

  processes-11-00045




processes-11-00045







Processes 2023, 11(1), 45; doi:10.3390/pr11010045




Article



Development of a SPE-HPLC-PDA Method for the Quantification of Phthalates in Bottled Water and Their Gene Expression Modulation in a Human Intestinal Cell Model



Vincenzo Ferrone 1,*[image: Orcid], Pantaleone Bruni 1[image: Orcid], Teresa Catalano 2, Federico Selvaggi 3[image: Orcid], Roberto Cotellese 4,5, Giuseppe Carlucci 1 and Gitana Maria Aceto 4,*[image: Orcid]





1



Department of Pharmacy, University “G. d’Annunzio” Chieti-Pescara, 66100 Chieti, Italy






2



Department of Clinical and Experimental Medicine, University of Messina, Via Consolare Valeria, 98125 Messina, Italy






3



SS. Annunziata Hospital, ASL2 Lanciano-Vasto-Chieti, Unit of Surgery, 66100 Chieti, Italy






4



Department of Medical, Oral and Biotechnological Sciences, “G. d’Annunzio” University, Chieti-Pescara, Via dei Vestini 31, 66100 Chieti, Italy






5



Villa Serena Foundation for Research, 65013 Città Sant’Angelo, Italy









*



Correspondence: vincenzo.ferrone@unich.it (V.F.); gitana.aceto@unich.it (G.M.A.); Tel.: +39-0871-3554115 (G.M.A.)







Academic Editors: Alina Pyka-Pająk and Małgorzata Dołowy



Received: 5 December 2022 / Revised: 19 December 2022 / Accepted: 21 December 2022 / Published: 25 December 2022



Abstract

:

Phthalates are ubiquitous pollutants that are currently classified as endocrine disruptor chemicals causing serious health problems. As contaminants of food and beverages, they come into contact with the epithelium of the intestinal tract. In this work, a SPE-HPLC-PDA method for the determination of phthalates in water from plastic bottles was developed and validated according to the food and drug administration (FDA) guidelines. A chromatographic separation was achieved using a mobile phase consisting of ammonium acetate buffer 10 mM pH 5 (line A) and a mixture of methanol and iso-propanol (50:50 v/v, line B) using gradient elution. Several SPE cartridges and different pH values were investigated for this study, evaluating their performance as a function of recovery. Among these parameters, pH 5 combined with the SPE sep pack C18 cartridge showed the best performance. Finally, the proposed method was applied to the analysis of real samples, which confirmed the presence of phthalates. A colonic epithelial cell model was used to evaluate the effects of these phthalates at the concentrations found in water from plastic bottles. In cells exposed to phthalates, the increased expression of factors, which control the signaling pathways necessary for intestinal epithelium homeostasis, inflammatory response, and stress was detected. The proposed method falls fully within the limits imposed by the guidelines with precision (RSD%) below 7.1% and accuracy (BIAS%) within −4.2 and +6.1.
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1. Introduction


Many industrial chemicals, if not used and disposed of properly, spread to the environment polluting the entire ecosystem. In particular, some plasticizers, also used in packaging, can accumulate in household dust, work environments, and can contaminate food and beverages with the possibility of coming into contact with the epithelium of the intestinal tract [1,2,3]. The esters of phthalic acid, better known as phthalates (PAEs), are mainly used in the chemical industry as plasticizers to modify the hardness of polymers, such as PVC or used as solvents or fixatives in cosmetics [4]. Among all the used plasticizers 65% are PAEs, and the remaining 35% represent alternative molecules, such as esters of the cyclohexane (DINCH), trimetilates, polymers, aliphatic and epoxy esters, and other molecules of various kinds. The country with the highest consumption of plasticizers is China (42%), followed by Western Europe (14%), the United States (11%), and other countries to a lesser extent [5,6].



Phthalates can be classified into mono- or di-esters of the alcohol that is part of the molecule. They are compounds containing a benzene ring, and one or two ester groups. We can divide them into low molecular weight (LMW) and high molecular weight (HMW) compounds [7]. Since the field of application of PAEs in the chemical industry is vast, the body’s exposure to these substances can occur on several fronts, for example from food or drink packaging and by inhalation or direct contact with the skin [8,9,10]. The main toxic inducing compounds in humans are PAE mono-esters, while glucuronate derivatives are considered mostly non-toxic, there is generally no discrimination between the two categories [11]. Phthalates were counted among the large group of contaminants, which can interfere with metabolism or hormone function and therefore, are called EDCs (Endocrine Disrupting Chemicals) [12,13,14] In addition, the presence of EDCs in micro(nano)plastics (MPs/NPs) are raising a growing concern for human and ecosystem health. Exposure to these pollutants could also adversely affect gut health and predispose more people to a worsening and/or chronicity of gut diseases [1,15,16,17]. Therefore, it is important to simplify the ability to detect pollutants, such as PAEs, as well as to evaluate their effects on stable human cell models. Indeed, sample preparation in the analysis of PAEs is very important as their concentration within the matrix is usually below the limits of detection (LOD) and limit of quantification (LOQ) of a standard method. For this reason, one goal of sample preparation is to concentrate the target analytes to be detected and quantified. In recent years, a solid phase extraction and its subsequent miniaturizations have become the main option as a sample preparation technique. SPE is one of the simplest sample preparation techniques for extraction and preconcentration of organic trace contaminants from environmental matrices. It was first introduced in 1970 and has had a great impact in the field of analytical sciences. The efficiency of SPE extraction has been greatly improved with developments over the years in the field of sorbents. When compared to other liquid extraction techniques for organic pollutants, SPE provides a superior performance in analyzing a wide variety of organic pollutants using reduced sample quantities and a lower consumption of polluting solvents [18,19,20]. Despite the short half-life in tissues, chronic exposure to phthalates can adversely affect the human endocrine system [21]. Their widespread use has therefore made it necessary to develop different methods of analysis. Generally, since phthalates are classified as endogenous destructors, different methods and different sample preparation techniques were developed, ranging from a solid phase microextraction (SPME) to a liquid-liquid dispersive microextraction (DLLME) for their determination. The instrumental techniques with which the PAEs determination is usually carried out are high efficiency liquid chromatography (HPLC) or ultra-high efficiency liquid chromatography (UHPLC) coupled to a UV detector a diode array detector (DAD), and to mass spectrometry. Although liquid chromatography is the preferred technique due to its wide range of applications, gas chromatography coupled with flame ionization detection (FID) or even mass spectrometry also remains a valid alternative in the determination of PAEs [22,23,24,25,26,27].



In this study, a SPE-HPLC-PDA method was developed which is useful for the analysis of phthalates in water. This method was validated in accordance with the international guidelines. Furthermore, parameters, such as the type of adsorbent material and the sample loading pH were evaluated in order to assess the effects they have on the performance of the SPE. After fine-tuning, the method was successfully applied to the quantization and characterization of six different phthalate molecules in water contained within plastic bottles. Finally, the effects of phthalate pollutants, at the average concentrations found, were evaluated in a stable model of colonic epithelial cells under conditions of phenotypic differentiation.




2. Materials and Methods


2.1. Chemicals and Selected Phthalates


The Standards used in this study were DiMethyl Phthalate (DMF) (CAS 131-11-3), purity ≥99%, DiEthyl Phthalate (DEF) (CAS 84-66-2), purity 99.5%, DiPropyl Phthalate, (DPF) (CAS 131-16-8), 98% purity, DiButyl Phthalate (DBF) (CAS 84-74-2), 99% purity, DiIsoButyl Phthalate (DIBF) (CAS 84-69-5), 99% purity, and Di 2 Ethyl Hexyl Phthalate (DEEF) (CAS 117-81-7), 99.7% purity. All phthalates were purchased from Sigma-Aldrich (Milan, Italy). The 98% pure ammonium acetate (CAS 631-61-8) and the monobasic sodium phosphate (CAS 7558-80-7) with ≥99% purity, used for the aqueous buffers were purchased from Sigma-Aldrich (Milan, Italy). Acetonitrile (CAS 75-05-8), HPLC purity grade was purchased from Sigma-Aldrich (Milan, Italy), methanol (CAS 67-56-1) HPLC GOLD purity and isopropanol (CAS 67-63-0) with HPLC PLUS grade purity were instead purchased from Carlo Erba Reagenti (Milan, Italy.) The water used was obtained by passing it through an Elix 3 and Milli-Q Academic water purification system (18 mΩ/cm, TOC < 5 ppb) (Millipore, Bedford, MA, USA).




2.2. Instrumentation and HPLC Conditions


The chromatographic analysis was performed using a Waters HPLC system, consisting of a Rheodyne model 7725i injector with a 20 µL loop and a Waters 600 pump. The instrumentation is completed by a 2996 PDA diode array detector. The software used for the data acquisition was Empower v.2 (Waters, Milford, MA, USA). An analytical balance “Precisa” model XT120A was used while a Labsonic ultrasonic bath (FALC, Milan, Italy) was used for sonication and an Eppendorf Centrifugate 5804 centrifuge was used to centrifuge the samples. The SPE cartridges used in this study were Bond Elute Plexa from Agilent, Strata–X and Strata C18-E from Phenomenex, Sep-Pak Vac from Waters, Evolute Express ABN from Biotage, Bakerbond Octadecyl from J.T. Bakers and Macherey-Nagel’s Chromabond C18. The multiple extraction system used in the SPE is a Visiprep 12 solid Phase Extraction Vacuum Manifold. Filtration was performed with a 5 mL Micro-Mate filter syringe, using 0.45 µm pore size syringe filters.



HPLC separation of the investigated phthalates was obtained using a Poroshell 120 C18 (150 × 4.6 mm I.D. 4 μm particle size) protected by a Fast guard (5 × 4.6 mm I.D.) at the temperature of 20 ± 1 °C using a column heater. The mobile phase was ammonium acetate buffer 10 mM pH 5 (line A) and a mixture of methanol and isopropanol (50:50 v/v, line B) using gradient elution. A linear gradient was used for the separation of the PAEs; the initial composition of the mobile phase was 65% A, then in 20 min the percentage of A decreased to 8% and remained constant for 10 min, it then increased back to 65% after 1 min followed by 7 min of re-equilibration. For the quantitative analysis of the DMF, DEF, DPF, DBF, DIBF, and DEEF, the wavelengths used were 226, 223, 221, 223, 220, and 272 nm, respectively. The solvents were filtered before use through a 0.45 µm WTP membrane, while ammonium acetate solution was filtered through a WCN 0.5 µm membrane and 20 µL was injected into the system. The total run time was 38 min.




2.3. Preparation of Standard Solutions


The stock solutions of the studied PAEs (DMF, DEF, DPF, DBF, DIBF, and DEEF), were initially prepared at a concentration of 4 mg/mL by withdrawing the exact amount of the standard with a micropipette and bringing to the required volume in 25 mL volumetric flasks with acetonitrile. The stock solutions were diluted to obtain the working solution using water and acetonitrile 75/25 v/v. The solutions used for the calibration curve were obtained by taking an appropriate amount of the working solution to obtain samples with nominal concentrations of 0.01, 0.05, 0.1, 0.25, 0.75, 2.5, 5.0, and 10.0 µg/mL. Quality control samples (QCs) were prepared independently from calibrators in the same way as previously reported to obtain the final concentration of 0.02 (QCL), 0.50 (QCM), and 7.5 (QCH) µg/mL.




2.4. Sample Preparation


Samples were transferred to glass bottles and stored in a refrigerator at 4 °C until analysis. Samples were loaded onto a conditioned Sep-pack C18 cartridges and drawn through on an Visiprep 12 solid Phase Extraction Vacuum Manifold using a vacuum. They were conditioned with 2 × 1 mL of acetonitrile followed by 2 × 1 mL of sodium acetate buffer 10 mM (pH 5). After loading the samples, they were consecutively washed with 2 × 1 mL of water. Analytes were eluted with 1mL of methanol. The eluent was further evaporated to dryness under a nitrogen stream using a drying attachment apparatus (Supelco, Bellefonte, PA, USA) at room temperature and re-dissolved in a 200 μL mixture at the initial composition of the mobile phase, vortexed for 1 min, filtered on a Phenex-PTFE (4 mm, 0.45 μm) filters, and 20 μL were injected into the HPLC system.




2.5. Human Colon Cell Culture and Treatments


For this study we used a Caco-2 colon cancer cell line with different degrees of differentiation: Caco-2 as a model for colon epithelium phenotype at differentiation (15 days after seeding) and a low degree of differentiation (2 days after seeding) [28]. The lines were obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA). Caco-2 cells were cultured at 37 °C in DMEM medium containing 10% fetal bovine serum (FBS), 100 U/mL penicillin/streptomycin, and 2 mM L-glutamine (EuroClone, Pero, MI, Italy). For these experiments, cells were treated with phthalates for 24-h exposure at different concentrations 10 ng/mL, 100 ng/mL, and 500 ng/mL. PAEs exposure was performed in two modes, namely, in the undifferentiated phase and in the differentiating phase.




2.6. Cell Viability and Metabolic Assay


The interference of PAEs with cell viability and metabolic activity was assessed by a colorimetric assay. Caco-2 cells were grown in 96-well plates at a concentration of 1.0 × 104 cells/well. Cells were exposed to increasing concentrations of low dose of PAEs (10 ng/mL, 100 ng/mL, and 500 ng/mL) for 24 h. This was followed by incubation with 10 μL/well of 2-[2-methoxy-4-nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-disulphophenyl]-2H-tetrazolium, monosodium salt (MTS) assay (Promega, Madison, WI, USA) at 37 °C for 1 h. the absorbance was measured at 490 nm with a Synergy H1 microplate reader (BioTek Instruments Inc., Winooski, VT, USA). For each experimental condition, five repetitions were performed, and the results were validated in two independent experiments. The significance of the obtained data was considered with p ≤ 0.05.




2.7. RNA Extraction, Reverse Transcription, and Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR)


Total RNA was isolated from independent cultures of differentiated (16 days) and nondifferentiated (3 days) Caco-2 cells exposed to each phthalate at a concentration of 100 ng/mL for 24 h. EuroGold TriFast reagent (EuroClone) was used for the extraction according to the manufacturer’s instructions. The RNA samples were assessed for purity and quantified using a Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The synthesis of the complementary DNA (cDNA) was performed employing the GoTaq® 2 Step RT-qPCR Kit (Promega) according to the manufacturer’s instructions. The mRNA levels were evaluated using SYBR Green quantitative real-time PCR (qRT-PCR) analysis using StepOne™ 2.0 (Applied Biosystems, Thermo Fisher Scientific). The Data were analyzed using the comparative Ct method and were graphically indicated as 2−ΔΔCt + SD. In accordance with the method, the mRNA amounts of the target genes were normalized by the ratio on the median value of the endogenous housekeeping gene glucuronidase-beta (GUSB) obtained in treated cells vs. untreated cells. Target and reference genes were amplified in triplicate as described in Catalano et al., 2021 [29]. The mRNA expression levels were analyzed for the E-cadherin calcium-dependent adhesion protein (CDH1), essential to the formation of the intestinal barrier [30]; the Lymphoid Enhancer-Binding Factor 1 (LEF1) a transcription factor, which is involved in the canonical Wnt/β-catenin signaling pathway [31]; the AP-1 transcription factor subunit of Jun Proto-Oncogene, involved in the non-canonical Wnt/β-catenin signaling pathway [29];and the P65/RELA Proto-Oncogene NF-kB transcription factor subunit [32]. Sequences of the oligonucleotides used as qRT-PCR primers will be provided upon request. The results were subjected to t-test analysis and the statistical significance was set at p ≤ 0.05.





3. Results


3.1. Development of SPE Procedure


The final aim of a proper sample preparation is to transform a matrix containing analytes into an easy-to-analyze sample. The greatest difficulty of the simultaneous analysis of phthalates is the choice of the best SPE sorbent to give an acceptable recovery for all analytes. In the preliminary experiments, seven different SPE materials for the extraction of the investigated phthalates were tested: Bond Elute Plexa from Agilent (30 mg/1 mL), Strata–X (30 mg/1 mL) and Strata C18-E (100 mg/1 mL) from Phenomenex, Sep-Pak Vac (100 mg/1 mL) from Waters, Evolute Express ABN (25 mg/1 mL) from Biotage, Bakerbond Octadecyl (100 mg/1 mL) from J.T. Bakers, and Macherey-Nagel’s Chromabond C18 (100 mg/1 mL). The sorbent was chosen on the basis of the physicochemical properties of the phthalates. The dominant retention mechanism in all cartridges is reverse phase (RP). The reverse phase was the obvious choice as a retention mechanism for the solid phase extraction of phthalates. Cartridges were compared using recovery as a response. The experiments were performed in triplicate on standard solutions having a concentration of 1.0 µg/mL for each phthalate. Results are presented in Figure 1. Furthermore, different pH (from 2 to 7) of the samples were investigated. The best results were obtained when pH 5.0 was used, represented in Figure 2.




3.2. Method Development


The proposed method was validated according to the FDA guidelines (F.D.A. Guidance for Industry: Bioanalytical Method Validation, U.S. Department of Health and Human Services, Food and Drug Administration, Center for Drug Evaluation and Research & Center for Veterinary Medicine, 2003.) The selectivity of the method was tested by extracting six different batches of blank matrix. The results suggested the absence of chromatographic interferences between the interferents and the analytes. Furthermore, the analytes were well resolved. Linearity was evaluated by constructing a calibration curve for each analyte in the range of 0.01–10 µg/mL. A calibration curve was constructed via a least square linear regression using concentration as an independent variable and the response (area) as the dependent variable. The statistical analysis of the concentration–response ratios proved in all cases that the linear correlation was the best model in the concentration range studied, with a mean correlation coefficient (r2) > 0.9990. Linearity was also confirmed by the analysis of the back calculated concentration of calibrators. Limits of detection (LOD) and quantification (LOQ) were evaluated as signal-to-noise ratios. The limit of detection and quantification was 0.003 µg/mL and 0.01 µg/mL for all the PAEs, respectively. Precision and accuracy were assessed by the analysis of three batches of quality control samples (QCs) at three concentrations in triplicate and for five consecutive days (n = 5) as shown in Table 1. Results suggested that the proposed method satisfies the FDA guidelines because the precision (RSD%) is below 7.1% and the accuracy (BIAS%) is within −4.2 and +6.1. Sep Pack C18, among the other sorbents, showed the best recoveries. Recovery was evaluated using spiking blank samples and comparing the ratio spiked blank extract to the standard solution at the same concentration.




3.3. Analysis of Bottled Water Samples


Samples were collected from several local markets. The water from 10 different brands, in plastic bottles, was investigated. The results showed that in all the water samples at least one of the analytes investigated was quantified, while in some samples two phthalates were found, and in one sample three were found. The results of the analyzes are shown in Table 2. Among the PAEs investigated, DPF and DEEF were those found at the highest concentrations, while DBF or DIBF were found or detected in all the plastic bottles.




3.4. Cell Viability and Metabolic Assay


We analyzed the bioactivity of the three most frequently detected phthalates in the water samples tested (DIBF, DEEF, and DPF) see Table 2. Their effect on cell viability and metabolism was tested by the MTS assay in the two-mode Caco-2 human colon model with undifferentiated and differentiated phenotypes. The exposure to increasing concentrations of phthalates (10 ng/mL, 100 ng/mL, and 500 ng/mL) induced slight positive changes on the viability of proliferating Caco-2 cells (Figure 3), whereas in the differentiated cells a tendentially negative effect was observed by BEEF and DPF (Figure 4). Specifically, DPF at concentrations of 100 ng/mL and 500 ng/mL induced a significant reduction in viability (**: p = 0.005 and *: p = 0.046, respectively).




3.5. Gene Expression Assay by qRT-PCR


To assess whether exposure to PAEs might affect the modulation of gene expression in colonic epithelium, we analyzed differentiated and undifferentiated Caco-2 cells, the mRNA expression of E-cadherin, and three transcription factors that regulate pathological aspects of the colon [29,30,31,32]. The model line under these two conditions was treated for 24 h with DIBF, DEEF, and DPF at 100 ng/mL. This model was investigated on DIBF, DEEF, and DPF since the analysis of the real samples underlined their presence in most of the samples analyzed. The effects were compared with those from the untreated cells (Figure 5). Distinct biological effects were found in colon epithelial cells following the treatments. In particular, a significant reduction in gene expression of E-cadherin (CDH1 gene), transcription factors P65/RELA and JUN/AP1 was observed in non-differentiated cells after treatment with BEEF 100 ng/mL. While DPF induced the reduction in P65/RELA and an increase in JUN/AP1. In differentiated cells, DPF induced a significant increase in expression of both E-cadherin and the transcription factors, whereas BEEF alone reduced the expression of JUN/AP1 (Figure 5).





4. Discussion


4.1. Optimization of Chromatographic Conditions


The identification of the best experimental condition for the chromatographic separation of different analytes is a task that requires a considerable number of experiments. In this work, different mobile phases at different pH values (2.5, 5.0, and 7.5) were tested. Using pH 2.5 and 7.5 (10 mM phosphate buffer) it was noted that the noise increased, decreasing the sensitivity of the method, while using pH 5.0 a lower noise was obtained. Subsequently, the type of elution: isocratic or gradient, was evaluated. It is universally recognized that isocratic elution is preferable to gradient elution if possible; however, given the nature of the analytes and their different lipophilicity it was not possible to use isocratic elution. Different gradients were explored with the aim of separating as much as possible the butyl-phthalate from the isobutyl phthalate and the gradient reported in Section 2.2 was the only gradient able to separate them. In addition to the various gradients, several columns were also investigated, a Gemini column (150 × 4.6 5μm particle size) was tried, which proved to be unsuitable as it produced very large peaks, and a Cortecs column (150 × 4.6 5μm particle size), which did not produce the separation of the two PAEs with similar retention times (DBF and DIBF). Poroshell 120 C18 (150 × 4.6 mm I.D. 4 μm) had the best performance and was used for the separation of the phthalates. Chromatograms of the blank extract and the blank spiked extract is shown in Figure 6, while a sample extract subjected to the proposed SPE-HPLC-PDA method is shown in Figure 7.




4.2. HPLC-PDA Comparison with Other Methods


The proposed method was compared with other methods present in the literature [33,34,35,36,37]. The comparison is reported in Table 3. As reported in Table 3, the proposed HPLC-PDA method has several advantages, including low LOQs and higher recoveries. The results revealed a good applicability of the proposed in the analysis of PAE in water samples. In the literature there are methods which provide the liquid-liquid extraction as a sample preparation technique. This technique when compared with the solid phase extraction involves a higher consumption of environmentally toxic organic solvents. Furthermore, the solid-phase extraction when compared to the liquid-liquid extraction provides more precise and accurate results as it is subject to less variability. Liquid-Dispersive Extraction with Solidification of Floating Droplets (DLLME-SFO) is a fairly recent sample preparation technique, it can be considered an evolution of the liquid-dispersive microextraction introduced by Rezaee et al. [38]. This technique reduces the use of organic solvents and offers high preconcentration factors; however, it has disadvantages, such as the formation of microemulsions and difficulty in recovering the floating droplets, which often coincided with a loss in precision and accuracy.




4.3. Effects of Phthalates on Bowel Epithelial Cells


Our observations present the first evidence that low concentrations of PAEs, found in aqueous matrices, are able to modulate the biological Caco-2 system by altering gene expression in both proliferating non-differentiated and differentiated cells. The Caco-2 line was derived from colorectal adenocarcinoma developed in the 1970s. Its use as an in vitro model has been widely applied in pharmacology, nutrition, and microbiology. Indeed, it can function as undifferentiated cells of the large intestine or if kept continuously in culture beyond 12 days, it can spontaneously differentiate to resemble a small intestine-like phenotype with enterocyte-like absorptive properties [28,39]. In particular, we evaluated the molecules involved in colonic tissue physiopathology. Indeed, E-cadherin plays a key role in colonic physiology and pathology. It is a major component of epithelial adhesion junctions, which are essential for tissue development, differentiation, and maintenance. It is also crucial for the formation of tissue barriers, a basic function of epithelial tissues. The colon or large intestine is lined by an epithelial monolayer that comprises an E-cadherin-dependent barrier, which is critical for organ homeostasis. Impairment of the colonic epithelium barrier leads to inflammation and fibrosis. Loss of E-cadherin expression is commonly observed in gastrointestinal cancers [40]. It is also considered a tumor suppressor in the colon, mainly because of its function in opposing Wnt signaling, the predominant driver of colon tumorigenesis [31]. In addition to these roles, some recent studies have described E-cadherin as a signaling hub that may regulate cell behavior in response to intra- and extra-cellular stimuli. Interestingly, these recent findings also reveal that, in some cancer types, its overexpression may promote tumor progression [30]. In Caco-2 differentiated cells, gene expression data shows an upregulation of transcription factors LEF1, JUN/AP1, and P65/RELA (Figure 5), whose functions can be altered by the chronic exposure to PAEs, resulting in a predisposition to bowel disease and cancer. Indeed, at the early stage of colon carcinogenesis, the evolution from adenoma to adenocarcinoma in human tissue samples, LEF1 expression has been reported increased and has been associated with nuclear accumulation of β-catenin [30]. Moreover, in the initiation and progression of colitis, RELA expression is highly correlated with NF-κB inflammatory bowel diseases [41,42]. Although Caco-2 cells were found to express a large number of enzymes and transporter proteins found in normal human intestinal epithelium, variations obviously exist between the gene expression profiles of transformed epithelial cell lines, such as Caco-2 and normal human intestinal epithelium [43]. However, intestinal epithelial cell models, such as the Caco-2 model, have many advantages due to their simplicity and reproducibility that allows for a comparison of results between laboratories. In addition, investigating the biological effect of a pollutant in an in vitro model enables the study of molecular mechanisms that might be more difficult to address in vivo.





5. Conclusions


In this work, a method involving solid-phase extraction was developed and applied for the quantitative analysis of phthalates in water in plastic bottles. The analyses confirmed the presence of one or more of these contaminants. Initially, a comparison was made between the most widely used types of SPE cartridges, which showed that Sep pack C18 had the best extraction performance for phthalates. The method was then validated in accordance with the FDA guidelines for validation of bioanalytical methods. All the parameters that were studied fell well within those imposed. The developed method was finally applied to the analysis of phthalates in bottled water samples. The SPE-HPLC-PDA method, proposed among the methods currently present in the literature, has shown a greater sensitivity in the quantification of phthalates. In addition, it is accessible, versatile, inexpensive with a good performance for its application. This method of analysis can be further applied to the identification of contaminants that come into contact with the gastrointestinal mucosa. Therefore, in this study we proposed a biological model of intestinal mucosa in which to evaluate the activity of pollutants. Phthalate concentrations detected in water samples were able to alter the expression of gene transcription factors in the intestinal cell model. Modulation of the analyzed markers could drive the inflammatory response and renewal processes of the intestinal epithelium. However, further studies will be needed to further investigate the pathophysiological effects of phthalates and their possible implications in intestinal diseases.







Author Contributions


Conceptualization, V.F. and G.C.; methodology, V.F. and G.M.A.; validation, V.F., P.B. and G.M.A.; formal analysis, V.F. and G.M.A.; investigation, V.F.; resources, R.C.; data curation, V.F.; writing—original draft preparation, V.F. writing—review and editing, T.C. and F.S.; visualization, G.M.A.; supervision, G.M.A.; project administration, G.M.A.; funding acquisition, R.C. and G.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the “G. d’Annunzio” University of Chieti-Pescara (Fondi di Ateneo per la Ricerca—F.A.R.) of G.C. and R.C.




Institutional Review Board Statement


Not applicable because the study does not involve human subjects.




Informed Consent Statement


Not applicable because the study does not involve human subjects.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding authors upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, Q.; He, Y.; Cheng, R.; Li, Q.; Qian, Z.; Lin, X. Recent advances in toxicological research and potential health impact of microplastics and nanoplastics in vivo. Environ. Sci. Pollut. Res. Int. 2022, 29, 40415–40448. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Ma, B.; Wang, L. Phthalic acid esters in grains, vegetables, and fruits: Concentration, distribution, composition, bio-accessibility, and dietary exposure. Environ. Sci. Pollut. Res. Int. 2022, 8. [Google Scholar] [CrossRef] [PubMed]

	



Balaguer-Trias, J.; Deepika, D.; Schuhmacher, M.; Kumar, V. Impact of Contaminants on Microbiota: Linking the Gut-Brain Axis with Neurotoxicity. Int. J. Environ. Res. Public Health 2022, 19, 1368. [Google Scholar] [CrossRef] [PubMed]

	



Carlstedt, F.; Jönsson, B.A.; Bornehag, C.G. PVC flooring is related to human uptake of phthalates in infants. Indoor Air 2013, 23, 32–39. [Google Scholar] [CrossRef]

	



Schwarzenbach, R.P.; Egli, T.; Hofstetter, T.B.; Von Gunten, U.; Wehrli, B. Global Water Pollution and Human Health. Annu. Rev. Environ. Resour. 2010, 35, 109–136. [Google Scholar] [CrossRef]

	



Schwarzenbach, R.P.; Escher, B.I.; Fenner, K.; Hofstetter, T.B.; Johnson, C.A.; von Gunten, U.; Wehrli, B. The challenge of micropollutants in aquatic systems. Science 2006, 313, 1072–1077. [Google Scholar] [CrossRef]

	



Xiong, Y.H.; Pei, D.S. A review on efficient removal of phthalic acid esters via biochars and transition metals-activated persulfate systems. Chemosphere 2021, 277, 130256. [Google Scholar] [CrossRef]

	



Dirtu, A.C.; Geens, T.; Dirinck, E.; Malarvannan, G.; Neels, H.; Van Gaal, L.; Jorens, P.G.; Covaci, A. Phthalate metabolites in obese individuals undergoing weight loss: Urinary levels and estimation of the phthalates daily intake. Environ. Int. 2013, 59, 344–353. [Google Scholar] [CrossRef]

	



Koch, H.M.; Lorber, M.; Christensen, K.L.; Pälmke, C.; Koslitz, S.; Brüning, T. Identifying sources of phthalate exposure with human biomonitoring: Results of a 48 h fasting study with urine collection and personal activity patterns. Int. J. Hyg. Environ. Health 2013, 216, 672–681. [Google Scholar] [CrossRef]

	



Sui, H.X.; Zhang, L.; Wu, P.G.; Song, Y.; Yong, L.; Yang, D.J.; Jiang, D.G.; Liu, Z.P. Concentration of di(2-ethylhexyl) phthalate (DEHP) in foods and its dietary exposure in China. Int. J. Hyg. Environ. Health 2014, 217, 695–701. [Google Scholar] [CrossRef]

	



Stein, T.P.; Schluter, M.D.; Steer, R.A.; Ming, X. Autism and phthalate metabolite glucuronidation. J. Autism Dev. Disord. 2013, 43, 2677–2685. [Google Scholar] [CrossRef] [PubMed]

	



DEHP—Summary Risk Assessment Report; European Commission Joint Research; OPOCE: Luxemburg, 2008; EUR 23384 EN/2; ISSN 1018-5593.

	



European Food Safety Authority (EFSA). Opinion of the scientific panel on food additives, flavourings, processing aids and materials in contact with food (AFC) on a request from the commission related to bis(2-ethylhexyl) phthalate(DEHP) for use in food contact materials. EFSA J. 2005, 3, 243. [Google Scholar] [CrossRef]

	



State of the Science: Endocrine Disrupting Chemicals. World Health Organization, and United Nations Environment Programme (UNEP), Summary for Decision-Makers. 2013. Available online: https://www.who.int/publications/i/item/9789241505031 (accessed on 4 December 2022).

	



Lei, M.; Menon, R.; Manteiga, S.; Alden, N.; Hunt, C.; Alaniz, R.C.; Lee, K.; Jayaraman, A. Environmental Chemical Diethylhexyl Phthalate Alters Intestinal Microbiota Community Structure and Metabolite Profile in Mice. mSystems 2019, 4, e00724-19. [Google Scholar] [CrossRef]

	



Su, H.; Yuan, P.; Lei, H.; Zhang, L.; Deng, D.; Zhang, L.; Chen, X. Long-term chronic exposure to di-(2-ethylhexyl)-phthalate induces obesity via disruption of host lipid metabolism and gut microbiota in mice. Chemosphere 2022, 287, 132414. [Google Scholar] [CrossRef]

	



Yu, Z.; Xia, Y.; Cheng, S.; Mao, L.; Luo, S.; Tang, S.; Sun, W.; Jiang, X.; Zou, Z.; Chen, C.; et al. Polystyrene nanoparticles aggravate the adverse effects of di-(2-ethylhexyl) phthalate on different segments of intestine in mice. Chemosphere 2022, 305, 135324. [Google Scholar] [CrossRef]

	



Luo, X.; Zhang, F.; Ji, S.; Yang, B.; Liang, X. Graphene nanoplatelets as a highly efficient solid-phase extraction sorbent for determination of phthalate esters in aqueous solution. Talanta 2014, 120, 71–75. [Google Scholar] [CrossRef] [PubMed]

	



Fankhauser-Noti, A.; Grob, K. Blank problems in trace analysis of diethylhexyl and dibutyl phthalate: Investigation of the sources, tips and tricks. Anal. Chim. Acta 2007, 582, 353–360. [Google Scholar] [CrossRef]

	



Prokupkovà, G.; Holadovà, K.; Poustka, J.; Hajslova, J. Development of a solidphase micro-extraction method for the determination of phthalic acid esters in water. Anal. Chim. Acta 2002, 457, 211–223. [Google Scholar] [CrossRef]

	



Wang, Y.; Qian, H. Phthalates and Their Impacts on Human Health. Healthcare 2021, 9, 603. [Google Scholar] [CrossRef]

	



Luks-Betlej, K. Solid-phase microextraction of phthalates from water. J. Chromatogr. A 2001, 938, 93–101. [Google Scholar] [CrossRef]

	



Notardonato, I.; Passarella, S.; Ianiri, G.; Di Fiore, C.; Russo, M.V.; Avino, P. Analytical Scheme for Simultaneous Determination of Phthalates and Bisphenol A in Honey Sam-ples Based on Dispersive Liquid–Liquid Microextraction Followed by GC-IT/MS. Effect of the Thermal Stress on PAE/BP-A Levels. Methods Protoc. 2020, 3, 23. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Jiang, G.-B.; Cai, Y.-Q.; Wang, Y.W.; Shen, D.-Z. Cloud point extraction coupled with HPLC-UV for the determination of phthalate esters in environmental water samples. J. Environ. Sci. 2007, 19, 874–878. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Shao, Y.; Zhan, M.; Zou, X.; Qu, W.; Zhou, Y. Rapid and sensitive determination of nine bisphenol analogues, three amphenicol antibiotics, and six phthalate metabolites in human urinesamples using UHPLC-MS/MS. Anal. Bioanal. Chem. 2018, 410, 3871–3883. [Google Scholar] [CrossRef] [PubMed]

	



Yan, H.; Liu, B.; Du, J.; Row, K. Simultaneous determination of four phthalate esters in bottled water using ultrasound-assisted dispersive liquid–liquid microextraction followed by GC-FID detection. Analyst 2010, 135, 2585–2590. [Google Scholar] [CrossRef] [PubMed]

	



Feng, Y.-L.; Zhu, L.; Sensenstein, R. Development of a headspace solid-phase microextraction method combined with gas chromatography mass spectrometry for the determination of phthalate esters in cow milk. Anal. Chim. Acta 2005, 538, 41–48. [Google Scholar] [CrossRef]

	



Natoli, M.; Leoni, B.D.; D’Agnano, I.; Zucco, F.; Felsani, A. Good Caco-2 cell culture practices. Toxicol. Vitr. 2012, 26, 1243–1246. [Google Scholar] [CrossRef]

	



Catalano, T.; D’Amico, E.; Moscatello, C.; Di Marcantonio, M.C.; Ferrone, A.; Bologna, G.; Selvaggi, F.; Lanuti, P.; Cotellese, R.; Curia, M.C.; et al. Oxidative Distress Induces Wnt/β-Catenin Pathway Modulation in Colorectal Cancer Cells: Perspectives on APC Retained Functions. Cancers 2021, 13, 6045. [Google Scholar] [CrossRef]

	



Daulagala, A.C.; Bridges, M.C.; Kourtidis, A. E-cadherin Beyond Structure: A Signaling Hub in Colon Homeostasis and Disease. Int. J. Mol. Sci. 2019, 20, 2756. [Google Scholar] [CrossRef]

	



Aceto, G.M.; Catalano, T.; Curia, M.C. Molecular Aspects of Colorectal Adenomas: The Interplay among Microenvironment, Oxidative Stress, and Predisposition. BioMed Res. Int. 2020, 2020, 1726309. [Google Scholar] [CrossRef]

	



Chawla, M.; Mukherjee, T.; Deka, A.; Chatterjee, B.; Sarkar, U.A.; Singh, A.K.; Kedia, S.; Lum, J.; Dhillon, M.K.; Banoth, B.; et al. An epithelial Nfkb2 pathway exacerbates intestinal inflammation by supplementing latent RelA dimers to the canonical NF-κB module. Proc. Natl. Acad. Sci. USA 2021, 118, e2024828118. [Google Scholar] [CrossRef]

	



Akkbik, M.; Turksoy, V.A.; Koçoğlu, S. Simultaneous quantitative detection of 10 phthalates in PVC children’s toys by HPLC-PDA. Toxicol. Mech. Methods 2020, 30, 33–38. [Google Scholar] [CrossRef] [PubMed]

	



Mazzeo, P.; Di Pasquale, D.; Ruggieri, F.; Fanelli, M.; D’Archivio, A.A.; Carlucci, G. HPLC with diode-array detection for the simultaneous determination of di(2-ethylhexyl)phthalate and mono(2-ethylhexyl)phthalate in seminal plasma. Biomed. Chromatogr. 2007, 21, 1166–1171. [Google Scholar] [CrossRef] [PubMed]

	



Dural, E. Determination of Selected Phthalates in Some Commercial Cosmetic Products by HPLC-UV. Comb. Chem. High Throughput Screen. 2020, 23, 1010–1022. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Yang, Y.; Li, Y.; Yin, S.; Chen, Y.; Wang, J.; Xiao, J.; Sun, C. Dispersive Liquid-Liquid Microextraction Based on Solidification of Floating Organic Drop Combined with High Performance Liquid Chromatography for Analysis of 15 Phthalates in Water. J. AOAC Int. 2019, 102, 942–951. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Wang, Z.W.; Lin, Q.B.; Hu, C.Y.; Su, Q.Z.; Wu, Y.M. Determination of Polymer Additives-Antioxidants, Ultraviolet Stabilizers, Plasticizers and Photoinitiators in Plastic Food Package by Accelerated Solvent Extraction Coupled with High-Performance Liquid Chromatography. J. Chromatogr. Sci. 2015, 53, 1026–1035. [Google Scholar] [CrossRef]

	



Rezaee, M.; Yamini, Y.; Shariati, S.; Esrafili, A.; Shamsipur, M. Dispersive liquid-liquid microextraction combined with high-performance liquid chromatography-UV detection as a very simple, rapid and sensitive method for the determination of bisphenol A in water samples. J. Chromatogr. A 2009, 1216, 1511–1514. [Google Scholar] [CrossRef]

	



Shi, Y.H.; Xiao, J.J.; Feng, R.P.; Liu, Y.Y.; Liao, M.; Wu, X.W.; Hua, R.M.; Cao, H.Q. Factors Affecting the Bioaccessibility and Intestinal Transport of Difenoconazole, Hexaconazole, and Spirodiclofen in Human Caco-2 Cells Following in Vitro Digestion. J. Agric. Food. Chem. 2017, 65, 9139–9146. [Google Scholar] [CrossRef]

	



Huels, D.J.; Ridgway, R.A.; Radulescu, S.; Leushacke, M.; Campbell, A.D.; Biswas, S.; Leedham, S.; Serra, S.; Chetty, R.; Moreaux, G.; et al. E-cadherin can limit the transforming properties of activating β-catenin mutations. EMBO J. 2015, 34, 2321–2333. [Google Scholar] [CrossRef]

	



Kumar, A.; Chatterjee, I.; Gujral, T.; Alakkam, A.; Coffing, H.; Anbazhagan, A.N.; Borthakur, A.; Saksena, S.; Gill, R.K.; Alrefai, W.A.; et al. Activation of Nuclear Factor-κB by Tumor Necrosis Factor in Intestinal Epithelial Cells and Mouse Intestinal Epithelia Reduces Expression of the Chloride Transporter SLC26A3. Gastroenterology 2017, 153, 1338–1350. [Google Scholar] [CrossRef]

	



Ye, M.; Wang, C.; Zhu, J.; Chen, M.; Wang, S.; Li, M.; Lu, Y.; Xiao, P.; Zhou, M.; Li, X.; et al. An NF-κB-responsive long noncoding RNA, PINT, regulates TNF-α gene transcription by scaffolding p65 and EZH2. FASEB J. 2021, 35, e21667. [Google Scholar] [CrossRef]

	



Bourgine, J.; Billaut-Laden, I.; Happillon, M.; Lo-Guidice, J.M.; Maunoury, V.; Imbenotte, M.; Broly, F. Gene expression profiling of systems involved in the metabolism and the disposition of xenobiotics: Comparison between human intestinal biopsy samples and colon cell lines. Drug Metab. Dispos. 2012, 40, 694–705. [Google Scholar] [CrossRef] [PubMed]








[image: Processes 11 00045 g001 550] 





Figure 1. Comparison of SPE cartridges on the recovery of standard solutions containing the investigated phthalates at a concentration of 1.0 µg/mL. 
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Figure 2. Effect of sample pH on the extraction of phthalates for the SPE-HPLC-PDA method. 
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Figure 3. Caco-2 cells treated for 24 h with DIBF, DEEF, and DPF in exponential growth phase, proliferating (at day 3 after seeding). No significant changes in cell viability were observed. The evaluation was performed by MTS assay, as an indirect measure of mitochondrial metabolic capacity. 
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Figure 4. Differentiated Caco-2 cells treated for 24 h with DIBF, DEEF, and DPF (10 ng/mL, 100 ng/mL, 500 ng/mL). In the differentiated growth phase Caco-2 cells exposed for 24 h from day 15 of seeding, a slight decline in viability was observed following treatment with phthalates at 500 ng/mL. While exposure to DPF at both 100 ng/mL and 500 ng/mL resulted in a significant reduction in the cell viability with p = 0.005 and p = 0.046 respectively. * p < 0.05, ** p < 0.01. 
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Figure 5. Gene expression modulation under PAE treatments in Caco-2 cells. Gene expression was analyzed by Real Time-qPCR. The histograms represented normalized data with GUSB gene. CDH1 (E-cadherin); P65/RELA (P65/RELA Proto-Oncogene NF-kB transcription factor subunit); JUN/AP1 (AP-1 transcription factor subunit of Jun Proto-Oncogene); LEF1 (Lymphoid Enhancer-Binding Factor 1). The histogram represented normalized data with GUSB gene. The results showed the average of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 treated vs. untreated cells. 
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Figure 6. HPLC-PDA chromatograms of blank extract (a) and blank spiked extract (b) with the investigated phthalates at the concentration of 0.75 µg/mL. 
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Figure 7. Bottled water sample extract subjected to the proposed SPE-HPLC-PDA method. 
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Table 1. Precision and accuracy for the proposed SPE-HPLC-PDA method.
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ANALYTE

	
Precision (RSD%)

	
Accuracy (BIAS%)




	
Inter-Day

	
Intra-Day

	
Inter-Day

	
Intra-Day






	
DMF

	
1.7

	
1.8

	
−2.1

	
+6.1




	
2.5

	
1.6

	
+3.4

	
+3.2




	
1.9

	
3.2

	
−4.2

	
−2.7




	
DEF

	
2.4

	
2.9

	
+5.4

	
−0.9




	
3.1

	
3.7

	
−2.0

	
−0.8




	
5.2

	
4.8

	
−1.7

	
+4.8




	
DPF

	
1.5

	
3.4

	
−1.5

	
+4.9




	
6.3

	
3.4

	
+3.9

	
−0.1




	
4.1

	
6.1

	
+4.5

	
+5.5




	
DBF

	
5.3

	
5.5

	
+3.9

	
+3.2




	
1.5

	
5.8

	
+4.4

	
+0.9




	
1.8

	
6.7

	
−1.8

	
+0.5




	
DIBF

	
5.5

	
7.0

	
−1.9

	
−1.9




	
2.9

	
6.5

	
+5.5

	
+5.9




	
3.4

	
5.9

	
+6.0

	
+0.7




	
DEEF

	
7.1

	
6.3

	
−2.0

	
−1.0




	
6.4

	
6.7

	
+1.9

	
+4.9




	
4.9

	
5.7

	
−0.5

	
−0.8
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Table 2. Concentration of investigated phthalates in bottled water (µg/mL).
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	Samples
	DMF
	DEF
	DPF
	DBF
	DIBF
	DEEF





	#1
	D
	ND
	ND
	ND
	0.026
	0.014



	#2
	D
	ND
	0.043
	ND
	0.021
	ND



	#3
	ND
	ND
	ND
	ND
	0.034
	0.010



	#4
	ND
	D
	0.019
	D
	0.022
	ND



	#5
	0.012
	ND
	0.045
	D
	D
	ND



	#6
	ND
	ND
	0.032
	ND
	0.011
	D



	#7
	ND
	ND
	0.074
	0.016
	ND
	0.028



	#8
	ND
	ND
	ND
	ND
	0.033
	D



	#9
	D
	0.052
	ND
	D
	D
	0.011



	#10
	ND
	D
	0.041
	ND
	D
	0.023







ND: not detected (concentration < LOD). D: detected (concentration < LOQ).
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Table 3. Comparison with methods reported in the literature.
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	Analytes
	Sample Preparation
	Instrumentation
	Limit of Quantification (µg/mL)
	Ref





	DEF
	SLE 1
	HPLC-PDA
	0.07
	[33]



	DEEF
	LLE 2
	HPLC-PDA
	0.05
	[34]



	DMF, DEF, DBF, DEEF
	LLE
	HPLC-PDA
	0.64
	[35]



	DEF, DIBF, DEEF
	DLLME-SFO 3
	HPLC-PDA
	0.10
	[36]



	DMF, DEF, DEEF
	ASE 4
	HPLC-PDA
	1.00
	[37]



	DMF, DEF, DPF, DBF, DIBF, DEEF
	SPE 5
	HPLC-PDA
	0.01
	proposed method







1 Solid Liquid extraction; 2 Liquid Liquid extraction; 3 Dispersive Liquid Liquid Microextraction with Solidification of the Floating Organic droplets; 4 Accelerated Solvent Extraction; 5 Solid Phase extraction.
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