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Abstract 

A polymeric material modified with magnetic nanoparticles (MNPs) has been 

synthesized and evaluated as sorbent both for solid-phase extraction (SPE) and dispersive 

magnetic solid-phase extraction (MSPE) of phospholipids (PLs) in human milk samples. The 

synthesized sorbent was characterized by scanning electron microscopy and its iron content was 

also determined. Several experimental variables that affect the extraction performance (e.g. 

loading solvent, breakthrough volume and loading capacity) were investigated and a comparison 

between conventional SPE and MSPE modalities was done. The proposed method was 

satisfactorily applied to the analysis of PLs in human milk fat extracts in different lactation 

stages and the extracted PLs were determined by means of hydrophilic interaction liquid 

chromatography using evaporative light scattering detection. 
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1. Introduction 

Human breast milk can be considered as the optimum food for all infants, since it 

satisfies the nutritional requirements for a healthy growth and development. Among the 

different human milk nutrients, about 50% of total energy intake comes from the lipid fraction 

of milk [1]. Within this fraction, phospholipids (PLs) are basic constituents of the milk fat 

globule membrane, showing emulsifying properties and, moreover, their implication in many 

biological processes (e.g. brain development in newborn infants) has been demonstrated [2]. 

The total amount of PLs in human milk ranges from 0.5 to 1.0 g per 100 g of fat [3] and their 

distribution, given as percentage of total PLs, is: phosphatidylcholine (PC) 28-35%, 

phosphatidylethanolamine (PE) 28-30%, sphingomyelin (SM) 25-38%, phosphatidylinositol 5-

9% and phosphatidylserine 3-9% [4,5]. 

Due to the amphiphilic nature of PLs, their quantitative analysis is not a straightforward 

process. To characterize and quantify PLs in both biological and food matrices, hydrophilic 

interaction liquid chromatography (HILIC), either coupled with evaporative light scattering 

detection (ELSD) [6] or with mass spectrometry (MS) [7], has been satisfactorily applied . 

However, the challenge in PLs analysis arises from their low abundance with respect to 

nonpolar triglycerides (98-99%). To address this problem, several techniques, such as two-

dimensional thin-layer chromatography [8,9], column chromatography [10] and solid-phase 

extraction (SPE) [5–7] have been employed. 

In this context, magnetic materials have recently emerged as extraction sorbents 

(namely, magnetic solid-phase extraction (MSPE)) in the analysis of food samples and other 

matrices [11,12]. These sorbents can be easily handled by the application of an external 

magnetic field (a magnet arranged outside the extraction vessel), thereby avoiding additional 

centrifugation or filtration steps. A usual strategy to synthesize functionalized magnetic 

nanomaterials (FMMs) is to coat the core of magnetic nanoparticles (MNPs) with silica via sol-

gel process [13]. Alternatively, polymer-coated MNPs can be accomplished by 

physical/chemical adsorption or surface coating with specific ligands, depending on specific 

applications. However, some of these FMMs showed limited dispersibility and reproducibility, 

which undoubtedly affect to their adsorption performance. In this sense, the immobilization of 

bare MNPs onto silica or polymeric supports could be an alternative approach to be considered. 

This procedure would allow to fully exploit their interaction capabilities, as for instance, with 

phosphorus-based compounds [14,15]. 

Recently, organic polymers have been synthesized by in situ preparation and evaluated 

as alternative stationary phases to replace conventional packing materials [16]. These materials 

show some advantages, such as their high stability, low cost, ease of preparation and very low 

resistance to flow. Particularly, polymeric monoliths based on glycidyl methacrylate (GMA) 

have been recently employed as platform in the synthesis of novel sorbents with different 
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functionalities for sample preparation purposes [16–18]. However, the use of GMA as support 

for the attachment of MNPs has been only slightly explored [19,20]. Although these supports 

have been applied to the enrichment of phosphorous-compounds in aqueous samples (with a 

reduced number of possible interferences), its application to the isolation of phospholipids in 

more complex matrices (lipid matrices) has not been explored. 

The aim of this work was the evaluation of a composite material, which combines the 

advantages of MNPs and GMA polymers to selectively extract PLs from real complex matrices 

such as human milk. The sorbent was prepared from a ground GMA-co-ethylene glycol 

dimethacrylate (EDMA) polymer, subsequently modified with a silanizing agent, to which 

MNPs were attached. This procedure provides a sorbent with a surface coated with bare MNPs, 

which are available to interact with the phosphate groups present in PLs. The prepared material 

was evaluated both in conventional SPE and in MSPE to extract PC from standard solutions. 

The features of this material as extraction sorbent (such as extraction recoveries, reusability, etc) 

were studied. After conventional SPE or MSPE treatment, HILIC-ELSD analysis was carried 

out. To our knowledge, this is the first work dealing with PLs isolation from human milk fat 

extracts using a polymeric sorbent modified with MNPs. 

 

2. Materials and methods 

 

2.1. Chemicals and reagents 

HPLC-grade acetonitrile (ACN), methanol (MeOH) and chloroform were purchased 

from VWR Chemicals (Barcelona, Spain); reagent-grade dichloromethane, ethanol (EtOH), n-

hexane, sulfuric acid and hydrochloric acid, anhydrous sodium sulfate, sodium hydroxide, 

ascorbic acid and ammonia were supplied by Scharlab (Barcelona, Spain); glycidyl 

methacrylate (GMA), ethylene dimethacrylate (EDMA), o-phenanthroline monohydrate, 

sphingomyelin (chicken egg yolk, ≥95%) (SM) and L-α-phosphatidylethanolamine (egg yolk, 

≥97%) (PE) were obtained from Sigma-Aldrich (St. Louis, MO, USA); azobisisobutyronitrile 

(AIBN), butylated hydroxytoluene and ammonium formate were supplied by Fluka (Buchs SG, 

Switzerland); cyclohexanol, 1-dodecanol, (3-aminopropyl)trimethoxysilane (APTMS), 2-

nitrophenol and acetone were purchased from Alfa-Aesar (Karlsruhe, Germany); ferrous 

chloride (FeCl2·4H2O), ferric chloride (FeCl3·6H2O), citric acid monohydrate and ammonium 

thiocyanate were supplied by Panreac (Barcelona, Spain); ammonium iron (II) sulfate 

hexahydrate (Mohr’s salt) was obtained from Probus (Badalona, Spain); L-α-

phosphatidylcholine (soy bean, 95%) (PC) was purchased from Avanti Polar Lipids (Alabaster, 

AL, USA). 
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Deionized water (Barnstead deionizer, Sybron, Boston, Mass., U.S.A.) was used in all 

procedures. 

Empty propylene cartridges (3mL) and frits (20 µm pore size) were supplied by Análisis 

Vínicos (Tomelloso, Spain). 

 

2.2. Instrumentation 

Polymerization protocol was carried out using a vacuum oven (Memmert, Schwabach, 

Germany). 

Transmission electron microscope (TEM) images of the MNPs were obtained using a 

Jeol (Tokyo, Japan) model JEM-1010 microscope operated at 100 kV. Images were obtained 

using a MegaView III camera provided with the AnalySIS image data acquisition system. 

Scanning electron microscope (SEM) images were obtained with a Hitachi S-4800 

(Ibaraki, Japan) integrated with backscattered electron detector (Bruker, Germany). 

Surface areas were measured by porosimetry using nitrogen adsorption-desorption 

isotherms. The isotherms were recorded with a Micromeritics ASAP2020 automated sorption 

analyzer. The specific surface areas were calculated from the adsorption data in low-pressure 

range using BET model. 

Inductively-coupled plasma MS (ICP-MS) measurements were conducted with an 

Agilent 7900 ICP-MS (Agilent Technologies, Waldbronn, Germany). 

For UV-Vis measurements, an 8453 diode-array UV-Vis spectrophotometer (Agilent 

Technologies) was used. 

Centrifugation steps were conducted in a Hettich® EBA 21 laboratory centrifuge with 

rotor 1116 and adapters 1631 (Sigma, Osterode am Harz, Germany). 

Evaporation under vacuum was accomplished using a miVac sample concentrator (SP 

Scientific, Warminster, PA). 

Chromatographic separation and determination of PLs was made with an 1100 series 

liquid chromatograph (Agilent Technologies) provided with a quaternary pump, a degasser, a 

thermostated column compartment, an automatic sampler, a UV-Vis diode array detector online 

coupled to an Agilent 385-evaporative light scattering detector (ELSD) (see Supporting 

Information for chromatographic and detection conditions). 

 

2.3. Preparation of MNPs 

Fe3O4 nanoparticles were synthesized through the co-precipitation method from aqueous 

Fe
3+

/Fe
2+

 salt solutions with a ratio 2:1 by the addition of ammonia [13,21] (see Supporting 

Information). 

 

2.4. Synthesis and silanization of GMA-co-EDMA material 
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The synthesis of GMA-co-EDMA polymeric material was based on a previous work 

[22]. The obtained polymeric material was ground with a mortar and sieved to particle sizes 

between 125 and 200 µm. 

For the silanization, 3 g of the powdered material were placed in a glass flask with 75 

mL of a 65 mM APTMS solution in acetone and allowed to react for 3 h at 60ºC (water bath) 

under stirring. Then, the silanized material was filtered, washed with EtOH, dried at 60ºC and 

stored in a desiccator until use. 

 

2.5. Functionalization of silanized GMA-based material with MNPs 

The attachment of the MNPs was carried out following the method described by 

Meseguer-Lloret and co-workers [20]. Thus, the silanized powdered material (2.5 g) was placed 

into a doubled PTFE fritted 60 mL propylene syringe. Several fractions (15 × 5 mL) of a 1000 

g mL
-1

 dispersion of MNPs in EtOH-water (1:1, v/v) were passed through the syringe under 

continuous stirring, while remaining liquid was removed by gravity at a flow rate of 0.5 mL 

min
-1

. After that, a brown colored powder, corresponding to the MNPs-modified material, was 

obtained. To remove the excess of MNPs, the material was washed with 100 mL of an EtOH-

water solution (1:1, v/v), followed by 15 mL of EtOH. Then, the MNPs-modified material was 

dried in an oven at 60ºC and stored in a desiccator until use. The synthesis route to obtain the 

MNPs-modified material is shown in Fig. 1. 

Fe content of the MNPs-modified material was evaluated in triplicate using both UV-

Vis [23] and ICP-MS (see Supporting Information). 

 

 

Fig. 1. Scheme of modification with APTMS of the poly(GMA-co-EDMA) material 

and subsequent functionalization with MNPs. 

 

 

GMA-co-EDMA material Silanized GMA-co-EDMA material

Acetone

60ºC, 3h

MNPs-modified material

EtOH, H2O
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2.6. SPE protocol 

For the preparation of the SPE cartridges, 150 mg of the MNPs-modified material was 

packed between two frits into 3 mL empty propylene cartridges. To compact the material, the 

sorbent was washed under vacuum with 15 mL of an EtOH-water solution (1:1, v/v)(Fig. S2A). 

Activation and equilibration of the sorbent was done with MeOH and hexane-EtOH (98:2, v/v), 

respectively. Then, 500 µL of a PC solution of 500 µg mL
-1

 prepared in this later solvent were 

percolated through the SPE cartridge. Before eluting retained PC with CHCl3:MeOH (2:1, v/v) 

(500 µL), a washing step with hexane (500 µL) was done. Throughout the SPE process, PC in 

the loading, washing and elution fractions was quantified by Stewart assay [24]. Then, the 

sorbent was regenerated with CHCl3 followed by MeOH. The same procedure was also applied 

to the GMA-co-EDMA polymer (blank). 

 

2.7. MSPE protocol 

 

To carry out the MSPE, 150 mg of MNPs was placed in a glass tube and were 

conditioned with MeOH followed by hexane-EtOH (98:2, v/v). To collect MNPs in all 

extraction steps, a neodymium magnet was placed on the wall of the glass tube until no turbidity 

in the supernatant was observed (Fig. S2B). Then, 5 mL of a PC standard solution (50 µg mL
-1

) 

were added and the mixture was vortexed for 1 min. Using the magnet, the supernatant solution 

was discarded, and the sorbent was washed with 5 mL of hexane. Next, retained PC was 

desorbed with 5 mL CHCl3:MeOH (2:1, v/v). PC content in each fraction was 

spectrophotometrically quantified at 488 nm [24]. 

 

2.8. Fat extraction and analysis of human milk 

In order to extract lipids from human milk samples, the extraction method described by 

Folch et al. [25] with minor modifications was applied (see Supporting Information). The fat 

extract was re-dissolved in 5 mL hexane-EtOH (98:2, v/v) and percolated through the cartridge 

following the protocol described in Section 2.6. The eluted fraction was dried under vacuum, re-

dissolved in a known volume of CHCl3:MeOH (2:1, v/v) (250 – 500 µL) and injected in the 

HPLC system. 

 

3. Results and discussion 

3.1. Characterization of the MNPs-modified material 

As described in Section 2.5, the anchoring of MNPs onto the polymeric support became 

noticeable with a change of color from white to brown. Additionally, SEM micrographs of 
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materials were performed (Fig. 2). As it can be seen, MNPs are successfully attached to the 

polymeric surface. 

 

 

 

Fig. 2. SEM micrographs of (GMA-co-EDMA) material without MNPs (A) and 

modified with MNPs (B). 

 

 

On the other hand, iron content of the MNPs-modified material was evaluated using 

both UV-Vis and ICP-MS. Thus, UV-Vis spectroscopy analysis showed the presence of (1.69 ± 

0.08) wt% Fe, being ICP-MS analysis ((1.59 ± 0.03) wt% Fe) consistent with this value. The 

application of a statistical t-test to these data showed no significant differences at the 95% 

confidence level. In this work, iron percentage is in the range content reported for other organic 

polymers modified with iron oxide nanoparticles (1% [19] and 3.7% [26]), where the 

measurements were performed by energy dispersive X-ray analysis (EDAX). Additionally, the 

surface area of the resulting modified polymer was evaluated. The analysis of this material 

showed a significantly higher surface area (15.17 m
2
 g

-1
) compared to that of the unmodified 

polymer (6.14 m
2
 g

-1
). This increase in surface area results in an additional benefit to the 

retention of target analytes. 

 

3.2. Selection of SPE conditions with the MNPs-modified material 

The selection of an appropriate solvent is of major concern to optimize a SPE process. 

Since our aim was to use the MNPs-modified material to extract PLs from lipid extracts, several 

solvents were selected to load the sample solution. Initially, a CHCl3:MeOH mixture (2:1, v/v) 

was chosen, since this is the solvent commonly used to extract lipids [27–30]. However, when 

this solvent mixture was employed, 55% of the loaded amount of PC (250 µg of PC) was lost. 

For this reason, organic solvent mixtures with greater hydrophobic character, which are able to 

dissolve fat-based matrices containing PLs, were considered [31]. Thus, the same amount of PC 

(250 µg of PC) dissolved in hexane-EtOH (98:2, v/v) was percolated through the SPE cartridge. 

A B
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PC content found in the percolated fraction was accounted for only 3% of initial PC. Several 

studies [15,32] have described that the adsorption of PLs on the surface of MNPs could be 

explained taking into account two driving forces: i) an entropy increase due to displacement of 

solvent molecules around NPs by the PL molecules or ii) charge-dipole attraction between the 

charged NPs and the P-N dipole of the PL headgroups. The results suggested that when more 

polar solvents were employed, MNPs as well as PC were preferentially swollen, which had a 

detrimental effect on their interaction, and consequently, in PC adsorption. 

Once established the loading solvent, an appropriate washing step was introduced. Since 

the hydrophobic character of hexane can be suitable to remove matrix nonpolar components (e. 

g. triglycerides) without jeopardizing PLs adsorption onto the MNPs, it was initially selected as 

washing solvent. Next, retained PC was desorbed with CHCl3:MeOH (2:1, v/v), since the 

polarity of the mixture was expected to compete with PC-MNPs interaction, thus ensuring high 

extraction efficiency of the target analytes. Following the described procedure, no loss of PC 

was observed in the washing step, and PC recovery in the elution fraction reached values above 

95%. 

Under the selected conditions, solutions of SM and PE (500 µL, 500 µg mL
-1

 each) 

were percolated through the SPE cartridge. Recovery values for these PLs were 92% and 93%, 

respectively. The SPE protocol was also applied to a GMA-co-EDMA cartridge (without 

MNPs), and recovery values around 40% for all investigated PLs were obtained. These results 

confirmed that the attached MNPs onto the GMA-based polymer played an important role in the 

adsorption of these compounds. 

 

3.3. Analytical features of the MNPs-SPE cartridge 

First, increased amounts of PC standard were percolated through the MNPs-cartridge 

following the extraction protocol described in Section 2.6. It was intended to establish the 

maximum loading capacity of the MNPs-cartridge for PC adsorption. Fig. 3 shows that after 

loading 1000 µg of PC (6.7 µg of PC mg
-1

 of sorbent), adsorption on the MNPs-cartridge 

diminishes substantially (ca. 60%). Thus, the adsorption capacity of the MNPs-cartridge was 

established in 5.7 µg of PC per mg of polymer. 

Then, the breakthrough volume, defined as the sample volume that can be loaded on the 

sorbent bed without loss of the analytes, was evaluated. Thus, variable volumes of PC standard 

solutions (0.5 – 5.0 mL), keeping constant the total amount of PC (1.7 µg PC mg
-1

 of sorbent), 

were percolated through the MNPs-cartridge and the SPE protocol was applied. In the range 

assayed, no significant losses of PC (< 4%) were observed (spectrophotometrically quantified 

[24]). 
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Fig. 3. Adsorption capacity at increasing PC amounts of the MNPs material in SPE and 

MSPE modes. 

 

The reusability of the SPE columns was evaluated (250 µg of PC) using the proposed 

procedure. A single MNPs-SPE column was repeatedly used (n = 10) using the regeneration 

protocol described in Section 2.6.An excellent performance with recoveries higher than 88 % 

for PC was observed. 

 

3.4. Extraction of PC in the MSPE mode 

The MSPE protocol using the MNPs-modified material under application of an external 

magnetic field was developed (see Section 2.7). For this purpose, several parameters previously 

studied in the conventional SPE procedure were adapted to MSPE. In order to compare the 

performance in both modalities, the same amount of sorbent (150 mg) was employed. First, 

adsorption capacity was evaluated with 5 mL of PC standard solutions (125 – 5000 µg of PC). 

Recovery of PC followed the same trend found for SPE, although the values found were lower 

(see Fig. 3). Since sonication has been proved to increase the efficiency of desorption of 

analytes from a solid sorbent [33,34], the elution step was assisted by sonication at two levels: 

250 and 2000 µg of PC. In this study, however, sonication improved only slightly the recoveries 

(1-5%) and therefore, desorption assisted with sonication was not further considered. Thus, the 

loading capacity of the MNPs-modified material in MSPE was established in 3.3 µg of PC mg
-1

 

of polymer. 

Then, reusability of the MNPs-modified material used in MSPE was evaluated (250 µg 

of PC). For this purpose, the regeneration and conditioning processes carried out for the SPE 

cartridges were adopted. In MSPE, extraction capacity of the MNPs material in MSPE was 

reduced in its first use up to 53%, so that the MNPs modified polymer should not be used more 

than 1 time in this sorption modality. The reason for this limited reusability may be attributed to 

0

20

40

60

80

100

0 5 10 15 20 25 30 35

R
e
c
o

v
e
ry

 (
%

)

µg PC per mg of sorbent

SPE MSPE



10 

 

the following reasons. On the one hand, a loss of mass of the MNPs-modified material after the 

regeneration process, since the sorbent was initially weighed and washed once using different 

solvents (CHCl3, MeOH and hexane-EtOH (98:2, v/v)). On the other hand, the bare MNPs can 

undergo a loss in their magnetic properties upon direct exposing to certain surrounding 

environment (e.g. solvents), which produces a destabilization effect caused by electrostatic, 

hydrophobic or hydrogen bond interactions [35]. In fact, the magnetic field has a greater effect 

on the solvents with stronger hydrogen bond and becomes an obstacle to the diffusion of solute 

molecules [36]. 

As stated before, PC recoveries obtained via conventional SPE and via MSPE were 

comparable, although slightly better results were found in the first approach. However, 

regeneration process seems to be determining in MSPE, and to continue with this approach 

would imply the use of large amounts of sorbent. On the other hand, the SPE protocol simplifies 

largely the handling of more samples simultaneously, which would accelerate the clean-up 

process of fat extracts. For this reason, the SPE approach was selected for further studies. 

 

3.5. Extraction and analysis of PLs from lipid extracts of milk 

The applicability of the MNPs-modified material was evaluated percolating through the 

SPE-cartridge human milk fat extracts. Thus, the protocol described in Section 2.6 was 

followed, and the analysis of PC, PE and SM was accomplished by HILIC-ELSD. To evaluate 

quantitatively these three PLs, external calibration curves for each PL (20-400 g mL
-1

 in 

CHCl3:MeOH (2:1, v/v)) were constructed. Peak area vs mass of lipid values were fitted both to 

linear and power models (Table S1). Since linear regression gave reasonable coefficients of 

determination for all analytes, in the adopted concentration range, it was selected for 

quantitation studies. Limits of detection (LODs) and quantitation (LOQs) were determined from 

3 and 10 signal-to-noise ratio, respectively. As shown in Table S1, LODs are comprised 

between 1.4 and 3.5 μg mL
-1

, and LOQs between 4.8 and 11.7 μg mL
-1

. To evaluate precision of 

the HILIC-ELSD method in terms of retention times and peak areas, a multi-component 

standard solution (100 μg·mL
-1

) was injected 3 times per day for 3 days. For all the analytes 

considered, relative standard deviations (RSD) lower than 2.5% were obtained. 

Fig. S3 shows the chromatograms of a human milk fat extract before and after applying 

the SPE protocol with the MNPs-based sorbent. A significant decrease of nonpolar lipids and a 

large enhancement of signals corresponding to PLs are observed in the elution fraction 

(continuous line) with respect to the untreated fat extract (dashed line). This fact confirms the 

suitability of the MNPs-modified material to be used as sorbent in SPE for clean-up and 

preconcentration purposes, allowing further characterization of target analytes (PLs). On the 

other, considering the complexity of milk matrices and the unavailability of an analyte-free milk 

sample, a recovery study using the standard addition method was conducted. Thus, a human 
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milk sample (5 mL) was fortified at four concentration levels (between 10 and 50 g mL
-1

) and 

these spiked samples were analyzed after applying the MNPs-SPE procedure. Recovery values 

of the spiked PLs were comprised between 83 and 90%, which suggests that their extraction was 

unaffected by the matrix. 

Then, reusability of the MNPs-SPE cartridges for fat extracts was also evaluated. For 

this purpose, fat extracts were dissolved in 5 mL of hexane-EtOH (98:2, v/v) and the 

adsorption-elution cycle was repeated 6 times using the same MNPs-SPE cartridge. To evaluate 

retention, the total content of PLs was estimated before and after applying the SPE protocol by 

the Stewart assay [24]. Fig. S4 shows recovery values of PLs from human milk fat extracts as a 

function of increasing number of reuses. It can be seen that the sorbent demonstrates an 

appropriate performance for fat analysis at least for three consecutive uses (RSD 8.0%). 

Finally, the content of PLs of several human milk samples in different lactation stages 

(colostrum, transitional, and mature milk) was determined using the described protocol. As 

shown in Table S2, some variability in the PL levels can be observed among the analyzed 

human milk samples. In all cases, the amount of PLs is in good agreement with the data 

reported for these compounds in human milk samples [29,37]. Additionally, a decrease in PL 

content as lactation progresses is observed, which is in accordance with the findings previously 

reported [3,38]. 

The developed method was also compared with other extraction methods [5,6,39–44], 

being SPE the commonly used technique [5,6,39–41]. Regarding recoveries, our values were 

similar to those reported in literature [5,6,43,39,41], which demonstrates the suitability of the 

procedure. Concerning LODs and LOQs, our SPE protocol gave comparable values to those 

reported using ELSD [6], but higher than those obtained using more sophisticated techniques, 

such as MS [43,39]. In addition, the amount of sorbent in the SPE cartridges for PLs analysis 

ranges from 25 mg for home-made cartridges [41] to 1000 g for commercial cartridges [5,45]. 

In this sense, the amount employed in this work (150 mg) allows us to prepare several SPE 

cartridges (ca. 15) from the bulk MNPs-modified material. Additionally, since some sorbents 

reported [45,46] might not be affordable for all laboratories, our home-made cartridges 

represent undoubtedly a potential alternative. 

 

4. Conclusions 

In this work, a polymeric material was successfully functionalized with MNPs and then 

used as sorbent for the extraction of PLs from human milk samples. Subsequently, the extracted 

PLs were separated and quantified by HILIC-ELSD. To our knowledge, the present study is the 

first work in using a MNPs-modified material as sorbent for the extraction of PLs from this 

complex matrix. The use of bare Fe3O4 NPs attached to the surface of the polymeric support 

constitutes a favorable platform for the selective interaction of phosphorous-compounds, such as 
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PLs. Although the magnetic functionalized material could be used both in SPE and MSPE, the 

SPE procedure presented some advantages (e.g. slightly higher recoveries, better reusability and 

a large high-throughput) over the MSPE methodology. 

The performance of the MNPs-SPE cartridge was demonstrated by its application to 

human milk fat samples, where an effective clean-up of sample (particularly to remove neutral 

lipids) and preconcentration of PLs was accomplished. Following this methodology, it is 

possible an accurate determination of PLs by HILIC-ELSD while the structural integrity of the 

HPLC column is guaranteed. Thus, the proposed methodology represents a promising 

alternative for the extraction of PLs from biological samples. 
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SUPPLEMENTARY MATERIAL 

 

Experimental 

Chromatographic and detection conditions 

Separation was carried out with a Kinetex
TM

 HILIC 100 Å column (150 mm × 4.6 mm, 

2.6 µm; Phenomenex, Torrance, CA, USA). Mobile phases consisted of ACN-ammonium 

formate 100 mM (A, 97:3, v/v) and water-ammonium formate 100 mM (B, 97:3, v/v). The 

chromatographic separation was carried out using the following gradient: 0-3.5 min, 100% A; in 

11 min, 15% B is reached and kept during 10 min. Column temperature, 25ºC; flow rate, 1.0 mL 

min
-1

 and injection volume, 20 µL. The ELSD parameters were: evaporation and nebulization 

temperature, 80 and 40ºC, respectively; gas flow rate, 1.4 Standard Litres per Minute (SLM); 

gain factor, 1. 

 

Preparation of MNPs 

180 mL of 62 mM Fe
3+

 and 31 mM Fe
2+

 aqueous solutions were placed into a two-neck 

round-bottom flask with a glass condenser under nitrogen atmosphere. The solution was heated 

until reaching 50ºC, at which point 12.5 mL of concentrated ammonia were added under 

vigorous stirring. After 30 min, the temperature was raised to 90ºC and the mixture was kept for 

another 30 min at this temperature. The MNPs were collected on the flask wall with a 

neodymium magnet, washed with water and EtOH several times to remove excess of reagents 

and dried at 60ºC for 30 min. The average diameter of the synthesized Fe3O4 nanoparticles, 

measured by TEM, was ca. 12 nm (see Fig. S1). 

 

Fig. S1. TEM image of synthesized Fe3O4 nanoparticles. 
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Fe content determination by UV-Vis and ICP-MS 

For UV-Vis, 25 mg of the dried methacrylate material modified with Fe3O4 was 

calcined at 550ºC for 2.5 h. Then, the ashes (which contained the iron material) were treated 

with 2 mL HCl-water (1:1, v/v) for 60 min at 60ºC under stirring. The resulting solution was 

subjected to the colorimetric determination of Fe based on the formation of the red o-

phenantroline complex. A stock solution of 200 µg mL
-1

 of Fe(II) was prepared from Mohr’s 

salt and a calibration curve (0.8-4 µg mL
-1

) was constructed. Similarly, ashes from calcination 

of 25 mg of the Fe3O4 modified material were digested with nitric acid, and the resulting 

solution was subjected to ICP-MS analysis. 

 

Fat extraction 

1.5 mL of milk were dispersed in dichloromethane: MeOH (2:1, v/v) and the mixture 

was shaken for 15 min and later centrifuged at 6000 rpm (3904 g) for 8 min. Then, the aqueous 

phase was removed and the lower dichloromethane phase, containing lipids, was washed with a 

salt solution and evaporated under vacuum. 

 

SPE and MSPE protocol 

 

Fig. S2. SPE cartridge with polymeric material modified with MNPs (A); scheme of separation 

of the MNPs-modified material with a magnet in the extraction steps (B).  
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Table S1. Calibration curves (peak area vs µg injected) and limits of detection (LOD) and 

quantitation (LOQ) for determination of PLs in HILIC-ELSD. 

 PLs Power Linear 

LOD 

 (µg mL
-1

) 

LOQ (µg 

mL
-1

) 

PE y = 417.1x
1.250

;  r
2
 = 0.9996 y = 931.6x - 1422.7; r² = 0.9965 1.4 4.8 

PC y = 640.1x
1.089

; r
2
 = 0.9995 y = 794.2x - 145.6; r

2
 = 0.9983 2.6 8.8 

SM y = 471.6x
1.045

; r
2
 = 0.9989 y = 543.8x - 140.0; r

2
 = 0.9980 3.5 11.7 

 

 

 

Fig. S3. HILIC-ELSD chromatograms of human milk fat extract obtained without (dashed line) 

and with (continuous line) MNPs-SPE treatment. For extraction procedure of MNPs-SPE see 

Section 2.6 and for HILIC-ELSD conditions see above. Peak identification: (1) nonpolar lipids, 

(2) PE, (3) PC and (4) SM. 



20 

 

 

 

 

Fig. S4. Recovery values of PLs from human milk fat extracts in SPE as a function of 

increasing number of reuses. 
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