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Abstract


Pralidoxime chloride, a highly hydrophilic antidote, cannot be effectively separated by reverse-phase high-performance liquid chromatography (RP-HPLC), unless the mobile-phase composition is varied. However, the use of ion-pairing reagents for pralidoxime separation is hindered by the persistent contamination of the stationary phase or chromatography system inside the HPLC system. Thus, this study aimed to develop a simple, rapid, and robust method based on RP-HPLC to determine pralidoxime chloride in antidote autoinjectors using a chaotropic salt as the mobile-phase additive. The use of UV detection at 270 nm allowed for the simultaneous detection of pralidoxime chloride and the internal standard, pyridine-2-aldoxime. The addition of chaotropic salts (NaPF6, NaBF4, and NaClO4) and an ionic liquid ([EMIM]PF6) increased the retention time of pralidoxime chloride. Among them, NaPF6 exhibited the highest capacity factor in the reverse-phase C18 column. Increasing the salt concentration increased the capacity factor and the number of theoretical plates. Analytical method validation was performed to assess the linearity, accuracy, precision, recovery, and repeatability, according to the Ministry of Food and Drug Safety guidelines. Additionally, this newly developed method exhibits an adequate separation capability, making it a potential substitute for the current method employed in the United States/Korean Pharmacopoeia, and it ensures the necessary durability to maintain the robustness and reliability of the analytical system.
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1. Introduction


Pralidoxime hydrochloride is a biochemical remedy for organophosphate poisoning, which causes clinical symptoms [1]. To manage such poisoning, an intravenous or intramuscular injection of atropine and pralidoxime is adopted, along with symptomatic care and supportive therapy [2]. This antidote reactivates the cholinesterase enzyme, effectively counteracting the toxic effects in patients exposed to poisons that inhibit acetylcholinesterase by covalent binding to the serine residue [3,4]. The strategic application of emergency antidotes combined with fundamental medical interventions, including ensuring airway patency, providing oxygen, and implementing artificial respiration, can significantly enhance survival [5,6]. These treatments address both muscarinic and nicotinic symptoms, including paralysis of the muscles and diaphragm, involuntary contractions, heart muscle spasms, and central nervous system disturbances such as coma and seizures [7].



Pralidoxime, which is used in intramuscular pressure-type antidote autoinjectors, is a critical countermeasure in military scenarios involving exposure to chemical weapons [8]. These autoinjectors are specifically engineered for optimal performance under severe conditions and are vital for an immediate response to nerve agents such as tabun, sarin, somans, and VX [9]. In such demanding military environments, maintaining the long-term stability of pralidoxime is paramount. However, the chemical structure and composition of pralidoxime chloride make it prone to degradation by hydrogen and hydroxyl ions, leading to its relatively lower stability in solution than atropine, as indicated in various studies [10,11]. Environmental factors, notably the pH and ambient temperature, are critical for determining the stability of pralidoxime chloride. In particular, it is known to be more unstable under alkaline conditions, where various degradation products increase due to consecutive dehydration reactions catalyzed by OH− and subsequent hydrolysis reactions. There are also studies reporting differences in the extent of the decomposition of pralidoxime depending on the storage temperature [10,12,13,14,15,16]. Consequently, rigorous quality control of the content and degradation products is essential to ensuring that pralidoxime stored over extended periods in autoinjectors maintains efficacy and safety.



Pralidoxime chloride contains a quaternary methylated nitrogen atom that imparts a permanent positive charge to the molecule (Figure 1). Its aromatic pyridinium structure induces the maximum UV absorption at λmax 293 nm under acidic conditions. In the analysis of highly polar ionic compounds, such as pralidoxime chloride, the use of RP-HPLC remains a critical issue for chemical, biomedical, pharmaceutical, and environmental applications. Highly hydrophilic analytes are weakly retained and can elute near the column dead time (t0) under traditional reverse-phase conditions [17]. This reduces the chromatographic resolution, owing to complex matrix interference, and baseline disturbances at t0 can adversely affect the accurate quantification of the object to be analyzed [10,18]. For the HPLC separation of highly polar molecules, analytical methods such as the derivatization of the corresponding compounds, using a hydrophilic interaction chromatography (HILIC) column as a stationary phase, or adding ion-pairing reagents to the mobile phase are typically employed [19,20,21,22,23,24].



To solve these problems, cation-exchange chromatography, size exclusion chromatography, ion-pair chromatography (IPC), reverse-phase chromatography, normal-phase chromatography, capillary electrophoresis, and several other analytical methods have been reported [25,26,27,28,29]. Due to the highly polar nature of the analytes, IPC methods using various ion-pairing reagents are the most frequent and common chromatographic techniques for pralidoxime separation, covering more than 50% of all column chromatography methods. Cation exchange (CEX) has also been effectively utilized, and in some rare instances, separation based on Sephadex has also been achieved. However, such separation techniques have faced challenges in broader applications to diverse samples, including biological samples. In that regard, the combination of reverse-phase stationary phases and various mobile-phase additives has begun to gain attention [4].



Incorporating an ion-pairing reagent as an additive can resolve retention challenges in the chromatographic analysis of polar pralidoxime hydrochloride [30,31]. At a specific buffer solution pH, these reagents form a neutral complex with the analyte, thereby augmenting retention and facilitating more effective separation. Ion-pairing reagents are characterized by their amphiphilic nature, possessing both long alkyl chains and charged functional groups. Upon introduction into the mobile phase, these reagents effectively transform the matrix into a pseudo-ion-exchange surface. In RP-HPLC, the primary function of ion-pairing reagents is to intensify the interaction between the stationary phase and the analyte, consequently enhancing retention, selectivity, and separation efficiency. However, although ion-pairing reagents offer significant advantages for pralidoxime separation, their use is limited by the continuous contamination of the stationary phase or internal parts of the HPLC system.



In this study, we proposed a new RP-HPLC method for highly polarized pralidoxime separation using a chaotropic salt as a mobile additive. To evaluate the effect of the chaotropic salt as a mobile-phase additive, the developed method was compared with the current official methods of the USP [32] and Korean Pharmacopoeia (KP) [33]. The proposed method was validated by assessing its linearity, accuracy, precision, and recovery. As a result, this new analytical method showed better efficiency in pralidoxime chloride analysis than the two official methods and could be successfully applied to the quantitative analysis of pralidoxime autoinjectors.




2. Materials and Methods


2.1. Reagents and Chemicals


Pralidoxime chloride (1-methylpyridinium-2-aldoxime chloride, >98%) was purchased from TCI Chemicals (Tokyo, Japan). Pyridine-2-aldoxime (pyridine-2-carboxaldoxime, 99%), used as an internal standard (IS), was purchased from Alfa Aesar (Haverhill, MA, USA).



HPLC-grade mobile-phase solvents (water and acetonitrile) were purchased from Fisher Scientific (Waltham, MA, USA).



The reagents used as mobile-phase additives (tetraethylammonium chloride (>98%) and 1-ethyl-3-methlimidazolium hexafluorophosphate ([EMIM]PF6, >98%)) were purchased from TCI Chemical (Tokyo, Japan). Sodium hexafluorophosphate (NaPF6, 98%), sodium tetrafluoroborate (NaBF4, >98%), sodium perchlorate (NaClO4, >98%), sodium 1-octanesulfonate, and phosphoric acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid and methanol were purchased from DAEJUNG (Siheung, Republic of Korea). A polytetrafluoroethylene (PTFE) membrane syringe filter (0.2 µm) was obtained from Whatman (Maidstone, UK).




2.2. Preparation of Standard Solutions and Sample


Standard stock solutions of pralidoxime chloride (1000 mg/kg) and pyridine-2-aldoxime (1000 mg/kg) were prepared by dissolving them in deionized water and methanol. Standard solutions were prepared by diluting the stock solution with the mobile phase. The standard solutions were stored at 4 °C. Working solutions were prepared daily by diluting the standard stock solutions. Antidote autoinjectors were obtained using a KMARK-1 kit from the Defense Institute of Forensic Science, Ministry of National Defense, Korea. The autoinjector pralidoxime chloride sample was obtained by injecting a syringe into a sealed headspace vial with a lid and was used after dilution. Then, 1 mL of the injection solution containing pralidoxime chloride was transferred into a 50 mL volumetric flask and filled with distilled water. A 1 mL aliquot of this solution was pipetted into a 25 mL volumetric flask and diluted to volume with deionized water. Subsequently, the diluted injection solution was diluted 10 times with the mobile phase and then filtered with a 0.2 µm PTFE syringe filter.




2.3. Instruments and Equipment


The liquid chromatography system was an HPLC system equipped with an Agilent 1260 Infinity (Agilent, Santa Clara, CA, USA), binary pump VL (G1312C), degasser (G1322A), autosampler (G1329B), diode array detector (DAD) VL (G1315D), and thermostatted column compartment (G1316A). The system was controlled using an Agilent ChemStation (ChemStation for LC 3D systems; Rev. B.04.03-SP1, Agilent, Santa Clara, CA, USA). A Waters XSELECT HSS T3 C 18 column (150 mm × 4.6 mm, 5 μm) and Phenomenex Luna C18 column (150 mm × 4.6 mm, 5 μm) were used for separations.




2.4. Chromatographic Conditions


Reverse-phase liquid chromatography with isocratic elution was initially employed to explore various mobile-phase additives, including NaBF4, NaClO4, [EMIM]PF6, and NaPF6. The retention effects of the additives were analyzed by determining the capacity factors (k’) and theoretical plates (N) of pralidoxime. Following the selection of the most effective additive, its concentration was varied between 10 and 50 mM to compare the retention. The optimal mobile phase was a mixture of acetonitrile and water containing 30 mM NaPF6 in a 10:90 v/v ratio. The chromatographic conditions were a column temperature of 30 °C; an injection volume of 5 μL; and a flow rate of 1.0 mL/min for an 8 min duration. The UV absorbance spectra of pralidoxime chloride and pyridine-2-aldoxime were analyzed and compared (Figure 1) at a detection wavelength of 270 nm.



We conducted a chromatographic analysis of pralidoxime following the analytical methods outlined in the USP and KP. In accordance with the quantification test method for the pralidoxime monograph in the USP, a C18 column was used, and the mobile phase included sodium 1-octanesulfonate and tetraethylammonium chloride. Additionally, following the analytical method outlined in the KP, a pralidoxime analysis was conducted using a C18 column with tetraethylammonium chloride and phosphoric acid in the mobile phase.





3. Results and Discussion


3.1. Advancing Pralidoxime Separation Using Chaotropic Salt as a Mobile-Phase Modifier


The use of chaotropic ions with the capacity for dispersive interactions as mobile-phase modifiers is a prevalent strategy in analyzing polar analytes [34]. Their mechanism of action is based on charge delocalization, which is responsible for their ability to disrupt the water solvation shell of the analytes and introduce chaos into the organized ionic solution. The disruption of the solvation shells of the analytes not only exposes their more hydrophobic parts to interactions with the side chains of the stationary phase, thereby increasing retention, but also counteracts the role of the shells in suppressing interactions with the stationary phase, which otherwise leads to rapid elution [35]. In particular, employing chaotropic ions is advantageous for analyzing analytes that incorporate a nitrogen atom (primary, secondary, or tertiary) within their molecular structure, particularly in cases where the analytes exhibit the characteristics of weakly basic compounds.



A comparison of mobile-phase additives was conducted to derive an efficient separation of pralidoxime. Initially, the additives capable of ensuring a sufficient capacity factor were examined. Three inorganic salts,     P F   6   −   ,     C l O   4   −   ,   a n d     B F   4   −    , and an ionic liquid with a chaotropic salt ([EMIM]PF6) are recognized as excellent chaotropic agents for separating polar compounds. This separation is achieved via the interaction of cations and anions with the stationary phase and amine solute, respectively. The experimental results show that the capacity factor of pralidoxime chloride increased the most when NaPF6 was added (Figure 2a). Figure 2a shows the capacity factor of pralidoxime chloride with 30 mM of mobile-phase additives (NaPF6, NaBF4, NaClO4, and [EMIM]PF6) in water and acetonitrile (90:10, v/v). The retention time of pralidoxime chloride in the chaotropic salt increased in the order of     P F   6   −     >       C l O   4   −     >       B F   4   −    , and the retention of the compound was better with the chaotropic salt NaPF6 than with the ionic liquid [EMIM]PF6. Chromatograms were compared when 30 mM of various additives was used (Figure 2b). The chromatograms of each chaotropic salt show that the additive that increased pralidoxime retention the most was NaPF6, followed by [EMIM]PF6 (Figure 2b).



Notably, for pyridine-2-aldoxime, in contrast to pralidoxime, a marked decrease in the retention time was observed. This phenomenon can be ascribed to variations in the basic ionizable groups inherent to each molecule [36]. Pyridine 2-aldoxime, characterized by its secondary amine structure, is distinct from pralidoxime chloride, which contains a quaternary ammonium cation in its pyridinium ring. Quaternary ammonium ions exhibit a pronounced enhancement in ion pairing with chaotropic salts, leading to greater retention in the reverse-phase stationary phase. In contrast, the secondary amine in pyridine-2-aldoxime exhibits a lower positive charge, which causes the chaotropic salt to interact more with the polar mobile phase than with the analyte, thus increasing its affinity for the polar mobile phase and consequently decreasing its retention time in the stationary phase [37,38].




3.2. Optimizing Chaotrope Concentrations for Enhanced Chromatographic Separation of Pralidoxime


To determine the optimal concentrations of the two additives NaPF6 and [EMIM]PF6, which showed the most efficient separation, a comparative analysis of the capacity factors and theoretical plate numbers of pralidoxime was conducted using concentrations ranging from 10 to 50 mM (Figure 3). An increase in the concentration of the mobile-phase additive was correlated with an increase in the capacity factor from 10 to 50 mM. However, the theoretical plate number increased progressively up to 40 mM, followed by a slight decrease at 50 mM. Pyridine-2-aldoxime, used as an IS, demonstrated a gradual decrease in retention time with increasing additive concentrations (Figure 3c). Considering the number of theoretical plates (N) and the resolution with pyridine-2-aldoxime, the optimal concentration was set to 30 mM NaPF6 in water.



The utilization of chaotropic ions is particularly advantageous for weakly basic analytes containing nitrogen atoms with primary, secondary, or tertiary structures. Their mechanism of action is based on charge delocalization, which is pivotal in disrupting the water solvation shell surrounding the analytes and is responsible for dampening the interactions between the analyte and the stationary phase. This disruption leads to a chaotic state in the organized ionic solution. Concurrently, this process exposes the more hydrophobic regions of the analyte molecules, facilitating their interactions with the side chains of the stationary phases, thereby enhancing retention [39].



The use of the ionic liquid ([EMIM]PF6) led to the effective separation of pralidoxime. However, certain constraints associated with its application restrict its utilization as a mobile-phase additive, despite its effectiveness in separating pralidoxime chloride. In an isocratic elution employing ion-pairing reagents in the mobile phase, challenges emerge with the retention of lipophilic matrix components, such as residual proteins; phospholipids; and various exogenous substances, including poisons and drugs [4]. These components adhere to the hydrophobic stationary phase and fail to elute effectively, owing to the suboptimal proportion of organic modifiers in the mobile phase. Consequently, this leads to potential column contamination in subsequent analyses, potentially impacting the chromatographic process by altering the retention characteristics and introducing analytical interference. Furthermore, IPC faces compatibility issues with mass spectrometry detection, which are attributed to the presence of high concentrations of nonvolatile salts in the mobile phase. Therefore, the majority of analyses utilizing IPC are conducted using UV detection, typically in the mid- to late-200 nm wavelength range. Ensuring the selectivity and resolution of the interfering elements is crucial for enhancing the analytical reliability of these methods. Additionally, the use of ionic liquids presents minor drawbacks, such as increased viscosity and elevated costs. Consequently, chaotropic salts emerge as a favorable alternative to ionic liquids in this context.




3.3. Comparison with Current Official Analytical Method of Pralidoxime in Pharmacopoeia


The developed method was compared with the official analytical procedures described by the USP and KP (Table 1). In accordance with the procedures prescribed in the USP, the pralidoxime chloride content was determined using IPC with a C18 column. The mobile phase consisted of acetonitrile, sodium 1-octanesulfonate, and tetraethylammonium chloride in water (17:83, v/v), adjusted to pH 4.3 with hydrochloric acid. Absorbance was measured at 270 nm. In accordance with the procedures prescribed in the KP, a solution of tetraethylammonium chloride and phosphoric acid in water and acetonitrile (48:52, v/v) was used. Ion-pairing reagents were used in the official methods to increase the retention time and suppress column residual silanols to improve the peaks. Quaternary ammonium salts were added to the mobile phase for the analysis of the acidic samples, and sodium alkanesulfonate was added for the analysis of the basic samples. Pralidoxime is a basic sample of the R-N+ form, so its retention can be increased by using sodium alkanesulfonate (R’-SO3-) to form a neutral ion pair in RP-HPLC. The additives used in the USP method were tetraethylammonium chloride and sodium octane sulfonate (a type of alkane sulfonate). As shown in Figure 4a, pralidoxime retention significantly increased. However, only tetraethylammonium chloride, an ion-pairing reagent primarily used for acidic samples, was used in the KP method. Nevertheless, as shown in the experimental results (Figure 4b), it did not affect the retention of pralidoxime.



Compared to the KP method, the proposed method demonstrates an improved capacity factor, a higher theoretical plate number, and a better resolution with pyridine-2-aldoxime. The proposed method shows a slight decrease in retention time compared to the USP. However, in terms of the durability of equipment use, the new method employing chaotropic salt offers high value for such applications.



Even at the same concentration, differences in peak response may occur among the analytical methods depending on the retention time and peak sharpness. For example, in the KP method, due to the very short retention time, the peaks were sharp, and the signals were strong. However, although the patterns were similar in the USP and our proposed method, there was a difference in response, which is believed to be due to differences in the analytical sensitivity depending on the mobile phase.



Several analytical methods for pralidoxime, including the USP, using a mobile phase containing ion-pairing reagents have been developed [11,13,16,32,40,41,42] and are summarized in Table 2. The use of ion-pairing reagents increases the capacity factor. However, ion-pairing reagents can cause irreversible damage to the column in terms of performance, such as changes in selectivity and extended equilibration times, owing to the adsorption of counterions onto the stationary phase [43].




3.4. Method Validation


The proposed HPLC method with a chaotropic salt was validated for the determination and quantification of pralidoxime chloride according to the Ministry of Food and Drug Safety (MFDS) guidelines on the validation of analytical procedures to prove the linearity, precision, accuracy, and recovery.



3.4.1. Linearity


A calibration curve was prepared in the concentration range of 10–50 µg/mL of the pralidoxime chloride standard. A strong linear relationship was observed between the corresponding peak area and concentration (y = 7.64267x + 1.30, r2 > 0.9999).




3.4.2. Intra- and Inter-Day Accuracy and Precision


Intra- and inter-day accuracy and precision were assessed by performing three repeated measurements daily for three days within the concentration range of 20–50 µg/mL. Accuracy is expressed as the observed concentration of the nominal concentration, and precision was calculated using the relative standard deviation (RSD). The obtained accuracy and precision values are listed in Table 3. The intra- and inter-day accuracy ranged between 97.44% and 101.01%, and the intra- and inter-day precision values ranged between 0.12 and 2.56%.




3.4.3. Recovery


The recovery was calculated according to a standard addition method procedure at low, medium, and high concentrations (2, 5, and 10 μg/mL) of pralidoxime chloride. The recovery was determined at low, medium, and high concentrations within the linearity range by repeating the test five times. The mean recovery was 99.02–99.55% with an RSD of 0.36–0.62% (Table 4).




3.4.4. Repeatability


The repeatability of the proposed method was evaluated by performing six repeated measurements (n = 6) involving pralidoxime chloride under the same operating conditions. The RSD was calculated to determine the repeatability. The RSD of six repeated injections was 0.31%. The repeatability was considered satisfactory because an RSD value of less than 1.0% was obtained.






4. Conclusions


We introduced an efficient, rapid, and innovative RP-HPLC technique for the analysis and quantification of pralidoxime chloride in antidote autoinjectors using sodium hexafluorophosphate (NaPF6) as a chaotropic salt in the mobile phase. This approach demonstrated an enhanced retention of polar compounds when a chaotropic salt was employed as a mobile-phase additive. Experimental observations indicated a sequential increase in retention time with different chaotropic salts, following the order of     P F   6   −     >     C l O   4   −     >       B F   4   −    , and this effect was particularly notable when compared to the effective ionic liquid [EMIM]PF6. Consequently, a method for analyzing pralidoxime was established by incorporating 30 mM of NaPF6 into the mobile phase. The method underwent rigorous validation, demonstrating high linearity, precision, accuracy, and recovery, ensuring its reliability and effectiveness for practical applications. These validation parameters affirm the method’s suitability for the intended analytical purposes, providing a robust foundation for its application in the quality control and regulatory compliance of pralidoxime chloride. Distinct from the methods recommended by the USP and KP, which suggest the use of ion-pairing agents that are potentially harmful to the column, our method demonstrated an improved separation of pralidoxime and the internal standard using safer chaotropic salts. Additionally, this approach is both cost-effective and environmentally friendly, characterized by a brief analysis duration of only 8 min and the minimal use of organic solvents, thus reducing potential harm to humans and the environment. This newly developed method extends beyond the quantitative analysis of pralidoxime chloride, presenting a versatile alternative for examining amine compounds. Its applicability across a range of substances signifies a breakthrough, offering broader analytical capabilities.
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Figure 1. UV absorbance spectra of (a) pralidoxime chloride and (b) pyridine-2-aldoxime. 
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Figure 2. Comparison of (a) capacity factors and (b) chromatograms by mobile-phase additives (30 Mm). The front peak (1) is pralidoxime, and the latter peak (2) is pyridine-2-aldoxime. 
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Figure 3. Comparison of (a) capacity factor of pralidoxime and (b) theoretical plate number of pralidoxime by chaotropic salt (NaPF6) and ionic liquid ([EMIM]PF6) concentration. (c) Comparison of chromatograms of NaPF6 concentrations. The front peak is pralidoxime, and the latter peak is pyridine-2-aldoxime. 
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Figure 4. Chromatogram of a standard mixture with each analytical method. (a) USP, (b) KP, and (c) proposed method. Peaks: (1) pralidoxime chloride and (2) pyridine-2-aldoxime (the concentration is 30 µg/mL each). 
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Table 1. Comparison of the proposed method with the current official methods.
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	Analyte
	Rt (min)
	k’
	Tf
	Width
	Resolution
	N





	USP method a
	6.55
	5.35
	1.16
	0.156
