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Abstract

:

In reversed-phase liquid chromatography (RPLC), positively charged basic compounds yield broad and asymmetric peaks, as a result of ionic interactions with free silanols that remain on conventional silica-based columns. Diverse solutions have been proposed to mask the silanophilic activity, which is translated to an improved peak shape. In this work, the chromatographic performance of hydrophilic interaction liquid chromatography (HILIC) was evaluated as an alternative to the addition of an ionic liquid (IL) to the aqueous-organic mobile phase used with RPLC columns, for the analysis of eight β-adrenoceptor antagonists. ILs change the behavior of RPLC stationary phases owing to adsorption on their surface. Meanwhile, in HILIC, a layer of adsorbed water is formed on the stationary phase surface. The association of cationic basic compounds with the adsorbed additive ions, hydrophilic partitioning on the HILIC columns, and other interactions, give rise to complex retention mechanisms. The chromatographic behavior was examined in terms of retention, elution strength, selectivity, peak shape and resolution, using acetonitrile-water mobile phases buffered at pH 3. Both chromatographic modes, RPLC with added IL and HILIC, proved to be a viable solution to the problem of poor peak shape for basic compounds.
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1. Introduction


Chromatographic analysis of basic compounds in the reversed-phase mode (RPLC) with conventional alkyl-bonded stationary phases (usually octyl or octadecylsilane) has the handicap of producing broad and asymmetric peaks, due to the direct interaction of the cationic species, formed in the acidic mobile phases, with the residual silanols in the silica supports. Residual silanols are present in a non-negligible amount on alkyl-bonded stationary phases, due to steric problems in the silica derivatization process [1,2]. These groups are weakly acidic, with an average acidity constant (pKa) approximately in the range 4.5 to 7, which depends on the type of silica used to build the column [1]. This means that in the working pH range of typical RPLC columns (2 < pH < 8), silanols are negatively charged, producing ion-exchange interactions with cationic analytes, which increases the retention. As the sorption-desorption kinetics of these interactions is slow, broad and tailed peaks are obtained, with implications in peak resolution [2,3,4]. For this reason, the minimization and/or suppression of the “silanol effect” is a challenge in this chromatographic mode.



The reduction and even suppression of the undesirable effects of residual silanols is carried out using diverse strategies. “Ultrapure” silica has been used to synthesize a new generation of columns, where the effect of silanols on the retention of basic compounds is less significant [2,5]. However, in these columns some tailing with long analysis times is still observed. Some alternative (very extended) solutions are: (i) reducing the mobile phase pH below 3.5 in order to protonate the residual silanols, and (ii) masking the silanols with cationic, anionic, or even non-ionic reagents, added to the mobile phase, which are adsorbed on the stationary phase [6]. The use of such reagents in the mobile phase is a simple approach that does not require the use of instrumentation or special columns.



Amines, especially bulky tertiary ones, and surfactants (anionic, cationic and non-ionic) are among the most frequently assayed additives [7,8]. In the last decade, ILs have been reported as an interesting alternative [9,10,11,12,13,14,15,16,17,18]. These reagents are low melting organic salts (often melting below 100 °C). When added to the mobile phase in RPLC, cation and anion of the IL may interact with the stationary phase [17]. This creates a charged bilayer that prevents the penetration of the basic compounds through the alkyl-bonded chains to reach the silanol sites on the support. According to previous work, this effect is larger for bulky imidazolium ILs, such as those formed with the cation 1-hexyl-3-methylimidazolium [C6C1im], which yields highly symmetric peaks in practical analysis times [19,20]. The benefits of similar ILs cations with shorter chain are smaller. The use of ILs cations with a longer chain, such as 1-octyl-3-methylimidazolium, can be interesting, but owing to its poor solubility, they cannot be used. Different anions have been also evaluated for ILs. Chloride has the advantage of poor adsorption on RPLC columns. Anions with larger adsorption increase the retention of basic compounds [17,20]. In general, the multiple interactions with both mobile phase and stationary phase (mainly ion-pairing, electrostatic attraction and repulsion with the IL ions, together with hydrophobic partitioning), makes the interpretation of the retention mechanisms difficult. In the two last decades, hydrophilic interaction liquid chromatography (HILIC) has been demonstrated to be a useful chromatographic mode for the analysis of highly polar compounds [21,22,23]. HILIC is a complex chromatographic mode where partitioning of analytes with high polarity between the mobile phase and stationary phase (and consequently, the retention) is modulated by the formation of a water-rich adsorbed layer on the surface of polar stationary phases [22,23,24,25]. The hydrophilic interaction with this water layer is the main retention mechanism, which modifies the selectivity with regard to RPLC. Other secondary interactions of solutes in HILIC are hydrogen bonding, dipole–dipole and ion-exchange. In previous work [26], it was checked that the chromatographic peaks of cationic polar nucleosides with different HILIC columns are almost symmetric. This was explained by the masking effect of the activity of residual silanols by the adsorbed water layer on the stationary phase. A few reports have been published, where the possible benefits of HILIC for the chromatographic separations of basic compounds are described. McCalley et al. studied different types of HILIC columns obtaining excellent peak shape with silica phases [5,27,28]. An ACE cyano column was also used for the separation of some basic compounds, including oxprenolol and its impurities [29]. More recently, five different types of HILIC columns (two silica, two cyanopropyl and one diol) were evaluated for the analysis of six basic drugs [30]. Chromatographic analysis with HILIC columns of β-adrenoceptor antagonists, which have a basic character, has been recently suggested [31]. In this work, the behavior of eight β-adrenoceptor antagonists is explored in HILIC using a zwitterionic stationary phase, in order to study the suitability of the HILIC mode to avoid the silanol effect. The chromatographic performance with HILIC is compared with that obtained with RPLC mobile phases in the presence and absence of the IL [C6C1im]Cl. The behavior was examined in terms of retention, elution strength, selectivity, peak shape and resolution. β-adrenoceptor antagonists are commercialized for the treatment of various cardiac diseases [32]. The aromatic ring attached to a side alkyl chain with secondary hydroxyl and amine functional groups confer these compounds their basic character (pKa = 9–10) [33]. Therefore, at acidic pH, they are cationic and are attracted to the free anionic residual silanols. The compounds selected for this work cover a wide range of polarities, being liable to be analyzed by both HILIC and RPLC.




2. Materials and Methods


2.1. Reagents


Eight β-adrenoceptor antagonists (acebutolol, atenolol, carteolol, esmolol, metoprolol, oxprenolol, propranolol and timolol, Sigma, St. Louis, MO, USA), were used as probe compounds. Table S1 in the Supplementary material gives information about their structures, acidity constants and octanol-water partition coefficients. All compounds were dissolved using a small amount of acetonitrile (VWR Chemicals, Radnor, PA, USA) and diluted with nanopure water (Barnstead, Sybron, Boston, MA, USA), to get a concentration of approximately 100 μg/mL. These solutions were stable during at least two months kept at 4 oC. Before injection into the chromatograph, working solutions were diluted to a final concentration of approximately 20 μg/mL, again with nanopure water for the RPLC mode and with acetonitrile for the HILIC mode.



The aqueous-organic mobile phases in RPLC contained increasing concentrations of acetonitrile: 10%, 15%, 20% and 25% v/v, in the absence of IL, and 10%, 12.5%, 15%, and 17.5% v/v acetonitrile in the presence of 10 mM [C6C1im]Cl. HILIC mobile phases contained 90%, 92.5% and 95% v/v acetonitrile. The pH of the mobile phases was fixed at 3.0 with a mixture of 10 mM ammonium formate (Sigma) and formic acid (Acros Organics, Geel, Belgium). The pH value was referred to the aqueous-organic mobile phase, but aqueous buffers were used to standardize the pH-meter. The above mobile phase compositions guaranteed the elution of the analytes in practical analysis times. Nylon membranes of 0.45 μm (Micron Separations, Westboro, MA, USA) were used to filter the solutions of analytes and mobile phases. All the solutions were degassed in an Elmasonic IT-H ultrasonic bath from Elma (Singen, Germany).




2.2. Instrumentation and Columns


The chromatographic system was from Agilent (Waldbronn, Germany) and was equipped with an isocratic pump (Series 1260), a solvent selector valve (Series 1290), an autosampler (Series 1260), a thermostated column compartment (Series 1260) set at 25 °C, a UV-visible wavelength detector (Series 1100), and an HPChemStation (Agilent, B.02.01) for data acquisition. The signal of the probe compounds was detected at 254 nm, except for timolol, which was measured at 300 nm due to low absorption at 254 nm. Mathematical treatment was carried out with Excel (Microsoft Office 2010, Redmond, WA, USA). Chromatographic peaks were integrated with MICHROM [34]. Triplicate injections of 20 μL were made to control the reproducibility of the measurements.



For the RPLC and HILIC modes, Zorbax Eclipse XDB-C18 (150 mm × 4.6 mm i.d., 5 µm particle size) (Agilent), and Sequant ZIC-HILIC (150 mm × 4.6 mm i.d., 5 µm particle size) (ACE, Aberdeen, Scotland, UK) columns were used, respectively. Two different columns were used for RPLC in the absence and presence of [C6C1im]Cl. A similar 30 mm pre-column was connected to the analytical column for protection. The flow-rate was 1 mL/min. Column regeneration was carried out following the manufacturer’s recommendations.





3. Results and Discussion


3.1. Influence of Mobile Phase Composition on Retention


The main separation mechanisms in conventional RPLC, in the absence of additives, are the hydrophobic interaction of analytes with the alkyl-bonded layer of the stationary phase and their solubilization in the aqueous-organic mixture used as mobile phase. Additional interactions, such as ion-pair formation, salting-out effects, or ion-exchange with free silanols on the packing, also take place with cationic solutes, such as the β-adrenoceptor antagonists studied in this work, whose polarity was in the –0.026 < log Po/w < 2.60 range. This polarity limited the feasible acetonitrile content in the RPLC mobile phase to 10–25% (measured as volumetric fraction), to prevent large retention times for the most hydrophobic analytes and short times for those of larger polarity.



The addition of 10 mM [C6C1im]Cl to the mobile phase introduces additional interactions in the chromatographic system. The adsorption of the [C6C1im] cation on the stationary phase is significant, whereas the chloride ion has low affinity. The strength of this interaction has been measured [35]. It has also been confirmed that there is no irreversible adsorption of the [C6C1im] cation, being the alkyl-bonded columns satisfactorily regenerated [35]. The adsorbed [C6C1im] cation gives rise to a positively charged modified layer that repels the cationic β-adrenoceptor antagonists, which decrease significantly their retention times. Therefore, the maximal content of acetonitrile in the mobile phase should be decreased (with regard to RPLC without IL) from 25% to 17.5%. The classical RPLC behavior (i.e., non-linear decrease of retention with larger amount of organic solvent) was observed with and without IL (Figure 1a,b).



In HILIC, the formation of a water-rich layer immobilized on the stationary phase surface explains solute partitioning and the separation of the basic compounds, although secondary mechanisms may take place. The zwitterionic column used in this work has a functionalized packing with a ligand exhibiting simultaneously positive charge (due to the protonated quaternary ammonium group), and negative charge (due to the sulfonate group) in a 1:1 ratio. Although, in principle, there is no net charge, the anionic sulfonate group is capable of inducing electrostatic interactions with cationic analytes, due to its position at the distal end of the ligand [36]. The selection of the zwitterionic column was based on the higher retention times, elution capability and resolution obtained in previous work for a group of polar compounds, compared to other common HILIC packages [26]. A multitude of polar stationary phases are available for HILIC applications and while there is no consensus in the literature on which is the best performing, there is growing interest in zwitterionic phases [37,38,39]. We found that with the zwitterionic column, the retention factors of the probe compounds gradually increased upon decreasing the concentration of water, following an almost linear trend (Figure 1c). With regard to RPLC, the elution window was narrower, with the acetonitrile content varying between 90% and 95% (water content between 5% and 10%) to avoid void volume elution. In all cases, reproducibility in retention times was measured as the RSD values, which were below 1.2% for RPLC without IL (mean value was 0.07%), 1.5% for RPLC with IL (mean value, 0.006%) and 0.4% for HILIC (mean value, 0.03%).



The elution strength (i.e., sensitivity of the retention of solutes to changes in the modifier concentration; acetonitrile in RPLC and water in HILIC) was measured based on the slope of the linear relationship of log k versus the concentration of each modifier (see Figure S1 in the Supplementary material). Table 1 lists the slope values for the RPLC and HILIC modes. The elution strength in RPLC varied from −0.030 to −0.097 in the absence of additive, and from –0.05 to –0.12 in the presence of [C6C1im]Cl. In HILIC, the elution strength of water varied from –0.009 to –0.040. The elution strength was larger (shorter retention times) in RPLC in the presence of [C6C1im]Cl, and smaller in the HILIC mode. On the other hand, in RPLC in the absence of additive, the elution strength increased with compound hydrophobicity. In RPLC with added [C6C1im]Cl, and in HILIC, there was not such clear correlation.




3.2. Selectivity


The similarities and differences between the chromatographic systems studied in this work were explored through correlations between the retention factors of the β-adrenoceptor antagonists for pairs of the studied systems, using mobile phases with the same amount of organic solvent. A high correlation between the retention behaviour of the analytes suggests similar selectivity (i.e., relative retention), although with different absolute retention. The higher scattering observed in the plots indicates, meanwhile, differences in selectivity between systems.



Figure 2 shows the correlations between different chromatographic modes for mobile phases containing all of them 10% modifier. The conclusions for other mobile phase compositions were similar. RPLC with and without [C6C1im]Cl showed similar selectivity (Figure 2a), whereas the selectivity differed significantly with regard to HILIC (Figure 2b,c). In fact, as expected, the correlation between RPLC (with and without [C6C1im]Cl) and HILIC was approximately reversed.




3.3. Peak Shape


Half-width plots provide information about the peak shape for a group of compounds analyzed with a particular column [40,41]. The raw information is obtained from the chromatograms, and reveal the broadening rate and asymmetry of chromatographic peaks. These plots are built by representing the left (A) and right (B) half-widths of chromatographic peaks, or alternatively, the width (A + B) versus the retention times. An almost linear trend is followed, which can be modelled according to the following equations:


A = mA tR + A0



(1)






B = mB tR + B0



(2)




where mA and mB are the slopes of the linear correlations. The intercepts A0 and B0 indicate the extra-column contributions to the peak broadening. The sum of slopes (mA + mB) is directly related to the peak broadening rate inside the column, whereas their ratio (mB/mA) illustrates the asymmetry of peaks eluting at a time where the extra-column contribution is non-significant, provided the y-intercepts are similar. Half-width plots can be constructed using the information from the peaks of a group of compounds showing similar kinetics, obtained with a given mobile phase composition, or for only one compound eluted with several mobile phases at different compositions. Global plots can also be represented using all available data for the whole set of analyzed compounds using all mobile phase compositions.



Figure 3 depicts the global half-width plots obtained for the set of β-adrenoceptor antagonists in RPLC, in mobile phases with and without [C6C1im]Cl, and in HILIC. According to the recommendation of Foley and Dorsey [42], half-widths were measured at 10% peak height. This allows better appraising of the peak asymmetry, avoiding the higher baseline noise observed at smaller heights. In all cases, satisfactory correlations (r2 > 0.90) were observed for the individual plots, especially for RPLC. Moreover, the intercepts were close to the origin (the negative intercepts should be interpreted as due to the fitting of data showing some scattering).



In RPLC without additive (Figure 3a), the slope of the right half-width (B) was significantly larger than the slope for the left half-width (A). This indicates asymmetric peaks, which are produced owing to the slow interaction of solutes with the free silanols in the stationary phase. A smaller angle between the straight-lines was observed for both half-widths, when [C6C1im]Cl was added, informing of a significant reduction in peak asymmetry (with almost symmetric peaks, Figure 3b). The half-width plots obtained in HILIC (Figure 3c) were also almost coincident, although with some difference in the intercepts. It should be noted that the retention times for these peaks were rather short. This made the extra-column contributions to the peak retention and shape significant.



The parameters of the fitted half-width plots under all assayed chromatographic conditions are shown in Table S2 in the Supplementary material. As commented, asymmetric peaks were obtained in RPLC without additive (mB/mA = 3.19), whereas upon addition of [C6C1im]Cl, and in HILIC, the peak symmetry improved significantly (mB/mA = 1.11 and 1.04, respectively), with almost symmetric peaks. This suggests that in these conditions, the access of the cationic basic compounds to the silanols on the column is efficiently hindered, due to the adsorption of the IL cation on the stationary phase surface in RPLC and the presence of the water layer in HILIC. However, it should be noted that the sum of slopes, which indicates peak broadening as the retention increases, was smaller in RPLC without additive (mB + mA = 0.054, against 0.073 and 0.065 for RPLC with [C6C1im]Cl and HILIC, respectively). This indicates that under the two latter conditions, the peaks are relatively wider.




3.4. Resolution


The possibility of resolving the mixtures of β-adrenoceptor antagonists was next examined. Figure 4 depicts the chromatograms yielding maximal resolution, as obtained with the software MICHROM for the compounds that absorb at 254 nm, where the absorption of timolol was non-significant. Timolol was detected at 300 nm, showing a peak at 12.2 and 2.6 min for RPLC using 13.8% acetonitrile and 10 mM [C6C1im]Cl)/17.5% acetonitrile, respectively, and at 2.5 min for HILIC with 6.5% water. As observed, the elution order was the same in RPLC with and without IL, except for metoprolol and acebutolol. The elution order was approximately reversed for HILIC, except for the most hydrophobic compounds, probably due to the existence of retention mechanisms different from hydrophilic partitioning. Retention times were short in HILIC. This gave rise to poorer resolution, especially between oxprenolol, esmolol and propranolol, which eluted close to the void volume. In RPLC, with and without [C6C1im]Cl, the resolution was satisfactory, which gave rise to baseline resolved peaks. The analysis time, which was excessive using the conventional water-acetonitrile mobile phases, suffered a dramatic decrease with added IL, giving rise to symmetric peaks in practical analysis times.





4. Conclusions


This work compared the performance of the chromatographic behavior of β-adrenoceptor antagonists achieved in HILIC, with respect to RPLC with and without an IL. In all cases, mixtures of water-acetonitrile at different compositions were used, buffered at pH 3.0 at which the basic analytes exhibit positive charge. For this purpose, the behavior of a set of eight compounds with pharmaceutical interest was examined. It is shown that the long retention times obtained in conventional RPLC are significantly shortened, up to obtain practical analysis times, by addition of [C6C1im]Cl, or by using a polar column in HILIC conditions. The elution order, similar for the RPLC modes, was reversed in HILIC except for the most hydrophobic compounds. In general, the selectivity was significantly different in HILIC with regard to RPLC (both with and without IL), due to the particular retention mechanisms. On the other hand, peak shape was significantly enhanced in RPLC with IL and HILIC, which resulted in highly symmetric peaks. This indicates an efficient masking of the silanol effect with the adsorbed IL cation in RPLC and the water layer in HILIC.



The application of the MICHROM software (initially developed for micellar liquid chromatography) indicated the optimal separation conditions in the three chromatographic modes (RPLC without and with IL, and HILIC). It was concluded that chromatographic resolution was better for the β-adrenoceptor antagonists in RPLC, with regard to HILIC. The significant reduction of the analysis times upon addition of [C6C1im]Cl in RPLC makes this mode preferable, with a baseline separation with an analysis time below 12 min. This can be decreased even more by applying gradient elution.
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Figure 1. Changes in retention for β-adrenoceptor antagonists with increasing modifier contents in: (a) RPLC without IL, (b) RPLC with added [C6C1im]Cl, and (c) HILIC. Compounds: atenolol (○), carteolol (■), timolol (∆), oxprenolol (∇), and propranolol (▲). 
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Figure 2. Comparison of selectivity for: (a) RPLC without additive vs. RPLC with [C6C1im]Cl, (b) RPLC without additive vs. HILIC, and (c) RPLC with [C6C1im]Cl vs. HILIC. Retention factors correspond to a mobile phase containing 10% modifier (acetonitrile in RPLC and water in HILIC). 
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Figure 3. Half-width plots (left, A (●) and right, B (○)) built with the whole set of data for the eight basic compounds eluted with all assayed mobile phases in: (a) RPLC without additive, (b) RPLC with [C6C1im]Cl, and (c) HILIC. 
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Figure 4. Chromatograms showing maximal resolution for the set of β-adrenoceptor antagonists in (mobile phase composition is given): (a) RPLC without additive (13.8% acetonitrile), (b) RPLC with IL (17.5% acetonitrile/10 mM [C6C1im]Cl, and (c) HILIC (6.5% water). Compounds: (1) atenolol, (2) carteolol, (3) metoprolol, (4) acebutolol, (5) esmolol, (6) oxprenolol, and (7) propranolol. Detection wavelength was 254 nm, at which timolol does not absorb. 
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Table 1. Elution strength of the modifiers.
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Compound

	
Acetonitrile Elution Strength

	
Water Elution Strength




	
Conventional

RPLC

	
RPLC with

[C6C1im]Cl

	
HILIC






	
Acebutolol

	
−0.0948

	
−0.1026

	
−0.0405




	
Atenolol

	
−0.0295

	
−0.1020

	
−0.0342




	
Carteolol

	
−0.0789

	
−0.0509

	
−0.0392




	
Esmolol

	
−0.0929

	
−0.0940

	
−0.0253




	
Metoprolol

	
−0.0850

	
−0.0884

	
−0.0377




	
Oxprenolol

	
−0.0921

	
−0.0953

	
−0.0086




	
Propranolol

	
−0.0970

	
−0.1217

	
−0.0212




	
Timolol

	
−0.0894

	
−0.0986

	
−0.0224
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