIP has good homogeneity.

Table 2. Textural properties of synthesized materials.

Silica SBET
a (m2/g) BJH Pore Diameter b

(Å)
Pore Volume c

(cm3/g)

SBA-15 998.5 56.0 1.02
SBA-15@MIP-SPI 404.9 35.1 0.33

a SBET: specific surface area calculated by Brunauer–Emmett–Teller (BET) method. b BJH pore diameter: estimated
by Barrett–Joyner–Halenda (BJH) model applied in the desorption branch. c Pore volume: total pore volume
measured at relative P/P0 = 0.97.

As for the N2 adsorption–desorption isotherms (Figure 3b,c), they show a type IV
isotherm, according to the IUPAC classification, with a hysteresis cycle typical of meso-
porous materials. The formation of this hysteresis cycle (H1) in the SBA-15 and SBA-
15@MIP-SPI represents the capillary condensation of nitrogen within the uniform meso-
porous structure. The condensation of the synthesized material occurs at intermediate
relative pressures typical of materials with a normal pore size, such as that of the materi-
als studied.
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3.1.2. FT-IR Spectra

ATR-FT-IR spectra are shown in Figure 4. A broad band is observed at 1062 cm−1,
attributed to the siloxane groups (Si-O-Si). This band is associated with typical asymmetric
stretching, as can be seen in the spectrum shown in Figure 4. Other typical bands found
are the vibration of Si-OH at 956 cm−1, the symmetric stretching of the Si-O bond of the
siloxane groups around 800 cm−1 and a bending of Si-O-Si at 438 cm−1, all characteristic of
mesoporous silicas. On the other hand, the SBA-15@MIP-SPI is characterized by a band
corresponding to a stretching of a carbonyl group, C=O, at 1721 cm−1, characteristic of
methacrylic acid, confirming the correct formation of the MIP. Also, adsorption bands
were found at 1627 cm−1 and 3325 cm−1 caused by irregular vibrations, OH stretching or
the bending vibrations of adsorbed water molecules. The absorption peak at 2344 cm−1

corresponds to the asymmetric stretching vibration of atmospheric carbon dioxide.
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3.1.3. Morphological Study by SEM

The morphology of the materials synthesized in this work (SBA-15, SBA-15@MIP-SPI
and SBA-15@NIP) was studied using an SEM; images of the three materials are shown
in Figure 5. As can be seen in Figure 5A,B, the particles of the SBA-15-type silica are
quasi-spherical in shape, with particle diameters varying between 200 and 500 nm. In
contrast, the SBA-15@MIP-SPI material has fewer spherical and bulky particles than SBA-15
(Figure 5C). These differences in size and shape indicate that the surface of this material
was surface-printed. SEM analysis was also performed on the unprinted material (SBA-
15@NIP), synthesized with the same process as SBA-15@MIP-SPI but without the addition
of SPI in the polymeric mixture. The SEM result of the SBA-15@NIP material shows more
agglomerated and undefined particles, unlike SBA-15@MIP-SPI, indicating that the MIP
correctly formed on the outer surface of the silica.

1 
 

 
Figure 5. SEM images of (A) SBA-15 at × 25.0 K, (B) SBA-15 at ×5.0 K, (C) SBA-15@MIP-SPI at × 5.0 K
and (D) SBA-15@NIP at × 5.0 K.

3.2. Assessment of the SBA-15@MIP-SPI as SPE Sorbent

In this study, different studies were carried out to evaluate the extraction capacity and
selectivity of the prepared hybrid material and optimize the experimental conditions that
affect the recognition of the SPI antibiotic by the SBA-15@MIP-SPI material during the SPE
process. SPE consists of conditioning, loading, washing and elution, so each stage of this
process was evaluated for maximum performance. Thereupon, parameters such as flow
rate, loading, washing and elution solvent were optimized.

To start the optimization, 50 mg of the synthesized material was packaged to miniatur-
ize the method, since below 100 mg the SPE can be considered miniaturized [30]. Following
this step, the loading solvent was checked. For this test, ACN and mixtures of ACN with
water in 90:10, 70:30 and 50:50 (v/v) ratios were selected. ACN was selected because, being
the porogen in the synthesis process, it can favor specific interactions between the func-
tional groups of the analyte and the functional monomer. For this test, different standard
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SPI solutions at a concentration of 5 µg/mL prepared in the solvents described above
were used and 1 mL of these solutions was loaded into the cartridge previously condi-
tioned with 1 × 3 mL of the same loading solvent. The flow in this experiment was set at
0.1 mL/min. The eluate obtained from the loading step was evaporated, reconstituted in
300 µL of NaH2PO4/ACN (70:30, v/v) and injected into HPLC-DAD. The obtained area
was interpolated on an external standard calibration curve (0.1–15 µg/mL) to obtain the
concentrations and to calculate the percentage recovery (%). The following formula was
used to calculate the percentage recovery: % = (concentration of SPI recovered after purifi-
cation/concentration of SPI originally taken) × 100. Figure 6 shows the results obtained
from this test. As can be seen in Figure 6, ACN demonstrated only 2% recovery, which
indicates that SPI was completely retained in the sorbent, unlike the rest of the solvents
in which SPI was recovered between 44 and 77%. Mixtures of ACN with water seem to
not allow interactions of the analyte with the material. Therefore, ACN was selected as the
loading solvent to evaluate the rest of the steps. Next, the test was repeated, increasing
the flow to 0.2 mL/min to accelerate the process. The results showed that by increasing
the flow, the recovery percentage in the loading stage increased from 2 ± 2% to 33 ± 3%.
This result showed that a higher flow makes the interaction between the target analyte
and the sorbent more difficult. Therefore, 0.1 mL/min was set as the flow for the rest of
the experiments.
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Figure 6. Effect of the loading solvent on the recovery (%) of SPI in the SBA-15@MIP-SPI.

The next stage to optimize was the washing stage. This step is important to eliminate
non-specific interactions with interfering molecules that the samples may contain. There-
fore, it is important to select a solvent that eliminates these interferents without affecting
the interaction of the analyte of interest. In this stage, 1 × 2 mL of ACN, methanol or
hexane were tested. This experiment was carried out with standard solutions as described
above. The best results were obtained with hexane since no SPI peak was observed in
the chromatogram (0% recovery). This solvent is not capable of breaking the interactions
of SPI with SBA-15@MIP-SPI, but it can be very useful for removing fat when a milk
sample is purified in this sorbent. The other solvents tested as washing solvents showed
recovery percentages of 31 ± 1% for MeOH and 4.6 ± 0.6% for ACN, so hexane was set as
a washing solvent.

Finally, the effect of the solvent on the elution was evaluated. For this, the previously
optimized parameters were used. The cartridge was conditioned with ACN (1 × 3 mL),
1 × 1 mL of standard solution in ACN was loaded, the cartridge was washed with 1 × 3 mL
of hexane and different elution solvents were tested: mixtures of methanol water and
methanol with acid up to 1%. Percentages greater than 1% of HAc were not tested, because
previous studies [31] demonstrated the instability of SPI in more acidic media. Figure 7
demonstrates that the best recovery percentages were obtained with MeOH with 1% HAc.
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This small amount of acid seems to break the analyte–sorbent interactions, so this solvent
was selected to complete the optimization of the SPE process.
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3.3. Selectivity of SBA-15@MIP-SPI vs. SBA-15@NIP

With the conditions obtained in Section 3.2, the selectivity and the effect of printing
of SBA-15@MIP-SPI versus SBA-15@NIP were checked. Figure 8 shows how the SBA-
15@MIP-SPI material is capable of retaining and eluting the SPI completely (86 ± 1%),
unlike SBA-15@NIP (19 ± 3), which loses around 40% of the SPI during loading and is
only capable of eluting around 19%. This fact demonstrates the superior selectivity of
SBA-15@MIP-SPI against SPI compared to SBA-15@NIP, demonstrating that it is a highly
selective and effective sorbent for the extraction and purification of SPI.

On the other hand, a test was carried out with other macrolides (ERY, JOS, ROX and
TYL) and SPI. For this test, the optimized conditions in Section 3.2 were used, but in this
case, 1 mL of a solution containing 5 ppm of SPI, JOS, ROX, IVER, ERY and TYL was used.
Both synthesized materials, SBA-15@MIP-SPI and SBA-15@NIP, were compared with each
other. The results obtained are shown in Figure 9. From this test using SBA-15@MIP-SPI,
recoveries between 0 and 35% for JOS, ROX, IVER, ERY and TYL and around 83% for
SPI were seen, demonstrating that this material is only selective to SPI. In the case of the
SBA-15-NIP material, the results were poor for all the analytes studied with recoveries
between 0 and 21%, being in SPI 14 ± 2%.
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type of macrolides (5 µg/mL), SPI, ERY, JOS, ROX and TYL, in SPE.

3.4. Performance of the Method

Instrumental linearity was evaluated using SPI standard solutions in NaH2PO4/ACN
(70:30, v/v). Seven points were prepared in the range of 0.1 to 15 µg/mL from the stock
standard solutions of SPI. The slope and intercept of the calibration curve for SPI were
determined through regression analysis. A linear relationship was observed between
the corrected peak areas and the analyte concentration, with a regression coefficient (R²)
equal to 0.999 (Table 3). The instrumental detection limits (LODs) and quantification limits
(LOQs) were calculated with a signal-to-noise ratio of 3 and 10 in the solution at the lowest
injected concentration (0.1 µg/mL). The LOD and LOQ obtained were 0.01 µg/mL and
0.04 µg/mL, respectively. The limit of quantification (MQL) and detection limit (MDL) of
the method were calculated with a signal-to-noise ratio of 3 and 10 using spiked samples
considering the entire protocol. The MQL in the milk sample was 0.028 µg/g and the
MDL was 0.008 µg/g. These limits are similar to those obtained by other authors such as
García et al. [31] (0.024 µg/g) and show the high sensitivity of the method. The accuracy
and precision of the method using SBA-15@MIP-SPI as sorbent was tested in triplicate
using standard solutions at a concentration of 5 µg/mL and the optimized conditions
(see Section 2.4). The recovery percentage (%) calculated for accuracy was acceptable,
specifically 81 ± 3% (Table 3). On the other hand, intra-day (n = 3, 1 day) and inter-day
(n = 3, 3 days) precision was evaluated, demonstrating a low RSD % < 5% in both studies
(Table 3).

Table 3. Methodology performance results.

Linear Range
(µg/mL)

Linearity
R2

LOD a

MDL
(µg/mL or

µg/g)

LOQ b

MQL (µg/mL or
µg/g)

Accuracy
n = 3

(Recovery ± SD %)

Intra-Day
Precision

n = 3, 1 day
(RSD %)

Inter-Day
Precision

n = 3, 3 days
(RSD %)

0.1–15 25.15× + 0.84
0.999

0.01
0.008

0.04
0.028 81 ± 3 0.6 4.4

a LOD or MDL: limit of detection or method quantification limit. b LOQ or MQL: limit of quantification or method
detection limit.

3.5. Application of SBA-15@MIP-SPI in SPI-Spiked Milk Samples

To demonstrate the good performance of the synthesized material (SBA-15@MIP-SPI)
and its applicability, it was tested with the optimized conditions but with loading with 1 mL
of previously deproteinized doped milk, as indicated in Section 2.6. Simultaneously and
with the same conditions, the same test was carried out with SBA-15@NIP. The recovery
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percentages were 71 ± 6% for the SBA-15@MIP-SPI material and 14 ± 6% for SBA-15@NIP,
demonstrating acceptable results on the sample for the SBA-15@MIP-SPI.

3.6. Comparison with Other Methodologies

Our analytical methodology using SBA-15@MIP-SPI represents a significant advance-
ment in SPE for the determination of SPI. The innovative use of SBA-15 with a MIP specific
to SPI not only enhances the selectivity and sensitivity of the extraction process but also
markedly reduces the quantity of sorbent required. This improvement can be demonstrated
if it is compared with the methodology of García et al. [31], which offers very good results
but uses 200 mg of MIP. The SBA-15@MIP-SPI leverages the high surface area and tailored
pore structure of SBA-15, which, when combined with SPI-specific imprinting, achieves
superior adsorption capacity and efficiency. This enables a substantial decrease in the
amount of sorbent material required, maintaining extraction performance and making the
method more cost-effective compared to conventional MIP.

4. Conclusions

In this work, a material was prepared by combining SBA-15-type mesostructured
silicas with MIPs for the selective extraction of SPI from milk samples. The characterization
techniques used (nitrogen physisorption, SEM and FTIR) demonstrated the success of the
synthesis of SBA-15@MIP-SPI with respect to SBA-15@NIP and allowed us to confirm the
structure and properties of the synthesized material.

The optimization experiments demonstrated good performance of the material applied
as SPE sorbent and high selectivity towards SPI with better recoveries of SBA-15@MIP-SPI
(86 ± 1%) concerning SBA-15@NIP (19 ± 3%) and with respect to other antibiotics of the
macrolide family. The material demonstrated good performance, demonstrating adequate
precision and accuracy. It was also successfully applied to milk samples, demonstrating its
applicability. This study demonstrates that MIPs combined with SBA-15 are highly efficient
in the extraction of specific compounds from food matrices.
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