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extraction cycle. As presented in Figure 8b, no obvious change in absorbance of the eluate was observed
after five SPE cycles, indicating good reusability of the SPE column.
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Figure 8. (a) Reproducibility and (b) reusability of the SPE column.
2.5. Method Validation

Solutions of (£)-1,1’-bi-2-naphthol with varying ee values (from —100% to +100%) in n-hexane/
isopropanol (70:30, v/v, 3 mmol L™!) were prepared by mixing solutions of (R)-1,1’-bi-2-naphthol and
(S)-1,1"-bi-2-naphthol. The solutions (2.0 mL) were passed through the SPE columns under the optimum
conditions. The absorbance values of the eluates were determined by UV-visible spectrophotometry
(Figure 9a), and the absorbance data at 335 nm were collected. All of the data were fitted by computer
and all possible functions tried. An excellent linear relationship between ee and the absorbance of the
eluate (R? = 0.9984) was obtained at the concentration of 3 mmol L™! (Figure 9b), which enabled the
calculation of ee values for different (+)-1,1-bi-2-naphthol samples. The selectivity of the MOF for
each enantiomer was studied. The adsorption of (5)-1,1-bi-2-naphthol by the MOF was greater than
that of (R)-1,1’-bi-2-naphthol. The absolute recoveries were 62% for (R)-1,1’-bi-2-naphthol and 98% for
(S)-1,1’-bi-2-naphthol under the developed conditions.

Figure 9. (a) UV-visible spectra of the eluates after extraction of (+)-1,1’-bi-2-naphthol at various ee
values; (b) standard curve showing the linearity of ee% with the absorbance of the eluates.

Given that an enantiomerically pure of L-tyrosine was used as ligand in the synthesis,
the synthesized [Co(L-tyr)],(L-tyrCo) is chiral. The 2D structure of [Co(L-tyr)],(L-tyrCo) showing
cobalt oxide layers pillared with L-tyrosine linkers and produced large chiral pores (Figure 1a).
The influence of the chiral microenvironment on the enantioselective adsorption is complicated. It is
difficult to completely understand the mechanism of interaction between the MOF and the two
enantiomers. The reason for the selective adsorption of (S)-1,1'-bi-2-naphthol may be the high degree
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of space matching between (S5)-1,1’-bi-2-naphthol and the chiral structures of the crystal resulting in
different forces.

To verify the accuracy of the methodology, solutions of (4)-1,1’-bi-2-naphthol at a variety of ee
values were determined by this method. The absorbances of the eluates were determined and the
ee values were calculated using the standard curve (Table 1). Compared with the actual ee values
measured by chiral HPLC, this method had an average error of 2.26%. This method can therefore be
used for evaluation of the ee of (£)-1,1-bi-2-naphthol with good accuracy.

Table 1. Enantiomeric excess values of (+)-1,1’-bi-2-naphthol calculated from the SPE-based assay.

Sample  Absorbance  Experimental ee (%) Actual ee (%)  Absolute Error (%) Average Error (%)

1 0.5566 —81.25 —84.41 3.16
2 0.6022 —45.67 —43.34 2.33
3 0.6582 —1.93 —0.87 1.06 2.26
4 0.7098 38.41 41.79 3.38
5 0.7621 79.24 77.89 1.35

3. Materials and Methods

3.1. Reagents and Materials

All chemicals and reagents used in this study were at least of analytical grade.
(R)-1,1-Bi-2-naphthol and (S)-1,1’-bi-2-naphthol were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Co(CH3COO0);-4H,0, L-tyrosine, and NaOH were purchased from Adamas-beta (Shanghai,
China), and were used for the synthesis of MOF, [Co(L-tyr)],,(L-tyrCo). HPLC grade methanol, ethanol,
isopropanol, acetonitrile, ethyl acetate, and n-hexane were obtained from TEDIA (Fairfield, OH,
USA). Ultrapure water (18.2 () cm) was produced with an ELGA LabWater water purification system
(High Wycombe, UK). The empty SPE cartridges (0.2000 g, 3 mL, polypropylene) with frits (20 um
porosity) were purchased from SEPAX Technologies Inc. (Suzhou, China).

3.2. Instrumentations

Powder X-ray diffraction (PXRD) patterns were recorded on a D/max-3B diffractometer (Tokyo,
Japan) using Cu K radiation. Scanning electron microscopy (SEM) images were recorded on a FEI
Quanta FEG 650 scanning electron microscope (Hillsboro, OR, USA). The absorbance of eluate was
determined on a TU-1901 UV /Vis spectrophotometer (Beijing Purkinje General Instrument Co., Ltd.,
Beijing, China). Commercial ChiralPak OD-H (250 mm x 4.6 mm, Daicel, Shanghai, China) and a
Shimadzu HPLC system (Tokyo, Japan) consisting of an LC-15C HPLC pump and SPD-15C UV /Vis
detector were used for the actual ee analyses.

3.3. Synthesis of [Co(L-tyr)],(L-tyrCo)

[Co(L-tyr)],(L-tyrCo) was synthesized according to the method of Rocha et al. [40]. Typically,
Co(CH3COO0),-4H,0 and L-tyrosine in a molar ratio of 1:2 were mixed with ultrapure water (20 mL)
in a Teflon-lined bomb and stirred with a magnetic bar. The pH of the mixture was adjusted to 9~10 by
adding aqueous solution of NaOH (1 mol L™1). The bomb was sealed and heated at 130 °C for 3 days.
After cooling to room temperature, the mixture was filtered and the purple crystals were washed
thoroughly with distilled water and ethanol. Finally, the solid was dried at 100 °C.

3.4. Preparation of SPE Columns

The synthesized crystals of [Co(L-tyr)],(L-tyrCo) were large and heterogeneous, which made them
unsuitable for direct use as adsorbent in the preparation of SPE columns. The crystals were therefore
milled and a suitable particle size was selected by preparing an ethanol suspension. Subsequently,
each SPE cartridge was packed with the selected crystal particles (0.2000 g) using polypropylene frits
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at each end of the cartridge to keep the packing in place. The outlet tip of the cartridge was connected
to a vacuum pump, and methanol was continuously added at the inlet end.

3.5. SPE Procedures

Before the extraction experiment, the crystals of the [Co(L-tyr)],(L-tyrCo) packed cartridge were
preconditioned by washing with methanol (5 mL) and activated with sample solvent (5 mL). A known
volume of the sample was passed through the activated cartridge by gravity action. To remove residual
sample on the surface of the crystals, additional sample solvent (5 mL) was added after the sample
solution had completely passed through. Subsequently, the cartridge was eluted with methanol (4 mL).
The eluate was volatilized, diluted with methanol to a final volume of 4 Ml, and the absorbance was
determined by UV-visible spectrophotometry.

3.6. Calculation of ee Value
The ee value of the sample was calculated using the following formula:

—R

100%
TR X 100%

. S
eek—s

(R, S: Concentration/peak area, respectively).
Logically, ee values of +100% and —100% represent enantiomerically pure of (S)-1,1’-bi-2-naphthol
and (R)-1,1’-bi-2-naphthol, respectively, and an ee value of 0% indicates racemate.

4. Conclusions

In this work, we reported a novel and simple method for the determination of ee value by SPE
using a chiral MOF as sorbent. After adsorption and desorption, a standard curve was established
that demonstrated a good linear relationship between ee and absorbance of the eluate. The ee value of
(£)-1,1"-bi-2-naphthol can be rapidly calculated after SPE using the standard curve.
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Abstract: Four metal-organic frameworks (MOFs), specifically UiO-66, UiO-66-NH,, UiO-66-NO,,
and MIL-53(Al), were synthesized, characterized, and used as sorbents in a dispersive micro-solid
phase extraction (D-uSPE) method for the determination of nine pollutants of different nature,
including drugs, phenols, polycyclic aromatic hydrocarbons, and personal care products in
environmental waters. The D-uSPE method, using these MOFs as sorbents and in combination with
high-performance liquid chromatography (HPLC) and diode-array detection (DAD), was optimized.
The optimization study pointed out to UiO-66-NO, as the best MOF to use in the multi-component
determination. Furthermore, the utilization of isoreticular MOFs based on UiO-66 with the same
topology but different functional groups, and MIL-53(Al) to compare with, allowed us for the first
time to evaluate the influence of such functionalization of the ligand with regards to the efficiency
of the D-uSPE-HPLC-DAD method. Optimum conditions included: 20 mg of UiO-66-NO, MOF in
20 mL of the aqueous sample, 3 min of agitation by vortex and 5 min of centrifugation, followed by
the use of only 500 nL of acetonitrile as desorption solvent (once the MOF containing analytes was
separated), 5 min of vortex and 5 min of centrifugation. The validation of the D-uSPE-HPLC-DAD
method showed limits of detection down to 1.5 ng-L~!, average relative recoveries of 107% for a
spiked level of 1.50 ug-L~!, and inter-day precision values with relative standard deviations lower
than 14%, for the group of pollutants considered.

Keywords: metal-organic frameworks; dispersive solid-phase extraction; organic pollutants;
analyte partitioning

1. Introduction

Micro- and mesoporous materials are widespread used for separation and purification purposes
due to their excellent adsorption properties. Among these porous materials, metal-organic frameworks
(MOFs) have received much attention in the last years due to their unique properties: ordered porous
structures, the highest surface areas known and even the possibility of tuning their physiochemical
behavior [1]. MOFs are three dimensional porous hybrid materials composed by two main building
blocks, metal ions as nodes or connectors and organic molecules as linkers, and the combination
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of these building units offers a limitless number of possible structures [2]. Thus, MOFs have been
included as fashion materials in a wide variety of applications, such as gas storage, catalysis, drug
delivery or luminescence sensing, among others [3]. Even so, a great number of concerns still exist
surrounding stability and synthesis of MOFs [4], despite the fact that nowadays many MOFs have
shown excellent stability under harsh conditions [5] and were able to be synthesized on large scales [6].

The use of MOFs as advanced porous materials for more effective and efficient capture of
pollutants from different environmental media is increasing in recent years [7]. An important feature
of MOFs, which offers a method to satisfy the adsorbent selection criteria, is the modular nature of the
organic linker. The design and modification of MOFs at the molecular level can be achieved generally
functionalizing the pore surface. This concept of precise control at the molecular level is probably the
most distinguishing characteristic of MOFs as compared to other sorbent materials because they can
offer additional adsorption sites and also improve the selectivity of pristine MOFs [8].

The well-known MOF UiO-66 (UiO = University of Oslo (Oslo, Norway)) [9] exhibits exceptional
thermal and chemical stability in water and organic solvents, while presenting good adsorption
properties [10]. Several studies have already shown the feasibility of functionalizing the UiO-66
material without losing the physicochemical properties of the parent framework, and mainly their
advantages in gas capture and gas separation have been analyzed [11]. UiO-66 has shown promising
adsorption capacities for organic contaminants such as organic dyes [12] and for inorganic pollutants
such as heavy metals [13]. However, the adsorption behavior of emerging pollutants, such as
pharmaceutical and personal care products on UiO-66 has been scarcely studied [14], and to the best of
our knowledge, there are not studies dealing with functionalized UiO-66 materials in microextraction.

Investigations of MOFs in analytical chemistry are rising [15-18]. Thus, Zhou et al. reported the
first example of MOFs used in analytical chemistry [19], using them in an on-line solid phase extraction
(SPE) method. Since then, a variety of MOFs coming from the most widely known families have been
tested so far in a number of analytical SPE applications [15,16,18,20] and even in chromatography [17].
The dispersive mode of the miniaturized solid-phase extraction method (D-uSPE) is a successful
approach widely used in sample preparation given its simplicity [21]. It requires a strong dispersion
of the sorbent (in an amount lower than 500 mg) into an aqueous sample containing analytes (i.e.,
with the aid of vortex or ultrasounds), followed by proper separation of the sorbent containing
extracted analytes from the sample, and further elution/desorption of trapped analytes before the
chromatographic determination [16,21,22].

It is important mentioning that, while existing an increasing number of studies with MOFs as
sorbents in D-uSPE [16], few authors have paid close attention to study the nature of the interactions
established between the MOF sorbent and the contaminants. Indeed, the type of interactions that
take place during the extraction has not been established completely [14,23,24]. Thus, Rocio-Bautista
et al. evaluated the partitioning of target compounds to different MOFs in D-uSPE [24]. The study
highlighted the complexity in achieving adequate predictions for the microextraction performance,
with successful results mainly linked to the pore environment, pore size, and pore aperture widths of
the MOF, together with a clear influence of the metal nature. The nature of the metal of the MOF and
its influence in extraction studies have also been quite recently pointed out by Lirio et al. [14], with
high importance given to the radius of the metal.

In this sense, the present study evaluates the analytical performance in D-uSPE of UiO-66 and
its derivatives UiO-66-NO, and UiO-66-NH,: with the organic linker functionalized with nitro and
amino groups, respectively, but maintaining the isoreticular network. The amino (-NH;) and nitro
(-NO,) functional groups were chosen to be representative of polar and hydrophilic functionalities.
This linker functionalization produces changes in the physicochemical properties of the frameworks
with the purpose of establishing stronger host-guest interactions [25], but it also implies a decrease
in surface areas and pore volumes [26]. The MOF MIL-53(Al) is used in this study as a comparative
material. The application is devoted to the determination of several water contaminants (of quite
different nature) using high-performance liquid chromatography (HPLC) and diode-array detection
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(DAD), intending a multi-component determination while trying to give insights on the influence
of the ligand functionality on the possible MOEF-target contaminant interactions favoring the entire
D-puSPE-HPLC-DAD method.

2. Experimental

2.1. Chemicals, Reagents and Materials

Nine analytes of different nature were studied. Carbamazepine (Cbz, 99.0%), 4-cumylphenol
(CuP, 99%), 4-tert-octylphenol (t-OP, 97%), 4-octylphenol (OP, 99%), benzophenone-3 (BP-3, 99.5%)
and chrysene (Chy, 98%) were obtained from Sigma-Aldrich (Steinheim, Germany); and progesterone
(Pg, >99.99%) was purchased from US Pharmacopeia Reference Standards (Basel, Switzerland). All
these compounds were obtained as solid products. A standard solution containing these compounds
was prepared in acetonitrile (ACN) Chromasolv™ liquid chromatography (LC) grade, by Honeywell
(Seelze, Germany), at a concentration of 100 mg-L’l, and stored at 4 °C. Indeno(1,2,3-cd)pyrene
(Ind) and triclosan (Tr) were purchased individually as standard solutions, with a concentration of
10 mg-L~! in acetonitrile (ACN) by Dr. Ehrenstorfer GmbH (Augsburg, Germany). Working standard
solutions were prepared by dilution in ultrapure water of these standard solutions, with concentrations
dependent on the specific experiment. Table S1 of the Electronic Supplementary Material (ESM) shows
several characteristics and the structures of the analytes studied.

Ultrapure water (Milli-Q, ultrapure grade) was obtained by a water purification system A10
MilliPore (Watford, UK). Methanol Chromasolv® (LC grade) was purchased from Sigma-Aldrich.
HPLC mobile phases were prepared with ultrapure water and ACN Chromasolv™ LC-MS grade.
Both phases were filtered with Durapore® membrane filters of 0.45 um, supplied by Sigma-Aldrich.

0.2 um polyvinylidene fluoride (PVDF) syringe filters Whatman™ were purchased from GE
Healthcare (Buckinghamshire, UK), and used to filter all eluates and standards before HPLC injection.

Pyrex® centrifuge tubes (Corning Inc., Staffordshire, UK) were used in the microextraction
procedure, with dimensions of 10 x 2.6 cm and a volume of 25 mL.

Parr Instrument Company (Moline, IL, USA) supplied Teflon solvothermal reactors and stainless
steel autoclaves, which were used in the synthesis of the MOFs.

Zirconium chloride (ZrCly, 98%), aluminum(III) nitrate nonahydrate (AI(NOj3)3-9H,0, >99.99%),
HCl (37%, v/v), 1,4-benzenedicarboxylic acid (H,BDC, 98%), 2-amino-1,4-benzenedicarboxylic acid
(NH-H,BDC, 99%) and 2-nitro-1,4-dicarboxylic acid (NO,~-H,BDC, >99%) were purchased from
Sigma-Aldrich and used in the synthesis of MOFs. The solvents used in the synthesis and washing of
MOFs include: dimethylformamide (DMF, >99.5%), acquired to Merck KGaA (Darmstadt, Germany),
and methanol (>99.8%) purchased from PanReac AppliChem (Barcelona, Spain).

Tap water was taken at the laboratory. Two wastewater samples were supplied by an
environmental monitoring laboratory. They were sampled in different areas of Tenerife Island (Canary
Islands, Spain) using amber glass recipients properly cleaned, avoiding the formation of bubbles
during sampling. They were kept in fridge until reaching the laboratory, and then they were filtered
through 0.45 um filters and kept in the dark at 4 °C until analysis.

2.2. Synthesis of MOFs

The MOFs used in this study were synthesized according to the procedure reported by
Katz et al. [27]. A standard upscale synthesis of UiO-66 was performed by dissolving 233 mg of
ZrCly (1 mmol) and 246 mg of H,BDC (1.5 mmol) in 15 mL of DMF and 1 mL of concentrated HCI.
The resulting mixture was heated in a solvothermal reactor at 150 °C for 24 h. After the solution
was cooled to room temperature, the resulting solid was filtered and repeatedly washed with DMEF,
methanol, and heated at 150 °C for 24 h in order to remove guest molecules from the pores of the
crystalline structure. UiO-66-NH, and UiO-66-NO, MOFs were synthesized analogously by replacing
H,BDC with the equivalent molar amounts of NH,-H;BDC and NO,-H;BDC, respectively.
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MIL-53(Al) was prepared according to Loiseau et al. [28]. Briefly, 288 mg of H,BDC (1.7 mmol)
and 1.3 g of AI(NO3)3-9H,0 (3.5 mmol) were mixed in a solvothermal reactor using 15 mL of ultrapure
water. The solution was then heated at 220 °C for 3 days. Afterwards, the autoclave was cooled down
to room temperature and the obtained white product was isolated by filtration, washed with water,
and air-dried at 50 °C. The MOF was finally heated at 400 °C during 16 h for the activation.

All synthetic conditions and obtained yields for the MOFs are summarized in Table 1.

Table 1. Synthetic conditions of MOFs and yields obtained.

Structure (Detailed
MOF Functionalization for =~ Metal (mg) Ligand (mg)
Ui0-66)

Solvent

Modulator/mL Yield (%)
(mL)

HCI (37%,

iO- 4+ S
UiO-66 Zr** (233) terephthalic acid (246) DME (15) 0/0)/1 95
. TR 2-aminoterephthalic HCl1 (37%,
-66- A+ P ,
UiO-66-NH;, Zr** (233) acid (271) DME (15) o/0)/1 78
) R 2-nitroterephthalic HCI (37%,
-66- A+ P g
UiO-66-NO, Zrt+ (233) acid (317) DMF (15) o/o)/1 97
wo;
MIL-53(Al) AR+ (1300) terephthalic acid (288) H,0 (15) - 45

DME: dimethylformamide.

2.3. Instruments and Equipment

The HPLC used in the determination was a 1260 Infinity model purchased from Agilent
Technologies (Santa Clara, CA, USA), in combination with a DAD 1260 Infinity model also from
Agilent Technologies. The quantification wavelengths of the DAD were set at 240 nm for Pg, 254 nm for
Ind, 270 nm for Chy, 280 nm for CuP, {-OP and OP, and 289 nm for Cbz, BP-3 and Tr. The HPLC system
includes a Rheodyne injection valve with an injection loop of 20 uL, supplied by Supelco (Bellefonte,
PA, USA). The separation of target analytes was carried out in an ACE Ultra Core 5 SuperC18 (5 um,
150 x 4.6 mm) analytical column, obtained from Symta (Madrid, Spain), with a safeguard column
Pelliguard LC-18 purchased to Supelco. ACN and ultrapure water were employed as mobile phases
using a linear gradient at a constant flow rate of 1 mL-min~!. The chromatographic method starts
at 50% (v/v) of ACN, keeping it constant for 5 min, then increased up to 80% (v/v) in 2 min, then
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increased up to 83% (v/v) in the next 2.5 min, and finally reaching 100% (v/v) of ACN in the next
3.5 min.

A vortexer from Reax-Control Heidolph™ GmbH (Schwabach, Germany) and a centrifuge model
5720 Eppendorf™ (Eppendorf, Hamburg, Germany) were utilized in the D-uSPE procedure.

The synthesis of the MOFs was carried out in a Universal model UF30 oven supplied by Memmert
(Schwabach, Germany).

Phase identification of all MOFs was carried out by X-ray powder diffraction. A X'Pert
Diffractometer supplied by PANalytical (Eindhoven, The Netherlands) and operating with
Bragg-Brentano geometry was used. Data collection was carried out using Cu K; radiation
(A = 1.5418 A) over the angular range from 5.01° to 80.00° (0.02° steps) with a total exposure time of
30 min.

An Affinity-1 Fourier transform-infrared (FTIR) spectroscope from Shimadzu (Kyoto, Japan) was
used in the identification of the functional groups incorporated to UiO-66.

The nitrogen adsorption isotherms were measured on a Gemini V2365 Model, supplied by
Micromeritics (Norcross, GA, USA), surface area analyzer at 77 K in the range 0.02 < P/P, < 1.00.
The Brunauer, Emmet and Teller (BET) method was used to calculate the surface area.

Particle sizes of the crystals were determined at 25 °C by dynamic light scattering (DLS) using the
Zetasizer equipment from Malvern Instruments (Malvern, UK), with the Zetasizer software v. 7.03.

2.4. Dispersive Miniaturized Solid-Phase Extraction Procedure (D-uSPE)

All conditions of the D-uSPE method using all studied MOFs as sorbents were optimized,
including the conditions of both: the extraction and the desorption steps. Under optimum conditions,
the extraction is carried out adding 20 mg of UiO-66-NO, over 20 mL of water sample (or aqueous
standard, depending on the experiment) in a 25 mL Pyrex® centrifuge tube. The tube is then subjected
to vortex stirring for 3 min, to increase the strength of the interaction between the sorbent and the
analytes. Then, the phases are separated by centrifugation (1921x g during 5 min) and the supernatant
aqueous phase is carefully removed. For the desorption step, 500 pL of ACN are added to the
UiO-66-NO, left in the tube containing extracted analytes. Vortexing is applied for another 5 min
followed by centrifugation during 5 min at 1921x g. The eluate is filtered through 0.2 um PVDF
syringe filters before being injected in the HPLC.

3. Results and Discussion

3.1. Chromatographic Method

Contaminants selected in this study include polycyclic aromatic hydrocarbons, drugs, phenols,
and personal care products, with the purpose of having a variety of quite different analytes, thus
covering different possible interaction mechanisms with the MOFs. The determination of the nine
target compounds was carried out using HPLC-DAD, employing proper quantification wavelengths
for each analyte. The optimum conditions for the separation were summarized in Section 2.3, with the
overall separation requiring less than 13 min, as it can be observed in Figure S1 of the ESM.

Several quality analytical parameters of the calibrations obtained by HPLC-DAD are shown in
Table S2 of the ESM. Calibration curves present adequate linearity, with correlation coefficient (R)
values higher than 0.9983. The limits of detection (LOD) and the limits of quantification (LOQ) were
calculated as the signal to noise (S/N) ratio of 3 and 10, respectively. LOD and LOQ values were
verified by preparation of standards at such levels of concentration. LODs varied from 0.02 pg-1.~!
for Chy to 1.00 pg-L~! for CuP. The precision of the chromatographic method was calculated using
three standards at concentration levels not utilized in the calibration curve (but included within the
calibration range): 6 pg-L ™1, 30 ug-L~! and 70 pg-L~! (n = 5). The obtained results are included in
Table S3 of the ESM. In all cases, relative standard deviations (RSD, in %) values were lower than
3.7% for the lowest concentration level tested and 2.9% for the highest concentration level injected.
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Regarding the precision of the chromatographic retention times, RSD values were always lower than
0.21% (n = 15).

3.2. Synthesis and Characterization of Studied MOFs

Following an isoreticular synthesis, a family of MOFs based on the UiO-66 structure was obtained
from the two different linker ligands: NH; —H,BDC and NO, —H,BDC [25]. The crystal and particle
size of the UiO-66 and UiO-66-X (X = NH; and NO;) materials were controlled by modulated synthesis
with HCI (as detailed in Section 2.2 and Table 1). All compounds were obtained in high yields without
loss of crystallinity or porosity by including HCl in the reaction mixtures during the synthesis.

The X-ray diffraction patterns obtained for the as-synthesized samples (see Figures S2 and S3
of the ESM) revealed that the materials are crystalline and the two functionalized compounds are
isostructural with the parent material UiO-66, which demonstrates that the tagged UiO-66-X MOFs
are topologically equivalent with UiO-66. It is important to proof this equivalence in order to achieve
proper comparison when using these materials as sorbents, to clearly link results to the organic
ligand nature.

N, adsorption/desorption isotherms were collected at 77 K (Figure S4 of the ESM) and the
Brunauer, Emmett and Teller (BET) surface areas were calculated and all the materials were found
to retain porosity. The BET surface area data was found to decrease in surface area with the
functionalization of the pores, from ~1342 m?-g~! in the parent UiO-66 to ~794 m?-g~! for UiO-66-NH,
and ~771 m?-g~! for UiO-66-NO,, and they are in agreement with previous reported values [27].

The presence of the functional groups on the linkers was further evidenced by characterizing the
MOFs with FTIR spectroscopy (Figure S5 of the ESM). Thus, UiO-66-NH, displays a broad absorption
band at 3336 cm ™! that is assigned to the N-H stretching modes. A band at 1546 cm ™! and a band
at 1389 cm ™! are attributed respectively, to the asymmetric (v(NO)asym) and symmetric (V(NO)sym)
stretching modes of the nitro group in UiO-66-NO,.

MIL-53(Al) was used in this study for comparative purposes, because it has previously
demonstrated its successful performance as sorbent in D-uSPE. The diffraction pattern (Figure S3 of
the ESM) shows that the synthesized compound presents the crystal structure of MIL-53(Al) and the
calculated Brunauer, Emmett and Teller (BET) surface area is in agreement with the reported value [24].

The particle size distribution of the studied MOFs, shown in Figure S6 of the ESM, shows certain
dispersion, particularly for MIL-53(Al)—from 0.1 to 1.5 um—and for UiO-66—from 0.1 to 1.1 um, with
narrower distribution for UiO-66-NO, and UiO-66-NH,. In general, most crystals have particles sizes
ranging between ~0.4-0.5 um and ~0.7-0.8 um, thus showing quite similar values.

3.3. Screening of MOFs as Sorbents in D-uSPE-HPLC-DAD

D-uSPE was selected as microextraction approach in this study given its simplicity and high
analytical performance [16]. An initial screening study was carried out in order to study the
microextraction performance of UiO-66, UiO-66-NH, and UiO-66-NO, in the D-uSPE of target
contaminants. The main difference among these MOFs, as mentioned above in the characterization
study, is the nature of the organic ligand, having all the same topology and quite similar surface areas.
In this screening study, the MOF MIL-53(Al) was also included in the comparison for having been
pointed out as adequate sorbent in common microextraction applications of similar analytes [24].

The D-uSPE method was initially performed with common extraction conditions. Thus, low
amounts of MOF were used to fulfil microextraction requirements, minimization of costs, and proper
environmental goals. The analytes, once trapped by the MOEF, were desorbed using ACN as elution
solvent, for being compatible with the HPLC mobile phases used. In this sense, the initial working
conditions included 20 mg of MOF, 20 mL of an aqueous standard (containing all analytes at a
concentration level of 5.00 ug-L™1), 5 min of vortex agitation, and 5 min of centrifugation (at 1921x g).
Afterwards, the supernatant was discarded and 0.500 mL (to avoid losses of preconcentration during
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the process) of ACN were added as elution solvent, followed by 5 min of vortex and 5 min of
centrifugation (at 1921 x g).

Results obtained under these conditions revealed that UiO-66-NO, presented adequate extraction
efficiencies for many analytes, and that in practically all cases (only excluding CuP), MIL-53(Al) was
not the best MOF to be chosen as sorbent despite previous studies [24]. Therefore, we used the
information obtained from this screening study to optimize the entire D-uSPE-HPLC-DAD method
using UiO-66-NO; as sorbent.

3.4. Optimization of the D-uSPE-HPLC-DAD Method Using UiO-66-NO;

The D-uSPE-HPLC-DAD method with UiO-66-NO, was optimized having as targets the
maximization of the extraction efficiency for the highest number of possible of contaminants, and the
minimization of the amount of MOF and solvents in the procedure. Main variables studied in the
one-factor-at a time optimization of the method were: amount of MOF sorbent, extraction and elution
times, number of elution steps and nature of the elution solvent.

The first variable optimized was the amount of UiO-66-NO,, with tested values ranging between
10 and 30 mg. These studies were carried out with aqueous standards (10.0 ug-L~! of Cbz, Tr and
t-OP, and 2.50 pg-L~! for the rest of analytes), and the remaining conditions already fixed during the
screening (Section 3.3). Figure 1 shows the results obtained monitoring the extraction efficiencies in
terms of peak areas. In general, best results were obtained when using 10 or 20 mg of UiO-66-NO,,
without significant differences in the performance among them, except for Pg, which achieved much
better results when using 20 mg. For this reason, 20 mg was selected as the optimum amount of
Ui0-66-NO;.

The second variable considered in this optimization was the extraction time, with the extraction
step assisted by vortex, utilizing times between 1 and 5 min. Vortex times higher than 5 min are not
advisable (unhealthy) and thus were not tested. These experiments were performed using 20 mg of
MOF, and the fixed conditions above mentioned. Figure S7 of the ESM shows the obtained results,
which clearly point out to 3 min as the optimum value.

The third variable included in the optimization was the elution time, also assisted by vortex,
with times also varying between 1 and 5 min, using as fixed conditions: 20 mg of MOEF, 3 min for
the vortex-assisted extraction time, and the remaining conditions fixed as in previous experiments.
Figure S8 of the ESM shows clear improvements in the elution with longer times, and thus 5 min was
selected as the optimum.

The elution step in D-uSPE with MOFs has been pointed out as the critical step to achieve
adequate analytical performance [29]. Therefore, the number of elution steps and the nature of the
elution solvent were also considered in this optimization. Regarding the number of elution steps, it
was evaluated the use of two elution steps (each one with 0.250 mL of ACN) versus the use of one
single elution step (0.500 mL of ACN). It can be observed from Figure S9 of the ESM the absence of
significant improvements when increasing the number of elution steps. Therefore, one single elution
step was preferred. This also permits a decrease in the overall analysis time, which is advisable.
Regarding the nature of the elution solvent, different solvents (compatible with HPLC mobile phases)
were compared: ACN, methanol, and acetone; using all already optimized conditions of the method.
Results (included in Figure S10 of the ESM) point out the adequacy of ACN. A summary of the entire
optimized D-uSPE-HPLC-DAD method is included in Figure 2.
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Figure 1. Effect of the amount of UiO-66-NO, on the extraction efficiency for all analytes in
D-uSPE-HPLC-DAD. Specific conditions are described in Section 3.4. Experiments were carried
out in triplicate.
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Figure 2. Scheme of the entire D-uSPE-HPLC-DAD method using the MOF UiO-66-NO; under
optimum conditions.

3.5. Influence of the UiO-66 Ligand Functionalization in the Overall Efficiency of the
D-uSPE-HPLC-DAD Method

After completion of the optimization, the D-uSPE-HPLC-DAD method was carried out using
UiO-66, UiO-66 derivatives, and MIL-53(Al) as sorbents. The Eg values obtained for the target analytes
with the different MOFs are included in Figure 3. Results revealed that UiO-66-NO; was the best MOF
as sorbent for seven out of the nine contaminants studied, and thus it can be considered a generic
sorbent if intending a multi-component determination.

Nevertheless, apart for the importance of utilizing this MOF to set up a multi-component
monitoring method through D-uSPE, the obtained results are highly valuable in order to get
understanding on the nature of possible interactions MOFs-analytes. However, one should keep
in mind that the Er values refer to the complete microextraction method, comprising two steps: the
adsorption of the analytes by the MOF extractant and the elution/desorption process. Therefore,
the affinity of the MOF for a particular analyte cannot be made exclusively based on the Eg value,
since this evaluate a complete process in which desorption readiness (weak analyte-MOF interaction)
is favored.

In general, the results introduced in this study indicate that the functionalization by means of
polar groups is a noteworthy factor affecting positively the total efficiency of the method (understood
as extraction/elution process ability) for the studied analytes of quite different nature. This result
shows that the reduction in effective pore size by functional groups is not critical in the analytical
procedure, since the electronic properties of these groups favor the analyte-MOF interaction. The
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Ui0-66 has a moderate pore window size of around 7 A in diameter and moderate pore size diameter
of 11 A, whereas the UiO-66-X variants reduce the window opening and pore sizes [30]. This implies
that the pore window size is large enough for small molecules, but the bulkier ones may have hindering
problems and they most likely interact with the MOF surface.

Two adsorption sites for pollutants molecules can be distinguished in the UiO-66-X family, the
ZrgO4(OH)y cluster, a hydrophilic area where water, acetic acid and other groups can be coordinated
in some MOFs [31]; and the ligand environment which changes from the more hydrophobic X = H to
the more hydrophilic X = NH; or NO,. The adsorption mechanisms may include hydrophobic effects,
m—t electron donor—acceptor interactions, electrostatic attractions, [32] or even stronger interactions
such as chemical bond or hydrogen bond [33,34].

Analytes accessing the pores window will have a strong interaction with the inside pore walls,
which probably improve the extraction step but at the same time, makes more difficult the elution
step. The host voids in functionalized materials can act as a “tweezer”, providing suitable electronic
environments to trap the guest molecules [8]. The moderate pore size will make the adsorbed molecules
have a closer distance and stronger interactions with the inside pore walls, thus making difficult the
elution process with organic eluents. Therefore, we cannot conclude that higher real recovery values
listed in Figure 3 necessarily imply better analyte-MOF interactions, they just represent the minimum
value of the quantity of analyte adsorbed by the MOF (either at the pores or at the surface).

Considering this, the best extraction performance occurs for the 4-octylphenol with both NH,- and
NO,-functionalized UiO-66 with Eg values larger than 60%, and in general, UiO-66-NO, seems to be
the best extractant material as remarked before. The influence of the narrower pore in the decorated
UiO-66 MOFs can be observed in the trend for the three phenols analyzed. They follow a trend where
the 4-cumylphenol (CuP) is the bulkier, followed by the 4-tert-octylphenol (t-OP) and the 4-octylphenol
(OP). The ER values for the NH,-UiO-66 and NO,-UiO-66 follow an inverse trend, OP > {-OP >
CuP, whilst for the bare UiO-66 and MIL-53(Al) the Eg values are similar (around 40%). One can
conclude that for bulkier analytes the adsorption is hindered, and the Eg is reduced. In the case of the
MOF MIL-53(Al), its breathing nature implies that the structure can change to the closed-form upon
adsorption of guests, in particular, water or some analytes can be triggering this transformation and
the resulting analytical performance is affected.

In general, the functionalized NHj- and NO,-UiO-66 MOFs outperform the bare UiO-66 in
recovery values. This may be due to various reasons: (i) The amino -and nitro- decorations as
H-bond donor and acceptor groups increase the anchoring sites for guest molecules, and these
electron-withdrawing groups could lead to effective adsorption from charge-transfer interactions
between the functionalized groups and these guest molecules [35]; (ii) The more hydrophilic
environment in the pore surface caused by the NH; and NO, groups may promote a better elution
with the non-polar organic solvents.

In the case of triclosan (Tr), it seems that a larger number of anchoring sites in the form of
H-bond acceptors or donors notably increase the extraction ability of the UiO-66 [36]. This situation
is also observed in Figure 3, where both NH;- and NO,-UiO-66 outperform bare UiO-66 in the
extraction of triclosan, and a similar trend is observed for carbamazepine (Cbz), progesterone (Pg),
and benzophenone-3 (BP-3).

In the case of the PAHs included in this analysis, chrysene (Chy) and indeno(1,2,3-cd)pyrene
(Ind), the functionalized UiO-66 MOFs also perform better than the bare one. This situation seems
contradictory, since more hydrophobic, bulky analytes are being better recovered by more hydrophilic,
narrow pore NHjp- and NO,-UiO-66 materials. This behavior may be explained taking into account the
favored elution process of loosely linked PAHs on the surface of the functionalized MOFs. Probably,
these bulky PAHs are adsorbed on the surface of the MOFs and the slightly more hydrophilic
environment of the functionalized UiO-66 help in the elution process, and we therefore observe
an increase in the total ER factor. Also, we cannot discard some competitive interactions of the MOFs
with the other analytes that lead to a better recovery of the PAHs in this case.
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Clearly, to establish relationships between the effects of the functionalization of MOFs on their
sorption capacities results a very difficult task, because there are numerous factors to consider [37].
Among them, pore size reduction and molecular sieving effect [38], changes in polar character or
electronic environments of the frameworks, energy effects [39] or other factors (such as intrinsic defects,
co-adsorption, or diffusive transport in the material pores, as those most remarkable). Moreover, from
the point of view of organic pollutants trapped by these sorbents, the physicochemical parameters such
as molecular sizes, shapes, polarities, polarizabilities, interaction abilities, solubility, hydrophilicity,
acidity and so on, also need consideration. An approach to the fundamental understanding of
mechanisms and interactions is highly required for the design of better materials, even selective,
for microextraction processes.
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Figure 3. Comparison between the different MOFs used in terms of extraction efficiency with
the optimum D-uSPE-HPLC-DAD method. Fixed optimum conditions as described in the text.

Experiments were carried out in triplicate.
3.6. Quality Analytical Parameters of the Optimized D-uSPE-HPLC-DAD Method

The analytical method using D-uSPE-HPLC-DAD and the MOF UiO-66-NO, under the optimized
conditions described (Figure 2) was validated. Calibration curves were obtained subjecting aqueous
standards to the entire method. Several of the quality analytical parameters obtained are shown in
Table 2. Correlation coefficients (R) were higher than 0.9966 in all cases. LODs were calculated as
the concentration in the aqueous sample able to generate a signal to noise ratio of three (S/N = 3)
after the overall microextraction and chromatographic procedure, and LOQs as ten times signal to
noise ratio (5/N = 10). LODs and LOQs were verified by preparation of aqueous standards at those
levels. Obtained LODs ranged from 1.5 ng-L~! for Chy and Ind to 300 ng-L~! for CuP and t-OP. It is
important to highlight the low LODs achieved with the current microextraction method, particularly
considering that DAD is used. A comparison with other methods, which also use solid-based
dispersion techniques in combination with HPLC-DAD or HPLC-UYV, are included in Table 54 of
the ESM. Clearly, the current study presents better sensitivity, and it presents the difficulty of dealing
with multi-component determination.

The inter-day precision (RSD, in %) of the entire D-uSPE-HPLC-DAD method was studied, by
triplicate, at two spiked levels during three non-consecutive days (1 = 3, intra-day). Table 3 shows that
inter-day RSD values ranged from 4.1% for Pg to 14% for Cbz at the lowest spiked level, and from 4.3%
for OP to 9.7% for Tr at the highest spiked level. Intra-day RSD values were always lower than 12%.
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Table 2. Several quality analytical parameters of the D-uSPE-HPLC-DAD method.

Analyte R;agl;b(;agtfgrl]) R Syix Slope 4= SD © (n:i]z]) (n]ég91)
Carbamazepine 0.05-5.74 0.9989 0.27 23+£02 5.0 16.7
4-Cumylphenol 0.80-5.74 0.9966 0.11 05+0.1 90 300

Progesterone 0.01-5.74 0.9980 0.99 6.5+ 05 24 8.00
Benzophenone-3 0.05-5.74 0.9991 0.38 38+02 45 15.0
Triclosan 0.50-5.00 0.9982 0.17 13+0.1 30 100
4-tert-Octylphenol 0.50-4.00 0.9995 0.09 1.8+0.1 90 300
4-Octylphenol 0.10-5.00 0.9998 0.10 24+01 15 50.0
Chrysene 0.01-5.74 0.9984 4.8 37+2 15 5.00
Indeno(1,2,3-cd)pyrene 0.01-5.74 0.9986 1.6 13+1 15 5.00

2 standard deviation of the regression (or error of the estimate). ® confidence intervals for the slope (1 = 6) with a
signification level of 95%.

Table 3. Analytical performance of the entire D-uSPE-HPLC-DAD method in terms of relative recovery,
extraction efficiency, and inter-day precision with aqueous standards.

Spiked Level 1 (1.50 pg-L~1) Spiked Level 2 (4.50 ug-L™")
Analyte Inter-Day Intra-Day X ~
Y€ Era(%)  RR® () RSD " RSDRanged Ex®(%) RRP (%) II{“S‘SC[Z"}Y) I“I:::gD:X FW;D
(%) (%)
Cbz 22.0 99.4 14 1.0-12 15.6 100 8.8 6.9-11
CuP 352 126 9.3 4.7-83 211 100 9.6 5.4-6.7
Pg 51.0 111 41 3344 42.8 88.8 6.7 32438
BP-3 29.2 112 9.4 32-77 25.7 91.9 8.1 2.6-3.6
Tr 40.8 95.0 8.2 5.4-9.5 43.0 104 9.7 5.6-8.9
t-OP 53.5 118 72 4.1-82 45.7 102 57 25-37
orP 69.6 102 7.5 6.1-9.5 63.9 90.5 4.3 1224
Chy 39.4 109 55 2.0-74 43.8 127 8.7 3.3-9.6
Ind 27.1 87.3 9.1 41-84 243 79.2 6.3 29-59

@ extraction efficiency calculated considering the preconcentration achieved with the microextraction method.
b relative recovery. © relative standard deviation for the inter-day precision (n = 9, 3 non-consecutive days).
d intra-day relative standard deviation range (1 = 3).

Average relative recoveries (RR, in %) were of 107% at the lowest spiked level and of 98.0% at the
highest spiked level. Real extraction efficiencies (Eg, in %), for the entire D-uSPE-HPLC-DAD method
range from 22.0% for Cbz to 69.6% for OP at the lowest spiked level. Several authors have pointed
out the difficulties in reaching Er values close to 100% in any microextraction procedure. Indeed, Eg
values are generally not reported in microextraction studies (see Table S4 of the ESM). In any case,
the validity of any Eg value for an analyte in a specific microextraction method is dependent on how
sensitive and reproducible is a method for a particular application [16,40].

3.7. Analysis of Wastewaters and Tap Water Samples Using the Optimized D-uSPE-HPLC-DAD Method

One tap water and two wastewaters samples were analyzed using the optimized D-uSPE-
HPLC-DAD method. As it can be observed in Table S5 of the ESM, none of the nine analytes were
detected in these samples.

Wastewater-1 was used as blank matrix to perform precision and recovery studies that serve, in
addition, to evaluate the matrix effect given its complexity. The obtained results are also shown in
Table S5 of the ESM, using a quite low spiked level of 1.50 ug-L~!. From the obtained results, there
is a clear matrix effect for analytes such as Cbz, Tr and Pg. For this type of samples, matrix-matched
calibrations are recommended.

In any case, it is important to mention that the obtained RSD values (in %) were lower than
17%, which is adequate for this microextraction method considering the low spiked level used for the
wastewater sample and its complexity.
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4. Conclusions

Four MOFs (MIL-53(Al), UiO-66, UiO,66-NH; and UiO-66-NO;) were successfully synthesized,
characterized and tested as sorbents for a D-uSPE method that implies monitoring of nine pollutants
of different nature: carbamazepine, 4-cumylphenol, progesterone, benzophenone-3, triclosan,
4-tert-octylphenol, 4-octylphenol, chrysene and indeno(1,2,3-cd)pyrene.

The dispersive method in combination with HPLC-DAD was properly optimized using the
UiO-66-NO; MOF, selected as the sorbent which offers highest extraction efficiencies for seven out of
the nine analytes, thus being a generic sorbent for this multi-component determination. Low amounts
of MOF (20 mg), low sample volumes (20 mL), short sample preparation times (8 min for extraction
and 10 min for desorption, both using vortex), and the minimization of the organic solvent needed
in the elution step (500 pL) were the optimum conditions for this microextraction method. Limits of
detection down to 1.5 ng-L*1 were achieved for Chy and Ind despite using DAD, as well as proper
analytical performance results such as adequate recovery, extraction efficiency and inter-day precision.

An insight on the possible interactions established between these MOFs and the studied analytes,
as a function of the nature of the functionalization of the organic ligand in the MOF, while keeping
constant the remaining topological conditions of the crystals, was given. The total efficiency of the
D-uSPE-HPLC-DAD method was positively influenced by the presence of functionalization groups in
the ligands of UiO-66, particularly due to the polar character given to the organic linkers. Nevertheless,
not all results can be justified only based on the polar character of the organic linkers. As main factors,
it is important to highlight the pore size of a MOF and the molecular sieving effect, changes in the
polar character or the electronic environments of the frameworks, energy effects, as well as intrinsic
characteristics of analytes experiencing partitioning to the MOFs.

The results of the current study will serve to better design of MOFs to be used as sorbents in
D-uSPE, intending tailored microextractions.

Supplementary Materials: The supplementary materials are available online.
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Abstract: This paper reports the performance comparison between the exhaustive and equilibrium
extraction using classical Avantor C18 solid phase extraction (SPE) sorbent, hydrophilic-lipophilic
balance (HLB) SPE sorbent, Sep-Pak C18 SPE sorbent, novel sol-gel Carbowax 20M (sol-gel CW
20M) SPE sorbent, and sol-gel CW 20M coated fabric phase sorptive extraction (FPSE) media for the
simultaneous extraction and analysis of three inflammatory bowel disease (IBD) drugs that possess
logP values (polarity) ranging from 1.66 for cortisone, 2.30 for ciprofloxacin, and 2.92 for sulfasalazine.
Both the commercial SPE phases and in-house synthesized sol-gel CW 20M SPE phases were loaded
in SPE cartridges and the extractions were carried out under an exhaustive extraction mode. FPSE
was carried out under an equilibrium extraction mode. The drug compounds were resolved using a
Luna C18 column (250 mm x 4.6 mm; 5 um particle size) in gradient elution mode within 20 min and
the method was validated in compliance with international guidelines for the bioanalytical method
validation. Novel in-house synthesized and loaded sol-gel CW 20M SPE sorbent cartridges were
characterized in terms of their extraction capability, breakthrough volume, retention volume, hold-up
volume, number of the theoretical plate, and the retention factor.

Keywords: FPSE; in-house loaded SPE; HPLC-PDA; method validation; IBD; extraction

1. Introduction

Sample preparation and ‘clean-up’ have the aim of improving the analytical parameters to enhance
detectability and to protect the performance of analytical equipment. However, these steps are time
consuming, utilize large volumes of toxic and hazardous organic solvents, and are prone to error.
For these reasons, novel extraction technologies are continuously being developed to overcome these
drawbacks [1] in order to improve the extraction efficiency, reduce the sample handling, and enhance
the reproducibility.
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Novel extraction strategies focus on improving the quality of extraction, decreasing the use of
solvents to become environmentally friendly, reducing the time for extraction, and the associated costs.
Solid-phase extraction (SPE) is the most popular sample preparation technique used for extraction,
clean up, and pre-concentration of both environmental and biological samples. In addition, SPE is fast,
easy, and green due to its reduced consumption of solvent compared to liquid-liquid extraction, its
relative inexpensiveness and ability for easy automation as well as shorter analysis time. The primary
advantage is that SPE is a non-equilibrium, exhaustive extraction procedure; the problem with using
an equilibrium process is that the analyst may never know when equilibrium has been reached, and
the equilibrium distribution may necessitate multiple extractions [2].

Fabric phase sorptive extraction (FPSE) is a new generation solvent-free/solvent-minimized
microextraction technique developed by Kabir and Furton [3]. FPSE is a simple, rapid, and green
sample preparation technique, which not only simplifies the sample preparation by eliminating
many unnecessary steps such as filtration, protein precipitation, solvent evaporation, and sample
reconstitution, it also substantially reduces the organic solvent consumption [4]. The permeable
fabric substrate used to chemically bind sol-gel derived high performance sorbents in FPSE mimics
the flow-through extraction mechanism used in SPE even when the extraction is carried out under
equilibrium extraction mode, resulting in a faster mass transfer and extraordinarily high analyte
recovery. The flexibility of the FPSE media allows its direct insertion into the sample container, reducing
possible analyte loss [1] and potential cross contamination stems from the containers. The main
advantages of FPSE are its high contact surface area for rapid sorbent-analyte interactions and the
possibility of enhancing the diffusion of analytes through the FPSE media with magnetic stirring or
sonication to obtain a fast extraction equilibrium [5].

Among different treatment regimens used in inflammatory bowel disease (IBD), cortisone,
ciprofloxacin, and/or sulfasalazine are orally administrated among other drugs; these drugs are
generally present at trace level concentrations in physiological samples including plasma, urine, and
saliva. As such, a preconcentration step is necessary to obtain advantageous signal-to-noise ratios
in chromatographic separation and detection [6,7]. The logP values of the target analytes ranging
from 1.66 for cortisone, to 2.30 for ciprofloxacin, and 2.92 for sulfasalazine (Table 1), coupled to their
widespread range of pK, values pose a great challenge for their simultaneous extraction and analysis.
Particularly these differences could influence the extraction efficiency of the analytes. These differences
necessarily guide the selection of possible sample preparation and clean-up procedures that can be
applied, and failure to select an appropriate sample preparation technique may lead to low analytical
performances during traces analysis.

Both the exhaustive extraction technique (such as solid phase extraction) and equilibrium
extraction technique (such as solid phase microextraction, fabric phase sorptive extraction, stir bar
sorptive extraction) not only utilize different extraction mechanism, but also use mutually exclusive
extraction sorbents. Among SPE sorbents, hydrophilic-lipophilic balance (HLB) and C18 are the
most popular, whereas for equilibrium extraction, poly(dimethyl siloxane), poly(ethylene glycol),
and polyacrylate are noteworthy. As such, it is important to compare the extraction performances
between the two major extraction modes as well as between different sorbent chemistries. Only a few
sorbent chemistries are available in both the exhaustive and equilibrium extraction formats. However,
our research group has recently introduced a large number of traditional microextraction sorbents
including poly(dimethyl siloxane) and poly(ethylene glycol) in solid phase extraction format. In
the current study, sol-gel CW 20M SPE sorbent and sol-gel CW 20M coated FPSE media are used
for extraction performance evaluation and comparison among other sorbents. These phases were
newly synthesized in our laboratory and herein tested in order to compare them in terms of the
main analytical parameters (for SPE breakthrough volume (V3), retention volume (Vy), hold-up
volume (V}y), retention factor (k), and theoretical plates number (N), and for both SPE and FPSE the
enrichment factors).
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To the best of our knowledge, this is the first comprehensive comparison between exhaustive and
equilibrium extraction modes utilizing multiple C18 SPE sorbents, HLB sorbent, novel sol-gel CW
20M SPE sorbent, and sol-gel CW 20M coated FPSE membrane for the determination of IBD drugs,
possessing logP values (polarity) of 1.66 for cortisone, 2.30 for ciprofloxacin, and 2.92 for sulfasalazine.
Due to the difference in their physicochemical properties, especially their polarity, selected IDB drugs
pose a challenge for their simultaneous extraction and preconcentration at their trace and ultra-trace
level concentrations.

2. Results and Discussion

2.1. Determination of SPE Parameters: Breakthrough Volume, Retention Volume, Hold-Up Volume, Retention
Factor, and Theoretical Plate Number for SPE Devices

To understand the extraction mechanism and to utilize their full potential as the extraction media,
it is important to characterize the sorbents available for the extraction and clean-up process. When the
solid phase extraction (SPE) procedure is adopted, the main parameters that need to be considered are
the breakthrough volume (V), retention volume (V), hold-up volume (Vy), retention factor (k), and
the theoretical plates number (N).

As reported in the literature [8,9], for the determination of the above parameters, off-line SPE can
be followed by applying the sigmoid shape breakthrough curve. Particularly, from this model obtained
by fitting of the experimental points by Boltzmann's function:

Al — A
Y=Ap+ 2 (1)
1+4+edax
and be calculated by the breakthrough volume
_ 100 Aq
Vg = x9 +dx:In {W(l_ A—2> —1} )
hold-up volume:
Vv = xo +dx-In {99—100-ﬁ} 3)
Ay

The retention volume, defined as the inflection point of the curve, corresponds to the x; value.
The retention factor (k) is defined using the following equation:

Vm = Vr(1+k) @
and the theoretical plates number:
VR(VR — 01
N = VR R v) 5)
Ty
were 0y was obtained by:
VB = VR — 20’\/ (6)

In the current study, following our research on innovative extraction procedures [4,10-13] and
devices, we compare four different SPE sorbents (both commercially available and in-house produced)
and the innovative fabric phase sorptive extraction (FPSE) media.

Using these equations, it was possible to evaluate the breakthrough volume, retention volume,
hold-up volume, retention factor, and theoretical plate number for the herein considered stationary
phases loaded on the SPE cartridges. In Figure 1 we reported the experimental curves and the fittings
used for the parameters calculation.
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Figure 1. Comparison of breakthrough curves determined for the analytes on the different solid phase
extraction (SPE) sorbents and at 10 pg/mL (left) and 50 ug/mL (right).

The Boltzmann’s functions shown in Figure 1 allows us to evaluate the breakthrough volume (Vp),
retention volume (V), hold-up volume (V)), retention factor (k), and theoretical plate number (N) as
reported in Tables 2 and 3 (by using the above reported equations). In these Tables, it was highlighted
that for the tested compounds, some of these materials are not available in a “universal” phase. In
fact, some analytes were not reported (both in Figure 1 and Tables 2 and 3) because no quantitative
data were obtained after the SPE steps and, consequently, it was not possible to perform the analysis
by Boltzmann’s function (like all the other compounds). Similarly, in other published papers [8,9,14],
this model could not reach a complete analysis (due to a “floating point error” applying Boltzmann’s
function) and evaluation of the above-mentioned parameters.

130



Molecules 2019, 24, 382

L1 G40 6L v G9 QUOST}I0D)
€1 99°0 6% 6T a4 91e0ZUdqAXOIPAY-d-TAIDIN
- - - - 06< aurzefesejng W0 MO
3 S6'T L8 T 97'S upexopordi)
- - - - 06< U0S1}I0D)
- - - - 06< 91e0ZuaqAXOIPAY-d-TA IS
- - - - 0g< ourzeresejing dTH SIstO
ar8 110 8'8¢ 6'GC 9'/LC upexopordry
_ - - - 06< UO0S1}I0D)
w.ﬁ mm..o w.wo e .um 8T  9r0zZUdqAXOIpAY-d-TAyoN $1 o0, deg-dog
05< ourzereseyng
91 £8°0 9°0¢ 7ot 9¢T upexopyord)
- - - - 06< QUOSI1I0D)
0002 020 6’11 66 €Il oyeozuaqAxoIpAy-d-[AyeN $1 Tojuen
- - - - 06< durzefesejing D v
- - - - 0s< unexojordin
(N) sareld (3)) 1030e] (Tur) dwnjop (Tur) dWIN[OA (Tur) dwnjop seuy Jusqios
[e5133103Y ], JO IdqUINN uonu}Y dn-proy uonu}Y ySnoxyppearg

“Jur/31 O] JO UOTIEIUSOUO0D J) Je SISATeUR [eJUOIJ UT SJUSQIOS JUSIDJJIP UO Sa)ATeure oY) 10J PAUTULIdISP SIdjourere ] ‘g A[qeL

131



Molecules 2019, 24, 382

R - - - 0z< QUOST}I0D)
- - - - 0z< 9ye0ZUdqAXOIPAY-d-TAYIdIA
14 c0'¢ LT VA el suizefesejng N0z MO
- - - - 0z< unexofjordi)
- - - - 0z< 2U0S1I0D)
_ _ - - 0z< 91e0ZuaqAXOIPAY-d-TA IS
- - - - 0z< auizeesejing €1H SI5°0
8 el £0C 8'8 6'¢cl upexopordry
- - - - o< QUOST}I0D)
<1 80 vz LFL vl 9e0zuaqAX0IpAY-d-[AyN
- - - - 0z< surzeeseyng 81 2eA deq-dog
cl 660 <L 9¢ e upexopyoxdry
14 8Y'C 9'6¥ [448 'S¢ QUOSTIOD
€ 16T eyl L€ £9  dpeozusqAxorpAy-d-[AypN 81 JONEAY
q 91 q9v 7Ll L'6C sulzefesejng
q 89°C e 8'8 1ar upexopyoxdry
(N) sare1d [CIELELE (Tw)dwmnjop  (Tu)owmop  (Tw)dumjop shpeuy Ju2qI0S
[€21}2103Y I, JO Id3qUINN uonuUARY dn-pron uonuIRY ySnoxyppearg

“Jur/31 (G JO UOTIEIUOUO0D JY) Je SISATeUR [eJUOIJ UT SJUSQIOS JUSIDJJIP UO Sa)ATeure oY) 10J PAUTULIdISP SIdjourete ] ¢ d[qeL

132



Molecules 2019, 24, 382

All tested SPEs show high retention values for sulfasalazine that do not allow us to evaluate the
principal parameters, also due to the fact that with the obtained quantitative data no Boltzmann's
function can be performed. Within the four tested phases, the sol-gel CW 20M shows the ability
to retain all compounds with a good number of theoretical plates, and in the meantime allow the
use of a small elution volume. These findings follow the general principles of the Green Analytical
Chemistry. In this case, unfortunately, the calculated breakthrough volume, retention volume, hold-up
volume, retention factor, and theoretical plate number were lower than the values obtained for the
other tested phases.

Interestingly, commercially available phases show superior results at higher concentration levels
for the tested compounds, while the new sol-gel CW 20M are at low concentrations. This finding could
be observed from the comparison of Tables 2 and 3 where the evaluated parameters can be calculated
for high and low concentrations, respectively.

2.2. Mechanism of Extraction in FPSE

FPSE has combined two major sample preparation techniques: SPE (governed by exhaustive
extraction principle) and SPME (governed by equilibrium driven extraction principle) into a single
sample preparation technique. Due to the geometrical advantage and the combination of both the
equilibrium and exhaustive extraction mechanism [15], FPSE can perform exhaustive extraction under
equilibrium extraction conditions. The fabric substrates are inherently permeable. The permeability
of the fabric substrate remains intact even after the sol-gel sorbent coating. When the FPSE media
is immersed into the liquid sample matrix, the aqueous solution rapidly permeates through the
porous bed of sol-gel sorbent-coated FPSE media and rapidly interacts with the sorbent via different
intermolecular interaction mechanisms. As such, the FPSE membrane behaves like a SPE disk. At the
same time, when the FPSE media is introduced into the aqueous solution, it behaves similarly to the
SPME thin film format, analytes continue to accumulate onto the FPSE media based on the partition
coefficient of the analyte(s) between the sol-gel sorbent and the sample matrix until the extraction
equilibrium is reached.

2.3. Characterization of Sol-Gel CW 20M SPE Sorbent Using FTIR and TGA Analysis

The experimental FTIR spectrum shows a very weak band at 2974 cm ™!, indicating the symmetric
stretching of a C-H bond. Then a medium sharp band a 1269 cm ™!, which can be assigned to a Si-CHj
bond and is indicative of the successful integration of methyl trimethoxysilane (MTMS) into the sol-gel
network. Then a broad band with a visible shoulder, centered at 1044 cm !, indicative of vibrations
related to Si-O-Si bonds. These features are likely connected to the siloxane nature of the sample [16].
All these findings are reported in Figure 2. One very important point that can be noted here, is the
absence of any band around 3690 cm~! that corresponds to free silanol (Si-OH). This indicates that
even though the sol-gel CW 20M SPE sorbent was not treated with any endcapping (post synthesis
derivatization to minimize unreacted surface silanol groups of the silica substrate), the novel SPE
sorbent does not possess any residual surface silanol groups.

Thermogravimetric analysis shows a 2% weight loss up to 250 °C, probably due to loss of moisture
and volatile species entrapped inside the sol-gel CW20M particles. Then, as indicated by differential
thermal analysis (DTA) data, between 400 °C and 600 °C a slightly exothermic process is visible,
probably due to the loss of unreacted reaction products trapped inside the sol-gel particles. The sol-gel
CW 20M sorbent was synthesized using two catalysts, an acid catalyst during hydrolysis and a base
catalyst during polycondensation. Due to the use of two catalysts in the sol-gel synthesis, the CW
20M polymer becomes chemically integrated into the sol-gel network and was able to endure the high
temperature without converting into CO, during the thermogravimetric analysis. It should also be
noted that the stoichiometric carbon loading of sol-gel CW 20M was approximately 35% compared to
9-10% carbon loading in commercial C18 sorbents. The total weight loss at the end of the experiment
was 6.99%. All these findings are reported in Figure 3.
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2.4. Enrichment Factors Determination

In Table 4 we reported the enrichment factors observed for the tested compounds. As highlighted
within the SPE format, Oasis HLB shows the highest values (up to 607-folds), even if sol-gel CW
20M shows more reproducible values for all compounds, especially for cortisone. Contrary to the
speculation made in Section 3.6, sol-gel CW 20M did not provide superior extraction performance
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compared to its commercial counterparts including C18 and HLB sorbents. The unexpected low
performance can be attributed to the insufficient cleaning of the sol-gel CW 20M sorbent after
the synthesis and conditioning (the TGA profile of sol-gel CW 20M corroborates this hypothesis).
As such, the matrix still contains trapped solvent and unreacted reaction byproducts. Therefore,
interaction between the target analytes and the sorbent occurred preferentially on the outer surface.
Further experimentation is needed to evaluate actual extraction performance of the new sorbent after
proper cleaning to ensure that all the trapped solvent and the unreacted reaction byproducts are
exhaustively removed.

Table 4. Enrichment factors (%) observed at concentrations of 0.8, 2.5, and 8 ug/mL of water standard
solutions. The enrichment factors were calculated as the percentage of peak area enhancement (after
extraction) with respect to the area of reference standard solutions.

Analvte QC Concentration FPSE CW SPE Format
y (ug/mL) 20M Avantor Sep-Pac Qasis CW
C18 Vac C18 HLB 20M
0.8 284 740 304 67 321
Ciprofloxacin 25 37.0 406 199 607 186
8 13.6 200 188 367 113
0.8 248 640 100 380 202
Sulfasalazine 2.5 164 325 206 408 217
8 278 344 299 493 225
0.8 190 204 78 314 59
Methyl-p-hydroxybenzoate 2.5 155 310 133 344 113
8 121 205 216 252 76
0.8 136 80 123 na. 171
Cortisone 25 88 160 195 167 199
8 128 203 240 245 161

n.a. not available, the analyte is not detected during the analysis.

In Table 4 we also reported the enrichment factors observed for sol-gel CW 20M in the FPSE
format. These values, in accordance with previously observed ones [6], were lower than the sol-gel
CW 20M in SPE format, even if always comparable (or higher) in respect to other SPE commercially
available devices.

It should be noted that, even if the enrichment factors calculated for both the SPE and the FPSE
(Table 4) can vary a lot, and for the latter they were always lower than the SPE, the greatest advantage
of the FPSE technique lies in the fact that it allows extraction of the analytes directly from the matrix of
interest without having to resort to preliminary procedures of protein precipitation and/or cleaning
up [4,6,7] to avoid the clogging phenomena.

3. Material and Methods

3.1. Chemicals, Solvents and Devices

Ciprofloxacin, methyl-p-hydroxybenzoate (methyl paraben, IS), sulfasalazine, and cortisone (>98%
purity grade), sodium phosphate monobasic and sodium phosphate dibasic (>99% purity grade) and
phosphoric acid were purchased from Sigma-Aldrich (Milan, Italy). Acetonitrile (ACN) and methanol
(HPLC-grade), DMSO and HCl 37% (RPE-ISO for analysis) were purchased from Carlo Erba (Milan,
Italy) and were used without further purification. The water (18.2 M(Q-cm at 25 °C) for HPLC analysis
was generated by a Millipore Milli-Q Plus water treatment system (Millipore Bedford Corp, Bedford,
MA, USA).

Solid phase extraction devices evaluated in this work were Oasis HLB (Waters, Milford, MA,
USA), Sep-Pak Vac C18 (Waters, Milford, MA, USA), Avantor C18 loaded SPE (J.T. Baker, Avantor
Performance Materials, LLC., Center Valley, PA, USA), and novel Carbowax 20M (sol-gel CW 20M,
highly polar sorbent possessing poly(ethylene glycol), HHOCH(CH3)CH;],OH as the building block).
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All devices were in the format of 1 mL, 30 mg. GraphPad Prism v.4 (GraphPad Software Inc, San Diego,
CA, USA) was used for the statistical analysis of experimental data.

3.2. Stock Solution and Quality Control Samples

The stock solutions of chemical standards were made at the concentration of 1 mg/mL in the
appropriate solvent, referring to solubility tests: ciprofloxacin was solubilized in a mixture MeOH:
HCI (0.1 M) 1:1 (v/v), sulfasalazine in DMSO, methyl-p-hydroxybenzoate and cortisone in MeOH. The
combined working solutions (at the concentration of 10 and 50 pug/mL) were prepared by dilution
of a mixed solution in MilliQ water. The resulting samples were used to evaluate the enrichment
factors, breakthrough volume, retention volume, hold-up volume, retention factor, and theoretical
plate number.

3.3. Apparatus and Chromatographic Conditions

Analyses were performed using an HPLC Thermo Fisher Scientific liquid chromatography system
(Model: Spectra System P2000) coupled to a photodiode array detector (PDA) Model: Spectra System
UV6000LP. Mobile phase was directly on-line degassed by using a Spectra System SCM1000 (Thermo
Fisher Scientific, Waltham, MA, USA). Excalibur v.2.0 Software (Thermo Fisher Scientific, Waltham,
MA, USA) was used to collect and analyze the data. The Luna C18 (250 x 4.6 mm, 5 um particle size;
Phenomenex, Torrance, CA, USA) packing column connected to a security guard column (4.0 x 3.0 mm,
5 um particle size; Phenomenex, Torrance, CA, USA) were used to separate drugs and internal standard
(IS). The column and security guard column were thermostated at 25 °C (& 1 °C) using a Jetstream?2
Plus column oven during the analysis. Drugs and IS were detected at the maximum wavelengths of
283 nm (ciprofloxacin), 369 nm (sulfasalazine), 260 nm (methyl-p-hydroxybenzoate), 247 nm (cortisone),
respectively, following the validated method reported in reference [6].

3.4. Preparation of Fabric Phase Sorptive Extraction (FPSE) Media

The preparation of the cellulose fabric substrate for sol-gel coating, the preparation of the sol
solution for sol-gel coating, and the sol-gel immersion coating process have been described in detail
elsewhere [15].

3.5. Synthesis of Sol-Gel CW 20M SPE Sorbent

The sol solution for sol-gel CW 20M SPE sorbent was prepared by mixing Carbowax 20M polymer,
tetramethoxysilane (TMOS), methyl trimethoxysilane (MTMS), and isopropanol in a molar ratio
0.015:1:1:20, respectively, as reported by Kabir and Furton [17]. The mixture was first vortexed for
5 min and subsequently sonicated for 30 min to ensure that the resulting solution became homogeneous
and free of any trapped bubbles. Afterwards, 0.1 M HCI was added to the mixture in a molar ratio of
TMOS: 0.1 M HC], 1:4. The mixture was mixed again for 3 min and the sol solution was left overnight
thus that the hydrolysis of the sol-gel precursors, TMOS and MTMS, continued towards completion.
Subsequently, 1 M NH4OH was added in droplets to the sol solution under vigorous stirring until the
pH of the solution became basic and the sol solution started turning into a gel spontaneously. Once
the gelation completes, the sol-gel matrix was allowed to age for 48 h. The sol-gel matrix was then
crushed and dried in a vacuum oven at 70 °C for 48 h. The dried sol-gel CW 20M SPE sorbent was
then rinsed with 50:50 (v/v) methanol: Methylene chloride under sonication to remove unreacted sol
solution ingredients and reaction byproducts. The sol-gel CW 20M sorbent was dried again at 70 °C
for 24 h. Finally, the dried sol-gel CW 20M sorbent was pulverized in a ball mill into fine particles and
particles between 40-52 pm diameter were collected in a mesh screen for using as the SPE sorbent.

136



Molecules 2019, 24, 382

3.6. Preparation of the SPE Media

The SPE cartridges used in this work were both commercial (Sep-Pak Vac C18, Oasis HLB,
and Avantor C18) and in-house loaded with the sol-gel CW 20M (this latter stationary phase was
synthetized as previously reported in paragraph 3.5). All devices were obtained in the format of 1 mL,
30 mg in order to compare the analytical performances directly. The principal SPE phase characteristics
are reported in Table 5.

Table 5. Physical characteristics of SPE sorbent phases.

Sorbent Surface Area Pore Pore Volume Particle Size
Sorbent Mass (mg) (m?/g) Diameter (A) (cm®/g) (um)
Oasis HLB 30 800 80 1-3 30
Sep-Pac Vac Cyg 30 325 125 - 55-105
Avantor Cyg 30* 320-350 60 - 40
Carbowax 20M 30 990 71 1.8 40

* Commercially available in the size of 1 mL/100 mg sorbent phase; to compare cartridges with the same amount of
sorbent phase, we have emptied and reconstituted them with 30 mg of their sorbent phase.

Compared to Brunauer-Emmett-Teller (BET) adsorption isotherm values (surface area, pore
diameter, and pore volume) obtained for sol-gel CW 20M SPE sorbent with commercially available
HLB and C18 sorbents, sol-gel CW 20M SPE sorbent demonstrated higher surface area and pore volume
and is expected to provide superior extraction efficiency compared to their commercial counterparts.

3.7. SPE Sorbents Characterization Using FTIR and TGA

FTIR spectroscopy was conducted on a Perkin-Elmer spectrum TWO instrument, operating
in Attenuated Total Reflectance (ATR) mode in the 4000 cm~1-450 cm~! wavenumber range.
Thermogravimetric analysis was carried out using a Netzsch Regulus 2500 thermobalance, in air
atmosphere, in the 25-950 °C temperature range.

4. Conclusions

In these researches, it was highlighted that for the tested compounds nowadays there is not
available a “universal” phase. In fact, for some analytes it was not possible to evaluate the breakthrough
volume (Vp), retention volume (Vy), hold-up volume (Vy;), retention factor (k), and theoretical plates
number (N), because no quantitative data were obtained after the SPE steps. Consequently, it was not
possible to perform the analysis by Boltzmann'’s function due to a “floating point error”.

Comparing the breakthrough volume and enrichment factors data allowed us to evaluate the
performance of both the FPSE and SPE techniques. The SPE technique showed the highest enrichment
factors; consequently, this method is more suitable for samples with low analytes concentration.
Indeed, breakthrough volumes and the number of theoretical plates data from the SPE method are
higher for analytes concentration at 10 pug/mL, than the analytes concentration at 50 pg/mL. Generally,
the deployment of silica sorbents (e.g., Avantor C18 and Sep-Pac-Vac C18) is not that advantageous
relative to polymeric sorbents (e.g., Oasis HLB and sol-gel CW 20M) due to their instability in broader
pH ranges. Additionally, silanol groups in silica sorbents bind irreversibly with target components,
thus requiring more eluting solvents and a large consumption of time [18,19].

Among the different sorbent phases tested, Oasis HLB cartridges have the best performances,
furthermore, against expectations, we found that even C18 cartridges showed better results than sol-gel
CW 20M cartridge for that kind of analytes.
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Abstract: Fabric phase sorptive extraction, an innovative integration of solid phase extraction
and solid phase microextraction principles, has been combined with gas chromatography-mass
spectrometry for the rapid extraction and determination of nineteen organochlorine pesticides
in various fruit juices and water samples. FPSE consolidates the advanced features of sol-gel
derived extraction sorbents with the rich surface chemistry of cellulose fabric substrate, which could
extract the target analytes directly from the complex sample matrices, substantially simplifying the
sample preparation operation. Important FPSE parameters, including sorbent chemistry, extraction
time, stirring speed, type and volume of back-extraction solvent, and back-extraction time have
been optimized. Calibration curves were obtained in a concentration range of 0.1-500 ng/mL.
Under optimum conditions, limits of detection were obtained in a range of 0.007-0.032 ng/mL
with satisfactory precision (RSD < 6%). The relative recoveries obtained by spiking organochlorine
pesticides in water and selected juice samples were in the range of 91.56-99.83%. The sorbent sol-gel
poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) was applied for the extraction and
preconcentration of organochlorine pesticides in aqueous and fruit juice samples prior to analysis
with gas chromatography-mass spectrometry. The results demonstrated that the present method is
simple, rapid, and precise for the determination of organochlorine pesticides in aqueous samples.

Keywords: fabric phase sorptive extraction; gas chromatography-mass spectrometry; organochlorine
pesticides; sample preparation

1. Introduction

Organochlorine pesticides (OCPs), a sub-class of persistent organic pollutants (POPs), have been
mass-produced since the 1940s and widely applied in agriculture worldwide as important insecticides
because of their cheaper price. They gained popularity due to their effectiveness in controlling
mosquitoes, hence controlling malaria and typhoid fever [1,2]. OCPs are among nine of the initial “dirty
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dozen” persistent organic pollutants (POPs) identified by the Stockholm Convention on persistent
organic pollutants (POPs) in 2001 [3]. As OCPs have low water solubility and high lipid solubility,
they easily accumulate in the environment and living organisms. Additionally, these persistent
environmental pollutants are very hazardous, and due to their volatility are susceptible to long-range
atmospheric transport [4,5]. They are capable of biomagnifications through the food chain. Surface
runoff from non-point sources, discharge of industrial wastewater, disposal of empty containers
and equipment, discharge from surface application of pesticide [6] and careless washing lead in the
addition of OCPs to the aquatic environment [7]. A study revealed that OCPs are responsible for toxic
effects to aquatic organisms. Furthermore, they can accumulate in the ecosystem and potentially pose
threat to biodiversity [8]. Despite the ban on their industrial production since the 1970s, OCPs are still
found at trace levels in the environment due to their resilient physiochemical properties. OCPs have
been found to cause several carcinogenic and non-carcinogenic disorders in humans [9,10]. Increasing
concern regarding health safety issues has emphasized the need for detection of pesticides at trace
levels in the drinking water and food as these have leached the soil and entered the food chain [11].
Therefore, detection of OCP residues is of utmost importance in estimating potential health risks,
performing ecotoxicological risk assessments, and enforcing regulations [12,13]. The development of
simple, fast, reliable and environmentally friendly methods that enable the determination of OCPS at
trace levels in aqueous samples is of great concern nowadays [14,15].

For the trace analysis of target analytes in various matrices, the sample preparation is of paramount
importance to analytical efficiency and analyte recovery. Various extraction techniques based on
solid sorbents have been extensively used for the determination of OCPs from aqueous samples
including solid-phase extraction (SPE) [5,16], solid-phase microextraction (SPME) [17], single drop
microextraction (SDME) [18], magnetic solid-phase extraction (MSPE) [19], micro solid-phase extraction
(u-SPE) [20,21] and stir-bar sorptive extraction (SBSE) [22,23]. The extraction of analytes relies on the
type of sorbent material being used. Moreover, selectivity of the extraction method depends upon
the nature of the sorbent, which determines their affinity towards the target compounds. In this
regard, sol-gel technology has achieved considerable success in analytical sciences, with potential
applications in the adsorption and separation of various analytes which result from their distinct
features, such as unique selectivity, enhanced extraction sensitivity and higher thermal, mechanical
and solvent stability [24]. FPSE, introduced in 2014 by Kabir and Furton, represents an important
development for the extraction of several organic pollutants at trace and ultra trace levels. It combines
the sampling, isolation and enrichment of the analytes in a single step, making it a quick sample
preparation process [25,26]. FPSE consists of a small cellulose or polyester fabric coated with a thin
layer of a suitable sorbent phase by sol-gel coating technology. There is a large number of coatings
available for FPSE, and the extraction performance is dependent on the choice of an appropriate
sorbent [27,28]. FPSE is an equilibrium technique based on partitioning of the analytes between
the matrix and an extraction phase. The FPSE media is inserted into the sample solution, which is
agitated for a certain time, and the adsorbent with the adsorbed analyte is then separated from the
solution [29]. The analytes are consequently eluted and analyzed. FPSE possesses some exceptional
and unprecedented properties such as ultra-high specific surface area, increased surface activities,
flexible functionalization and tunable composition, which make them suitable for versatile and efficient
sample preparation [30-32]. Additionally, FPSE media are very stable in a wider range of harsh organic
solvent due to stronger chemical bonding between sol-gel sorbent and fabric media [33]. One of the
most crucial factors for successful application of FPSE is direct extraction of analyte from real sample
matrices without any specific requirement, such as filtration, centrifugation, solvent evaporation and
sample reconstitution [34-36].

The present study involved an exploratory study on the feasibility of using FPSE media for the
extraction and determination of persistent organic pollutant in various real sample matrices. This paper
demonstrates a simple, rapid and efficient FPSE method coupled with GC-MS that we have developed
to analyze the amount of organochlorine pesticides in water and juice samples obtained from market.
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The optimization of the analytical process, including the influence of several experimental parameters,
selectivity, and interaction mechanisms, is fully discussed.

2. Results and Discussion

2.1. Optimization of Fabric Phase Extraction

To evaluate the capability of FPSE media, the extraction of a mixture of organochlorine containing
19 OCPs as model compounds from water and juice samples were investigated. Several FPSE
parameters, including the extraction time, stirring speed, desorption solvent and its volume, desorption
time, and ionic strength, were investigated to achieve the best extraction efficiency of the chosen
FPSE media.

2.1.1. Selection of Fabric Phase Sorptive Extraction Sorbent Chemistry

One of the most important tasks in fabric phase sorptive extraction method development is to
select the appropriate sorbent chemistry that would offer the highest selectivity and extraction efficiency
towards the target analytes. Failure to select the appropriate sorbent chemistry may substantially limit
the overall sensitivity of the analytical method. Unlike other microextraction techniques, which have a
limited number of sorbents to choose from, fabric phase sorptive extraction offers a large number of
sol-gel-based high-efficiency sorbents that can potentially be used for a given application. It would
be an utterly tedious job if one had to test all the available sorbents, as in the case of most sample
preparation techniques, to find the most suitable one. To simplify the sorbent selection process, fabric
phase sorptive extraction has developed an absolute recovery prediction calculator using the logKow
values of the analytes for each of the FPSE sorbent media. Using the logKow value of the analyte,
one can predict about the tentative absolute recovery of the particular analyte. For multi-residual
analysis, once the recovery value for each of the analyte is calculated, the FPSE sorbent, which provides
the highest recovery values for most of the analytes, can be selected or two/three FPSE sorbent media,
can be short-listed for method development and the best one can be selected from the experimental data.
Taking the medium and low polarity of the organochlorine pesticides into consideration, two medium
polar FPSE coatings, sol-gel poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) (sol-gel
PEG-PPG-PEG) and sol-gel poly(caprolactone)-poly(dimethyl siloxane)-poly(caprolactone) (sol-gel
PCAP-PDMS-PCAP) were selected as the potential sorbent candidates. The schematic representation
of sol-gel PEG-PPG-PEG and sol-gel PCAP-PDMS-PCAP coated FPSE media are presented in Figure 1.
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Figure 1. Schematic representation of (a) sol-gel PCAP-PDMS-PCAP; (b) sol-gel PEG-PPG-PEG coated
FPSE media.

The absolute recovery equations for both the sorbents are given below:

Absolute Recovery, % for sol-gel PEG-PPG-PEG: —3.68 + 23.07 logKow—1.72 (log Kow—2.74)?
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Absolute Recovery, % for sol-gel PCAP-PDMS-PCAP: —3.36 + 22.34 logKow —2.12 (log Kow —2.74)

Since the model is valid between logKow 0.3-5.07, the predicted absolute recovery values have
been calculated for only 7 OCPs whose logKow values are within this range. The predicted absolute
recovery values are presented in Table 1.

Table 1. Predicted absolute recovery values (%) for selected OCPs on two FPSE media.

Predicted Absolute Recovery Values (%)

FPSE Sorbent B-Endosulfan  Endosulfan Sulfate y-BHC p-BHC «-BHC §-BHC Endrine Aldehyde
Sol-gel

PEC. PP PR 74.49 75.29 7648 7765 7837 84.44 95.71
Sol-gel 75.86 76.61 7770 7879  79.33 84.97 94.88

PCAP-PDMS-PCAP

The highest value obtained for each analyte is presented in bold. As seen in Table 1, the sol-gel PCAP-PDMS-PCAP
FPSE sorbent projected higher recovery for almost all of the analytes. Based on this prediction, both FPSE sorbents
were subjected to the extraction of OCPs.

Both the FPSE media were used for the extraction of the target OCPs from 10 mL spiked aqueous
solution at 5 ng/mL, extraction time, 20 min; stirring speed at 900 rpm, back-extraction in acetone for
15 min. The results are presented in Figure 2a. Although the absolute recovery model predicted that
sol-gel PCAP-PDMS-PCAP would perform better than sol-gel PEG-PPG-PEG, in reality, the extraction
performance for all OCPs were superior in sol-gel PEG-PPG-PEG FPSE media. The root cause for this
discrepancy needs further investigation and perhaps refinement of the absolute recovery calculator.
Nonetheless, the models can definitely help in shortlisting suitable FPSE sorbents for selecting the best
from real experimentations. Based on the experimental results, sol-gel PEG-PPG-PEG coated FPSE
media was selected as the optimum sorbent for OCPs and was used in all the subsequent method
development and validation experiments.

2.1.2. Effect of Stirring Speed

Sample agitation is a critical parameter in the extraction process according to mass transfer theory.
Sample agitation increases the movement of analytes to fabric surface with reduction in thickness
of boundary layer and shortened thermodynamic equilibrium time. Therefore, the effect of stirring
speed on the extraction efficiency of the analytes was investigated within the interval of 300-1200 rpm.
The extraction efficiency of the analytes increased with increase in the stirring speed as demonstrated
by the results (Figure 2b). The highest extraction efficiency was achieved at a stirring speed of 1200
rpm. Therefore, 1200 rpm stirring speed was selected for the subsequent experiments.

2.1.3. Effect of Extraction Time

The extraction time is a critical parameter in the FPSE procedure as it greatly influences
the partition of the target analytes between the sample solution and the sorbent. FPSE is an
equilibrium-based technique, and the mass transfer of analytes from the sample solution to the
sorbent is directly influenced by the extraction time. To achieve the highest extraction recovery,
the effect of time on the extraction efficiency was examined in the range of 5-50 min. The adsorbed
amounts of OCPs generally increased with extraction time up to 30 min with no obvious change
occurring thereafter as depicted in Figure 2c. Thus, the extraction reached the equilibrium at 30 min.
Consequently, an extraction time of 30 min was selected for further analysis.

2.1.4. Effect of Matrix pH

OCPs are persistent organic pollutants that are present in the neutral state within the entire pH
range in an aqueous solution. Hence, the pH of the sample solution was not expected to have a
significant impact on the extraction efficiency. Nonetheless, the effect of pH on recovery was conducted
by varying pH values ranged from 2 to 10 adjusting with HCI or NaOH (1 = 3). Indeed, no significant
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difference in terms of extraction efficiency was observed for OCPs. Hence, subsequent experiments
were conducted with measured pH values in the range of 6.0-7.0 without any pH modification in the
sample solution.
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Figure 2. Effect of (a) sorbent type; (b) agitation speed; (c) extraction time; (d) salt addition;
(e) desorption solvent; (f) desorption time; (g) desorption solvent volume; (h) repeated use of FPSE
media on the microextraction efficiency of the analytes (sample volume: 10 mL; concentration of the
analytes 5 ng/mL).

2.1.5. Effect of Salt Addition

The addition of salt can enhance the ionic strength of the sample solution and diminish the
solubility of analytes in the sample solution by salting out effect. Thus, the partitioning of the analytes
from the sample solution to the adsorbent is revamped. In this study, the effect of ion strength on
the extraction efficiency of the analytes was investigated by adding different concentrations 0, 1, 2.5,
5,10 and 15%, (w/v) of NaCl into the standard working solution with three replicates at each point.
The results revealed that the addition of NaCl up to 5.0% (w/v) increases the extraction efficiency due
to the salting out effect and then decreases. Further increase in NaCl concentration can increase density
and viscosity of the aqueous solution that diminishes the salting-out effect and results in low mass
transfer and extraction efficiency (Figure 2d). Thus, 5.0% (w/v) was chosen as the suitable amount of
NaCl for the subsequent experiment.
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2.1.6. Desorption Conditions

The selection of an appropriate desorption solvent is necessary for retrieving analytes entrapped
in the FPSE membrane to achieve higher extraction recovery. The process of desorption was carried out
using different organic solvents, including acetonitrile, methanol, #n-hexane and acetone. Acetone was
proven to yield the highest recovery of analytes by desorbing the membrane immersed in 500 uL of
solvent as shown in Figure 2e. Therefore, acetone was selected as the eluent for subsequent experiment.
Thereafter, the minimum time required for the complete desorption of the analytes from the sorbent was
also investigated in the range of 3-15 min. The extraction efficiency was the highest with adsorption
time of 9 min. There was no improvement in the amount of OCPs present in the enriched solvent that
was observed when desorption time was prolonged further to 15 or 20 min. Consequently, 9 min was
selected as the optimal desorption time for subsequent experiments (Figure 2f).

To evaluate the effect of the solvent volume for complete desorption of the analyte on the extraction
recovery, the volume of six different solvent volumes of acetone containing 10 ng/mL OCPs were
investigated using the proposed approach. As shown in Figure 2g, the analytical signals for all the
OCPs increased and reached their optimum levels when the solvent volume increased from 100 to
400 pL. The extraction sensitivity reduces when the solvent volume was further increased to 500 and
600 uL. Based on the results obtained, a desorption time of 9 min was selected for the subsequent
analysis with desorption solvent volume at 400 pL.

2.1.7. Stability and Reusability of Sol-Gel FPSE Media

The stability and reusability of sorbent are the crucial features for better performance of the
sorbent. For this purpose, the extraction efficiency, reusability and stability of the sorbents were
assessed through thirty consecutive cycles of adsorption/desorption for OCPs extraction.

The stability of the sol-gel PEG-PPG-PEG coated FPSE media was evaluated based on
reproducibility of extraction efficiency with different batches of sorbent. The reproducibility of
the extraction was examined using five different batches of sol-gel PEG-PPG-PEG sorbent-coated
FPSE media with water samples spiked with 5 ng/mL of each OCP. RSD values lower than 6% were
obtained, indicating a good reproducibility in the sol-gel sorbent coating process. The regeneration of
the FPSE media (for multiple use) was examined with a random batch. After the completion of each
extraction-desorption cycle, the used FPSE media was regenerated by rinsing it with 0.5 mL of water
and acetone to remove any residual or other substances. The regenerated sorbent was then inserted
into the glass vial containing water spiked with OCPs. There is no significant change in the peak
areas for each analyte extracted by the FPSE media even after 30 times of recycling as demonstrated in
Figure 2h. The results proved that FPSE media are durable and stable with excellent reusability due to
the strong bonding between cellulose and sol-gel sorbent coating.

2.2. Method Validation

2.2.1. Limit of Detection and Quantification

The proposed method was validated by figures of merit under the optimized experimental
conditions (30 min of extraction time, pH 6-7, 9 min desorption time, 5% (w/v) of NaCl and 400 uL
of acetone as desorption solvent agitated at 1200 rpm). The calibration curves were obtained by
eight different concentrations of the OCPs’” standard solutions. Good linearity was observed over
the wide concentration ranges for the nineteen OPPs with satisfactory determination coefficients
(r2). Correlation coefficients (r2) ranging from 0.9929 to 0.9986 were obtained for all the analytes.
The LOD and LOQ values were obtained based on a signal-to-noise ratio of 3 and 10, respectively.
The instrumental limits of detection (LODs) (S/N = 3) and quantification (LOQs) (S/N = 10) are listed
in Table 2. The LODs and LOQs are in the range of 0.007-0.032 ng/mL and 0.023-0.069 ng/mL for all
analytes, respectively.
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Table 2. The performance characteristics of the proposed FPSE/GC-MS analytical method.

. L. Linear Range Coefficient of LOD LOQ RSD %
Organochlorine Pesticides (ng/mL) Determination, r* (ng/mL) (ng/mL)
4 Intra-Day  Inter-Day
a-Benzenehexachloride («-BHC) 0.1-500 0.9977 0.013 0.042 42 5.2
-Benzenehexachloride (3-BHC) 0.1-500 0.9968 0.008 0.026 33 41
y-Benzenehexachloride (y-BHC) 0.1-500 0.9944 0.021 0.069 4.6 5.0
§-Benzenehexachloride (5-BHC) 0.1-500 0.9931 0.032 0.105 35 47
Heptachlor 0.1-500 0.9951 0.014 0.046 43 54
Aldrin 0.1-500 0.9929 0.026 0.086 23 38
Heptachlorepoxide 0.1-500 0.9965 0.015 0.049 33 4.5
Trans Chlordane 0.1-500 0.9952 0.013 0.042 3.1 3.9
Cis Chlordane 0.1-500 0.9954 0.014 0.046 2.6 3.3
p.p Dichlorodiphenyldichloroeth ylene (p,p” DDE) 0.1-500 0.9984 0.011 0.0363 2.7 3.7
Dieldrin 0.1-500 0.9963 0.013 0.042 3.5 53
Endrin 0.1-500 0.9938 0.012 0.039 3.4 5.6
(3-Endosulfan 0.1-500 0.9960 0.016 0.053 2.8 3.7
p.p Dichlorodiphenyldichloroeth ane (p,p” DDD) 0.1-500 0.9969 0.007 0.023 37 42
Endrin Aldehyde 0.1-500 0.9977 0.012 0.039 3.1 3.9
Endosulfan sulfate 0.1-500 0.9932 0.015 0.049 4.6 55
p,p Dichlorodiphenyltrichloroeth ane (p,p” DDT) 0.1-500 0.9984 0.021 0.069 25 39
Endrin ketone 0.1-500 0.9986 0.018 0.059 4.1 57
Methoxychlor 0.1-500 0.9971 0.027 0.089 44 5.6

2.2.2. Precision and Accuracy

The precision, in terms of the relative standard deviations was also evaluated by performing five
extraction replicates for each of the spiked OCPs at three different concentrations. While the intraday
precision was obtained by determining the analytes five times in the same day, and the inter-day
precision was obtained by performing the same procedure in five consecutive days. The recoveries
and RSD values are shown in Table 2. The intra-day and inter-day RSD values were 2.3-4.6 and
3.3-5.7, respectively, at all concentrations. It is evident from the low RSD values that the developed
FPSE/GCMS method is reliable and reproducible for the analysis of OCPs.

2.2.3. Application to Real Samples

To examine the applicability of the new FPSE/GC-MS method in real samples, the proposed
sol-gel FPSE media coated with sol-gel PEG-PPG-PEG were used to extract and enrich OCPs from water
and juice samples. Under the optimized experimental conditions, FPSE media coupled with GC-MS
method was validated for the enrichment and determination of OCPs in real samples. The OCP levels
in environmental water and drink samples, including tap water, ground water, municipal water, apple
juice, pomegranate juice and litchi juice, were analyzed using the FPSE/GC-MS method developed in
this study, and the results are summarized in Table 3. Four levels of OCP concentrations (0.1, 1, 10
and 100 ng/mL) were spiked in the actual samples to further test the applicability of the developed
method. The spiking recoveries of the target OCPs in the four types of samples are listed in Table 3.
The recoveries for the spiked samples ranged from 91.56% to 99.83%. The extracted ion chromatograms
of the OCPs acquired from tap water, ground water, municipal water, apple juice, pomegranate juice
and litchi juice samples through the developed FPSE/GC-MS method are shown in Figure 3.
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Figure 3. FPSE/GC-MS chromatograms of OCPs in real samples using sol-gel PEG-PPG-PEG coated
FPSE media: (a) blank and spiked tap water; (b) blank and spiked apple juice; (c) blank and spiked
pomegranate juice; (d) blank and spiked litchi juice. [Spiked concentration: 5 ppb].

2.3. Comparison with Other Reported Methods

The capability of the present method was compared with other extraction methods previously
reported for the determination of OCPs, with the results being summarized in Table 3. The proposed
method demonstrated satisfactory linearity, lower RSD values and comparable recoveries compared
with the reported methods. The LOD values of present work were lower than those reported methods
(Table 4). FPSE media have a large surface area that greatly increases the contact between analytes
and sorbent. This in turn speeds up the extraction process with shorter extraction equilibrium time.
Moreover, sol-gel FPSE media was directly inserted into the sample solution for extraction, and hence its
usage was very simple. The sponge-like porous architecture of sol-gel sorbent and the capillary action
of cellulose fabric synergistically diffuse the organic solvent into the sol-gel sorbent network during
back-extraction and allows quantitative recovery of the extracted analytes even when a small volume of
organic solvent is used. As such, FPSE also eliminates solvent evaporation and sample reconstitution,
often considered to be an integral operation in solid phase extraction. A comparison between magnetic
solid phase extraction and fabric phase sorptive extraction workflow is presented in Figure 4. As the
schematic demonstrates, FPSE substantially simplifies the sample preparation workflow.
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Table 4. Performance comparison between FPSE/GC-MS with other reported methods used in
preconcentration and determination of organochlorine pesticides analytes.

. Extraction = Chromatographic  Linearity LOD o
Sl. No. Analyte Matrix Method Technique (ng/mL) (ng/mL) RSD %  Reference
1 8 OCPs water grasp;erne GC-MS 0.1-10  0.0019-0.0093 <7.4 [14]
2 10 OCPs Strawberry, SDME GC-MS/MS 0.5-50  0.002-0.150 <15 [16]
strawberry jam, soil
3 9 OCPs water u-SPE GC-ECD 0.1-100  0.0076-0.016 <10 [19]
4 14 OCPs water HS-SBSE GC-MS 5-17 0.01-1.59 <14.8 [20]
5 19ocps ~ Waterandjuice FPSE GC-Ms 01-500 00070032 <5 Present
samples work
Steps in Magnetic Solid Phase Steps in Fabric Phase Sorptive
Extraction (MSPE) Extraction (FPSE)
200 mL DI water spiked with the 10 mL DI water spiked with OCPs
OCPs at 5 ng/mL
v
Conditioned with 3 mL MeOH

Conditioned with DI water

Extraction of analytes I

Collection of magnetic G-Fe,O4
using a magnet

Elution in 2 mL ethyl acetate
3 times

v

Evaporation of solvent to dryness

v

Reconstituting the sample in
hexane (200 pL)

v

Injection of the eluent into the
GC-MS System

Analytical Decision

Figure 4. Comparison of sample preparation workflow between magnetic solid phase extraction (left)

and fabric phase sorptive extraction (right).
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3. Material and Methods

3.1. Reagents, Solvents and Material

Nineteen certified individual pesticide standards (purity, 96.8-99.55), including a-benzeneh
exachloride, -benzenehexachloride, y-benzenehexachloride, d-benzenehexachloride, heptachlor,
aldrin, heptachlorepoxide, trans-chlordane, cis-chlordane, p,p dichlorodip henyldichloroethylene,
dieldrin, endrin, B-endosulfan, p,p dichlorodip henyldichloroethane, endrin aldehyde, endosulfan
sulphate, p,p dichlorodiphenyltrichloroethane, endrin ketone and methoxychlor were obtained from
Sigma Aldrich (Bangalore, India) and were stored at —4 °C. Individual stock standard solutions
(1 mg/L) of OCPs were prepared by dissolving an accurate weight of each pesticide in acetonitrile.
Analytical grade methanol, hexane, acetone and acetonitrile were supplied by Merck (Mumbai, India).
Water was deionized (Riviera, SCHOTT DURAN, Mainz, Germany) and filtered using 0.45-um Nylon
6,6 membranes (Rankem, New Delhi, India) filtration assembly (Perfit, India). Working standard
solutions were prepared daily by serial dilution of the individual stock solution with acetonitrile.
An intermediate stock standard mixture was prepared by mixing the appropriate volumes of individual
stock solutions and diluted with highly purified water to a required concentration.

3.2. Instrumentation

The pesticide analyses were performed using GC-MS QP 2010 plus (Shimadzu, Kyoto, Japan).
Chromatographic separation was conducted with a fused silica capillary column Rtx-5MS, crossbonds
5% diphenyl and 95% dimethylpolysiloxane (30 m x 0.25 mm LD., film thickness of 0.25m, ] & W
Scientific, Folsom, CA, USA). Helium (purity > 99.999%) was used as carrier gas at a constant flow
of 1.0 mL/min. The temperature program was set initially at 100 °C for 2.5 min; ramp to 200 °C at
a rate of 15 °C/min; 250 °C at 10 °C/min and finally to 300 °C at a rate of 6 °C/min being held for
2 min with total run time of 24 min. Injector temperature was maintained at 280 °C, and the injection
volume was 1.0 uL in a splitless mode. Mass spectrometric parameters: electron impact ionization
mode with an ionizing energy of 70 eV, injector temperature 250 °C, interface temperatures 230 °C,
ion source temperature 200 °C. The mass spectrometer was operated in the selective ion monitoring
(SIM) mode and the characteristic ions are given in Table 5. Full-scan data were acquired in the range
of m/z 50-900 to obtain the fragmentation spectra of the analytes. The fragments of the ions monitored
in SIM mode were selected based on good selectivity and high sensitivity.

Table 5. The performance characteristics of the proposed FPSE/GC-MS analytical method.

Peak No. ocr M&l:i;‘}llllar Nl(x:r::er Log Kow TI::::?:;:) Qualitative Ion
1 a-Benzenehexachloride (x-BHC) 290.83 319-84-6 3.81 8.43 183 %,219, 109
2 -Benzenehexachloride (3-BHC) 290.83 31-85-7 3.78 8.79 183 %,219, 109
3 y-Benzenehexachloride (y-BHC) 290.83 58-89-9 3.72 8.94 183 %, 145,109
4 §-Benzenehexachloride (5-BHC) 290.83 319-86-8 4.14 9.35 183 *,219,109
5 Heptachlor 373.32 76-44-8 6.10 10.17 100 *, 272,237
6 Aldrin 364.90 309-00-2 6.50 10.92 66 *,101, 263
7 Heptachlorepoxide 389.30 1024-57-3 5.40 11.83 53,81* 353
8 Trans Chlordane 409.75 5103-74-2 6.16 12.49 176,212 %, 375
9 Cis Chlordane 4.9.75 5103-71-9 6.16 12.90 237%,272,373

10 p.p Dichlorodiphenyldichlo roethylene (p,p” DDE) 318.02 72-55-9 6.51 13.56 176,246 *, 318
11 Dieldrin 380.91 60-57-1 5.40 13.78 79 %,263,108
12 Endrin 380.90 72-80-8 5.20 14.42 81%, 67,263

13 B-Endosulfan 406.90 33213-65-9 3.62 14.72 207,195 %, 159
14 p.p Dichlorodiphenyldichlo roethane (p,p” DDD) 320.03 72-54-8 6.02 14.85 199, 235 %, 165
15 Endrin Aldehyde 380.89 7421-93-4 4.80 15.15 67 *,250, 345
16 Endosulfan sulfate 422.90 1031-07-8 3.66 15.82 193,207 *, 129
17 p.p Dichlorodiphenyltrichlo roethane (p,p” DDT) 354.48 50-29-3 6.91 15.94 235*,165,199
18 Endrin ketone 380.89 53494-70-5 17.08 67 *,281,221
19 Methoxychlor 345.65 72-43-5 5.08 17.42 227%,169, 197

* most abundant ion.
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3.3. Sample Collection and Preparation

Three types of environmental water samples, including tap water, ground water and municipal
water, were collected and analyzed as part of real sample investigation. Tap water was taken from our
lab faucet after flowing for 10 min. Ground water samples were collected from the bore well located
within Punjabi University Campus, Patiala, Punjab, India in Pyrex borosilicate amber glass containers
previously rinsed with triple-distilled water. No previous treatment was conducted for water samples,
and all samples were stored at —4 °C in the refrigerator until analysis within 24 h.

The fruit juice (apple, litchi and pomegranate) samples were purchased from a local supermarket
(Patiala, India). Fruit juice samples were stored at room temperature before use. Once opened,
they were stored in specific food containers at 4 °C and analyzed within 2 days. A 20 mL aliquot of
fresh juice was centrifuged at 4000 rpm for 15 min, and then the supernatant was filtered through a
0.45 um membrane filter into a 50 mL conical flask. Before extraction, 10 mL of filtrate was diluted in a
1:1 ratio with deionized water in a 100 mL volumetric flask. After dilution, 10 mL of fruit juice was
used for the extraction by FPSE procedure.

3.4. Preparation of Fabric Phase Sorptive Extraction Media

Taking the medium and low polarity of the organochlorine pesticides into consideration,
two different sol-gel sorbent coatings, both on 100% cotton cellulose, were prepared and evaluated:
sol-gel poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) (sol-gel PEG-PPG-PEG) and
sol-gel poly(caprolactone)-poly(dimethylsiloxane)-poly(caprolactone) (sol-gel PCAP-PDMS-PCAP).
Both sol-gel PEG-PPG-PEG and sol-gel PCAP-PDMS-PCAP sorbents are moderately polar. Sol-gel
sorbent coating on cellulose substrates involves a series of sequential steps, including (a) substrate
selection and surface pre-treatment; (b) design and preparation of the sol solution for the sol-gel
sorbent coating preparation of sol solution for coating; (c) sol-gel sorbent coating on the substrate via
dip coating process; (d) condition, aging, and cleaning the sol-gel coated FPSE media; and (e) cutting
the FPSE media into required size. A detailed procedure for the pre-treatment of cellulose substrate
can be found in Kumar et al. [35]. The compositions and molar ratio between sol solution ingredients
for sol-gel PEG-PPG-PEG and sol-gel PCAP-PDMS-PCAP, process of sol-gel coating, conditioning and
aging as well as the post-coating cleaning protocols are given elsewhere [36]. Briefly, the cellulose fabric
was treated first, with 1 M NaOH solution for an hour to eliminate all the residual finishing chemicals
and to maximize the number of available hydroxide functional groups that would subsequently binds
sol-gel sorbent network to the fabric surface via covalent bonding. The fabric was finally treated
with 0.1 M HCl to neutralize any residual NaOH. The sol solution was prepared using the molar
ratio sol-gel precursor: organic polymer: acetone: methylene chloride: trifluoroacetic acid: water at
1:0.02:3.26:3.74:1.25:3 for sol-gel PCAP-PDMS-PCAP and 1:0.13:1.94:2.3:0.75:3 for sol-gel PEG-PPG-PEG.
The sol-gel sorbent coating on the fabric surface was created via dip coating process by immersing
the fabric into the sol solution for 4 h. After sol-gel coating, the fabric was conditioned for 24 h at
50 °C. Subsequently, the coated fabric was cleaned with 50:50 (v/v) methanol and methylene chloride
to remove any un-bonded sol solution ingredients. Finally, after drying, the sol-gel sorbent coated
FPSE media were cut into 2.5 cm x 2.0 cm pieces.

3.5. Fabric Phase Extraction Procedure

The FPSE media (2.5 cm x 2.0 cm) was rinsed with acetone and then water before use to condition
and equilibrate. It was then placed in a glass vial containing 10 mL pure water sample spiked with each
of the OCPs at a concentration of 5 ng/mL. The magnetic stirrer was set at 900 rpm for 20 min, with the
stirring being provided by a Teflon-coated magnetic stir bar inside the glass vial. After extraction, the
FPSE media was removed from the sample solution and dried thoroughly with lint-free tissue. It was
immediately placed in a glass vial containing 1 mL desorption solvent (acetone) for 15 min. The extract
with target analytes was filtered with syringe filters prior to GC-MS analysis. One microliter of the
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extract was injected into the GC-MS system. After desorption, the extraction media was washed
repeatedly with acetone and water for removing any possible residual analyte or other substances.
To do this, the fabric phase media was transferred into 0.5 mL of acetone and then 0.5 mL water for
5 min to remove residual analytes. The carryover effect was randomly tested using 200 uL acetone
followed by GC-MS. This examination clearly indicated that the device was reusable, as no analyte
peaks were detected. A series of tests proved that the device was reusable up to 30 times without
impacting on its extraction efficiency negatively.

4. Conclusions

In the present work, we reported the use of a cellulose fabric piece coated with sol-gel extraction
sorbent as a sample preconcentration technique with the inherent features of both SPE and SPME
methods. Here, the extraction phase, sol-gel PEG-PPG-PEG coated FPSE media with 100% cotton
cellulose as the substrate demonstrated the highest affinity for the trace analysis of organochlorine
pesticides in aqueous samples. This new sample preparation technique was further coupled to GC-MS
for the determination of OCPs in different water and juice samples. Good analytical performance,
including accuracy, precision and suitable detection limits with excellent linear dynamic ranges,
was obtained under optimized conditions. It is evident from the results that the proposed FPSE/GC-MS
methodology proved to be rapid, reliable, sensitive, time efficient, easy to implement using low
sample and desorption solvent volume, providing excellent robustness and analytical reproducibility.
The technology is expected to have promising potential for the routine analysis of organic pollutants,
with the possibility of tuning the most selective sorbent coating based on the target compounds present
at trace and ultra-trace level concentrations in various complex matrices.
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Abstract: A methodology was implemented for purifying peptides in one chromatographic run via
solid-phase extraction (SPE), reverse phase mode (RP), and gradient elution, obtaining high-purity
products with good yields. Crude peptides were analyzed by reverse phase high performance
liquid chromatography and a new mathematical model based on its retention time was developed
in order to predict the percentage of organic modifier in which the peptide will elute in RP-SPE.
This information was used for designing the elution program of each molecule. It was possible to
purify peptides with different physicochemical properties, showing that this method is versatile and
requires low solvent consumption, making it the least polluting one. Reverse phase-SPE can easily be
routinely implemented. It is an alternative to enrich and purified synthetic or natural molecules.

Keywords: peptide; solid phase extraction (SPE); preparative purification; gradient elution; solid
phase peptide synthesis

1. Introduction

Peptides and proteins are molecules with various biological activities and wide structural
diversity [1]. Presently peptides are used for industrial applications such as drug manufacturing [2],
cosmetics [3], food [4], and agricultural products [5], among others. Peptides can be obtained mainly
via molecular biology [6], solution-phase chemical synthesis [7], solid-phase chemical synthesis [8],
and from natural sources [9]. These methodologies involve different techniques for the purification or
enrichment of intermediates or final products. When the purification of large quantities of peptide
is required, the available methods have limitations, and the purification process has to be repeated
several times. The final purity of the product depends on the method used and the nature of the
sample (analyte and matrix). The main methods utilized for peptide purification are RP-HPLC
chromatography, flash chromatography, ion-exchange chromatography, hydrophobic interaction
chromatography, gel filtration chromatography, size exclusion chromatography, and hydrophilic
interaction chromatography [10-14]. These methods allow obtaining high-purity products. However,
they use up large amounts of solvent, and in some cases, produce low yields and require long
purification times, which cause an increase in production costs.
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Solid-phase extraction (SPE) is a technique used mostly for sample pretreatment and
enrichment [14]. It has applications in the removal of impurities and isolation of analytes from complex
biomatrices, such as blood and urine [15]. SPE methodologies were developed for waste treatment and
environmental monitoring. The development of new methodologies based on SPE made this technique
more versatile, allowing pretreatment of any kind of sample in a wide concentration range [15]. SPE
chromatographic separation is based on the same principles as liquid chromatography (LC). Frontal
chromatography is the main process in the extraction step, while displacement chromatography is the
process that governs the analyte desorption [16]. The main criterion for selecting the chromatography
mode is the analyte’s physicochemical properties [15,16]. SPE is regarded as a separation method with
advantages over other methods, allowing a variety of applications along with speed, reproducibility,
and efficiency [15]. It is a versatile separation technique, and has become important in the last
decades. The development of new stationary phases for different applications has grown as a research
field [17-19].

Reverse-phase SPE (RP-SPE) is the technique most used. A sample dissolved in a polar mobile
phase is loaded onto the column, and then the non-retained impurities are eluted by washing with
the same polar mobile phase. The analyte is then eluted with a less polar mobile phase containing an
organic modifier. This elution may be isocratic or gradient [14,16,18,19]. SPE method development
depends on the analyte’s physicochemical properties and concentration, the matrix, the stationary
phase, and the detection system [16-18]. Herraiz et al. studied the separation of a mixture of synthetic
peptides using SPE with different stationary phases. Retention follows the order CN < C2 < Phenyl
< Cyclohexyl < C8 < C18, with more than 90% recovery [18]. Kulczykowska et al. purified fish
plasma nanopeptides via SPE [20], and Kamysz [21] purified peptides, estatherin SV2, temporin and
calcitermin A, using the RP-SPE methodology, obtaining products with high purity (95-97%) [22,23].

In the present investigation, a methodology for semi-preparative peptide purification using
RP-SPE and gradient elution was developed. The quantity of organic modifier solvent (%B.) for
eluting the target molecule was calculated using the chromatographic profile of each crude product;
specifically, its retention time was calculated taking into account the HPLC system dwell time and
the column dead time. Thus, the obtained %B. allowed us to design the elution program. Using this
method, synthetic peptides with different physicochemical properties such as length, hydrophobicity,
and amino acid composition were purified, obtaining products with high purity. Our results showed
that it is possible to purify significant amounts of peptide in one step with good yields and low solvent
consumption, without specialized equipment.

2. Results and Discussion

Peptides derived from different proteins were synthesized by means of manual Solid Phase
Peptide Synthesis (SPPS) using the Fmoc/tBu strategy [24,25]. Both the Fmoc group removal and
the coupling reaction were monitored by means of the Kaiser test. The coupling reactions were
carried out using a 5-molar excess of reagents with respect to the resin equivalents, and in some cases,
it was necessary to repeat these reactions until the Kaiser test was negative. Some reactions could be
incomplete because of steric hindrance and chain aggregation, generating undesired species that may
hinder the purification of the synthesized product. In SPPS, it is possible to obtain crude peptides with
several species, which influences the yield and purity of the final peptide.

In this investigation, a methodology for the purification of synthetic peptides via RP-SPE
chromatography with gradient elution was developed. First, both (i) the HPLC system dwell time and
(ii) the column dead time (at flow rate of 2.0 mL/min) were determined. Second, the crude peptide
was analyzed by means of RP-HPLC, using a monolithic C18 column (50 x 4.6 mm) and an elution
gradient of 5/5/50/100/100/5/5% solvent B (TFA 0.05% in ACN) in 0/1/9/9.5/11/11.5/15 min.
Third, the purification method was designed from the crude peptide chromatographic profile. Thus,
the peak corresponding to the target peptide was identified and the retention time (tg) was determined.
This value was corrected (t'r) by subtracting the initial delay time (t; = 1.00 min), the column dead
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time (t, = 0.36 min), and the HPLC dwell time (tp = 0.90 min, measured as shown in Figure 1). Fourth,
using the t'r and the gradient slope, the organic modifier concentration in the mobile phase needed to
elute the peptide (%B.) was calculated using Equation (1).

%BE:HRx<é§>+%& (1)
tc

trR=tr — (t +to +tp) )

AB = (%B¢ — %B;) (3)

where %B, corresponds to the percentage of the organic solvent in which the elution of the peptide is
expected in the SPE, tg is the retention time of the chromatographic profile of the crude peptide, and
AB and tg are the change of the %B and the gradient time, respectively.
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Figure 1. Dwell time determination [26-28]. Programed elution gradient (red line), experimental
gradient performed by the HPLC system (black line). Delay time (t;), gradient time (tg), dwell time
(tp)-

2.1. Purification of Synthetic Peptides via SPE

As an example, the purification process of the synthetic peptide: 2°2°LfcinB/32-35BFIl: RRWQW
RRLLR is shown, this sequence corresponds to a chimeric peptide derived from Lactoferricin B (LfcinB
20-25) and Buforin II (BFII 32-35). The crude peptide chromatographic profile (Figure 2) exhibits a
main peak at tg = 5.10 min, with a chromatographic purity of 60%. MS analysis showed that this peak

had the expected molecular weight (data not shown). %B,, in which peptide eluted, was calculated
using Equation (1), as follows:

%Be = 2.84 min x (45 /(TB> +5%B = 21% 4)
8 min

Then, 52.0 mg of crude peptide was dissolved in 1.0 mL of solvent A (0.05% TFA in water) and
loaded onto a 5 g RP-SPE cartridge. The elution was performed by increasing the percentage of solvent
B in the eluent. In Table 1, the design of the gradient elution program, taking into account the %B,
obtained in Equation (4) (21% solvent B), is shown.
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Figure 2. RP-HPLC analysis of crude 20-251 fcinB /32-35BFIL. The chromatographic profile shows a main
peak at 5.10 min, corresponding to the peptide with a purity of 60%. The chromatographic profile of
fractions N° 3, 6, and 11 collected during reversed-phase solid phase extraction (RP-SPE) purification
is also shown. Specifically, those fractions contained 11, 18, and 23% solvent B, respectively.

Table 1. Program designed for the purification of 202°LfcinB/3*3°BFII via RP-SPE. The framed
fractions correspond to where the purest fraction probably elutes. The final volume of each fraction

was 12 mL.
Fraction N° Solvent B Purity P (%)
% pL

1 0 0 -

2 5 600 -

3 11 1320 -

4 16 1920 -
5 17 2040 66
””” 6 18 2160 96
7 19 2280 94
8 20 2400 92

92 21 2520 88
10 22 2640 77

11 23 2760 23

12 24 2880 -

13 25 3000 -

14 50 6000 -

15 100 12000 -

2 Fraction closest to calculated %B,. ® Chromatographic purity.

The analysis via RP-HPLC of collected fractions shows: (i) Fraction 3 contains the species
corresponding to hydrophilic byproducts that are observed between 4-5 min in the crude profile
(Figure 2. %B: 11). (ii) Fraction 6 (Figure 2. %B: 18) displayed a main peak with a tg of 5.11 min, which
corresponds to the desired peptide with a chromatographic purity of 96%, revealing the great potential
of this technique for the purification of synthetic peptides. Finally, (iii) fraction 11 has the hydrophobic
byproducts that begin to elute and the peak that corresponds to the peptide with a purity of 29%.
Fractions 6 to 8, which contain the peptide with purity greater than 90%, were mixed and lyophilized,
obtaining 19.4 mg of purified product, the purification yield being 37%.
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2.2. Purification of N-Glucosyl Amino Acids via SPE

For synthetizing N-glucopeptides using SPPS-Fmoc/tBu and building blocks methodology, it is
necessary to obtain the intermediary Fmoc-Asn(GlcAcy)-OtBu: Fmoc-L-Asn-(2,3,4,6-tetra-O-acetyl-3-
D-N-glucopyranosyl)-OtBu. Briefly, the 2,3,4,6-tetra-O-acetyl-3-D-N-glucopyranosylamine was treated with
Fmoc-Asp(OH)-OtBu (1:2 equivalents) that was previously activated with Dicyclohexylcarbodiimide
(DIC) [29]. The final product was analyzed via RP-HPLC (Figure 3A) using an elution gradient of
5/5/100/100/5/5% solvent Bin 0/1/18/20/20.5/24 min. The chromatographic profile presents two
signals at 9.7 and 10.8 min that correspond to the Fmoc-Asp(OH)-OtBu (1) and the Fmoc-Asn(GlcAcy)-
OtBu (2), respectively (Figure 3A).

A 800
700] Crude product 9.7
600
5 500 108
=
£ 400
300
200
100
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Minutes
2000
B Fraction %B Peak area (%)
N° tg: 9.7 min gz 10.8 min
6 46 95 -
7 47 96
8 48 23 -
9 49 81 18
10 50 19 ; 77
1n s - e
12 52 - i 96
13 53 97
6 9 10 11 Crude - “
Minutes
Purified Product 10.8
C

Minutes

Figure 3. Purification of Fmoc-Asn(GlcAcy)-OtBu (2) by RP-SPE. (A) Crude product chromatographic
profile. (B) Chromatograms of collected fractions (6 to 13) (left) and used elution program (right).
(C) Purified product chromatographic profile (fractions 11-13).

Analogously to peptide 20>5LfcinB/3>-%BFI], the purification of (2) was performed via RP-SPE
as follows: Equation (1) was applied in order to predict the %B. required for elution of both species,
it corresponds to 47% B for (1) and 53% B for (2). To illustrate, the purification process via RP-SPE,
all fractions near the predicted %B were analyzed via RP-HPLC, and they are shown in Figure 3B.

In Figure 3B, it can be seen that the peak corresponding to (1) is present in fractions 6 to 8
with a percentage of area bigger than 90%. As the %B increases (F9-F10), the target molecule (2)
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