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Abstract 11 

Genotoxic impurities (GTIs) are potential carcinogens that need to be controlled down to ppm or 12 

lower concentration levels in pharmaceuticals under strict regulations. The static headspace gas 13 

chromatography (HS-GC) coupled with electron capture detection (ECD) is an effective approach 14 

to monitor halogenated and nitroaromatic genotoxins. Deep eutectic solvents (DESs) possess 15 

tunable physico-chemical properties and low vapor pressure for HS-GC methods. In this study, 16 

zwitterionic and non-ionic DESs have been used for the first time to develop and validate a 17 

sensitive analytical method for the analysis of 24 genotoxins at sub-ppm concentrations. Compared 18 

to non-ionic diluents, zwitterionic DESs produced exceptional analytical performance and the 19 

betaine: 7 (1,4- butane diol) DES outperformed the betaine: 5 (1,4-butane diol) DES. Limits of 20 

detection (LOD) down to the 5-ppb concentration level were achieved in DESs. Wide linear ranges 21 

spanning over 5 orders of magnitude (0.005 to 100 µg g-1) were obtained for most analytes with 22 

exceptional sensitivities and high precision. The method accuracy and precision were validated 23 

using 3 commercially available drug substances and excellent recoveries were obtained. This study 24 

broadens the applicability of HS-GC in the determination of less volatile GTIs by establishing 25 

DESs as viable diluent substitutes for organic solvents in routine pharmaceutical analysis. 26 
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1. Introduction 37 

Genotoxic impurities (GTIs) are compounds that can induce deleterious effects on human 38 

genetic material through mutations, chromosome alteration, and breakage.1,2 They may 39 

additionally exhibit carcinogenic properties when ingested through drugs and food products even 40 

at trace levels.2,3 The International Council for Harmonisation of Technical Requirements for 41 

Pharmaceuticals for Human Use (ICH) provides a strict regulatory framework to control the 42 

content of GTIs in pharmaceuticals.3,4 Given that excipients are generally well characterized, the 43 

risk of GTIs originating from routes associated with the manufacturing of active pharmaceutical 44 

ingredients (APIs) has received the most attention. While it is desirable to optimize synthetic routes 45 

to eliminate the generation of GTIs or their precursors, this is often not achievable and highly 46 

sensitive methods must be in place to demonstrate control of impurities.4,5 The threshold of 47 

toxicological concern (TTC) based compound-specific acceptable daily intake can be down to 1.5 48 

µg/day for long-term treatment (> 10 years),4 or even lower (e.g. 26.5 ng/day) for Category 1 49 

nitrosamine drug substance-related impurities.6  50 

Controlling GTIs to such low limits requires highly sensitive analytical methods with 51 

detection and quantitation capabilities often at sub-ppm concentration levels in pharmaceuticals, 52 

depending on dose.7 Gas chromatography (GC) and high-performance liquid chromatography 53 

(HPLC) are the most popular techniques in characterizing and quantifying genotoxins in 54 

pharmaceuticals.7,8 Depending on the presence of different functional groups in GTIs, a wide range 55 

of detectors are utilized in these techniques to achieve the desired sensitivity.2,9 For volatile 56 

impurities, a flame ionization detector (FID) is highly popular in GC10,11 due to its responses to a 57 

wide variety of organic compounds but may offer limited sensitivity for trace level analysis. In 58 

contrast, the electron capture detector (ECD) can selectively determine impurity content down to 59 
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parts-per-billion concentration levels for GTIs that contain sufficient electron withdrawing 60 

functional groups.12 Non-volatile impurities are characterized using HPLC equipped with 61 

UV/Vis13,14 and fluorescence detectors2 and may require chemical derivatization in the absence of 62 

sufficient chromophores/fluorophores.14 For both GC and HPLC methods, mass spectrometry 63 

(MS) can often provide the highest sensitivity and can unambiguously investigate impurity content 64 

when all other techniques fail to provide reliable analysis.15,16 However, MS methods are 65 

inherently not quantitative due to challenges in ionizing certain analytes, possible loss of ions, 66 

contamination of the ion source, and limited signal stability.17,18 67 

In order to enhance sensitivity and attempt to eliminate interference of drug matrix with 68 

low-level impurities using GC, sample preparation procedures can be employed. However, low 69 

molecular weight impurities are generally volatile, can be reactive, and may undergo degradation 70 

during extraction resulting in inaccurate analysis. To minimize loss of analyte and achieve 71 

selective isolation of volatile GTIs from APIs, static headspace gas chromatography (HS-GC) is 72 

often used.8,19 In HS-GC, samples are placed in sealed vials, solubilized in a suitable diluent, and 73 

heated to elevated temperatures to volatilize the GTIs followed by introduction to the GC, resulting 74 

in fewer issues of instrument contamination from non-volatile components present in the sample 75 

matrix.19 High oven temperatures employed in HS-GC dramatically enrich the analytes in the 76 

vapor phase that is injected onto the GC column and can potentially further improve overall 77 

method sensitivity.10,20 However, most HS-GC diluents, such as N,N-dimethylformamide (N,N-78 

DMF), N,N-dimethylacetamide (DMA), or dimethyl sulfoxide (DMSO),11,20 are too volatile at high 79 

oven temperatures, thus their use for high boiling point GTIs (>130 ºC) analysis is limited.10 80 

To utilize non-volatile and thermally stable HS-GC diluents, other classes of solvents have 81 

been explored. Ionic liquids (ILs) have been used as HS-GC diluents in pharmaceutical 82 
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analysis.10,21 They are comprised of an organic cation paired with a weakly coordinating anion to 83 

form a molten ionic compound with a melting point below 100 ºC.22,23 These materials possess a 84 

number of advantageous physical properties such as high thermal and chemical stability, negligible 85 

vapor pressure, and tunable viscosity making them ideal candidates for GC applications employing 86 

high oven temperatures.22 Despite being promising alternatives to organic solvents, ILs are often 87 

plagued with poor biodegradability, high toxicity, high costs of preparation, and complex multistep 88 

synthetic and purification protocols.23,24 Additionally, starting materials employed in their 89 

synthesis are often acquired from non-renewable sources23 and significant batch-to-batch 90 

variability may be observed in ILs procured from different commercial vendors.10 These factors 91 

have hindered adoption of ILs in drug analysis where sustainable pathways are prioritized. 92 

In an effort to identify substitutes for organic solvents, green alternatives have been 93 

particularly sought after by the scientific community.23,25 Deep eutectic solvents (DESs) constitute 94 

a class of contemporary diluents comprised of a hydrogen bond donor (HBD) that interacts with a 95 

hydrogen bond acceptor (HBA) via multiple types of interactions to yield a low melting point 96 

homogenous mixture.23,25 Typical HBAs are composed of natural products such as menthol, 97 

betaine, and choline chloride while HBDs can consist of diols, amides, carbohydrates, and organic 98 

acids.23,26 Eutectic mixtures are cost-effective, easy to prepare and can be biodegradable while 99 

offering low vapor pressures, tunable viscosities, and low toxicity,25,26 making them ideal 100 

candidates for pharmaceutical analysis. Although DESs have been utilized as HS-GC diluents for 101 

the analysis of residual solvents in APIs,11,27 to our knowledge, no study has focused on utilizing 102 

them in measuring less volatile GTIs where high oven temperatures are an absolute requirement. 103 

Given that hydrogen bonding between the HBA and HBD is significantly diminished at 104 

temperatures above 70 °C,28 maintaining the chemical integrity of a DES at elevated temperatures 105 
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can be a technical challenge. As water can disrupt the hydrogen bond between HBA and HBD, it 106 

is critical to control the water content in DESs at low level.  If this obstacle is overcome, it could 107 

lead to more widespread use of DESs in drug manufacturing and analysis in the pharmaceutical 108 

industry. 109 

In this study, halogen-containing genotoxins and non-halogenated nitroaromatics were 110 

analyzed by HS-GC/ECD. For the first time, zwitterionic and natural DESs were employed as 111 

sample diluents and their analytical performance was benchmarked against ILs and traditional 112 

organic solvents. Detection of GTIs down to the 5-ppb concentration level was achieved with 113 

minimal chromatographic interference from diluents at 180 ºC. The analytical method was 114 

validated using 3 commercially-available drug substances where relative recoveries of spiked GTIs 115 

ranging between 75 and 115% were observed. The DES-based HS-GC diluents investigated in this 116 

study offer the most green and cost-effective option compared to ILs and traditional organic 117 

solvents to ensure high method sensitivity for trace-level determination of GTIs in 118 

pharmaceuticals. Results from this study demonstrate that DESs offer tremendous potential as 119 

sustainable materials for pharmaceutical analysis, in addition to their role as carriers in designing 120 

complex drug delivery systems that plays an integral role in drug discovery and development.29,30 121 

2. Experimental 122 

2.1. Reagents, DES preparation, and characterization 123 

A detailed list of starting materials and reagents is provided in the supporting information. 124 

All DESs were prepared using the stirring method of preparation with mild heating (40 and 60 °C 125 

for nonionic and zwitterionic DESs, respectively). As referenced in Table S1, DESs that are 126 

generally reported in the literature were selected and Figure 1 shows the betaine (Bet), glycerol 127 

(Gly), and 1,4-butane diol (1,4-BD) combinations explored in this study. Different reported 128 
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HBA/HBD ratios were employed to vary the solvent viscosity and investigate the influence on 129 

their analytical performance when the mole ratio of HBD is systematically modified. Neat HBAs 130 

were weighed in 250 mL Pyrex round glass bottles and liquid HBDs were pipetted into these 131 

containers at specific volumes to achieve the desired stoichiometry. Contents of the bottles were 132 

mixed using magnetic stirrers until a homogenous, colorless liquid was obtained. The resulting 133 

eutectic mixtures were stored under dry conditions and their identity and purity were analyzed 134 

using nuclear magnetic resonance (NMR) spectroscopy. These NMR spectra confirmed the 135 

chemical structures and mole ratios of eutectic mixture components. All 13C and 1H NMR spectra 136 

are provided in the supporting information.   137 

The physico-chemical properties of DESs were thoroughly evaluated prior to employing 138 

them as GC diluents. Viscosity measurements were conducted at 21.7 °C using an AMETEK 139 

Brookfield DV1 cone and plate viscometer (Middleborough, MA, USA) equipped with a CPA-140 

51Z cone spindle and the data is provided in Table S2. The water content of each DES/diluent was 141 

determined to be below 0.9 wt.% by performing triplicate measurements using a Metrohm 831 142 

Karl Fischer coulometric titrator, as shown in Table S3. In addition, thermal properties of DESs 143 

were characterized using a NETZSCH DSC 214 Polyma instrument (Selb, Germany). All samples 144 

were cooled from 40 ℃ to -120 ℃ at a rate of 10 ℃ min-1 and subsequently heated to 80 ℃ at the 145 

same rate. NETZSCH Proteus software was used to analyze thermograms and obtain the melting 146 

point and/or glass transition temperatures, as shown in Table S4. 147 

2.2. Sample preparation for HS-GC analysis 148 

A total of 14 halogenated analytes and 10 non-halogenated nitroaromatics were employed 149 

as 2 separate sets of GTIs, as shown in Figure 1. Stock standard solutions of genotoxins were 150 

initially prepared at a concentration of 10 mg mL-1 by solubilizing them in methanol and additional 151 
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standards were prepared from the stock solutions through serial dilution. Working standards were 152 

prepared by pipetting 100 µL of standard solutions into a 10 mL headspace vial and diluting with 153 

900 µL of a selected DES to achieve a total volume of 1 mL. The vials were sealed using a clamp 154 

and their contents were vortexed to homogenize the samples. To perform accuracy studies, 1 g of 155 

a drug substance (aspirin, acetylsalicylic acid, and ibuprofen) was solubilized in 10 mL of a DES 156 

to prepare API-containing diluents at a concentration of 100 mg mL-1. A 900 µL volume of drug-157 

containing DES was then spiked with 100 µL of GTI standard solutions to prepare 1 mL samples 158 

containing 90 mg of APIs in the headspace GC vial.  159 

2.3. Instrumentation and chromatographic parameters 160 

An Agilent 7890N gas chromatograph (Santa Clara, CA, USA) equipped with an ECD and 161 

an Agilent 7697A headspace sampler was employed for all chromatographic separations. A VF-162 

624ms capillary column (30m x 0.32 mm I.D. x 1.8 µm film thickness) procured from 163 

Agilent/Varian Inc. (Santa Clara, CA, USA) was placed inside the GC oven and conditioned for 164 

30 minutes at 150 ºC by passing helium at a constant flow of 1 mL min-1. The inlet temperature 165 

was maintained at 250 ºC with a split ratio of 1:1 while the ECD was operated at 300 ºC with 166 

nitrogen being flown at 30 mL min-1. The HS oven temperature was modulated between 120 and 167 

180 ºC while the sample loop and transfer line were maintained at 230 and 240 ºC, respectively. 168 

HS vials were pressurized at 15 psi and equilibrated for 10 minutes prior to filling the sample loop 169 

(1000 µL volume). Two different GC oven temperature programs were optimized for the 170 

separation of halogenated GTIs and non-halogenated nitroaromatics. For halogen-containing 171 

analytes, initial temperature was 100 ºC followed by a ramp of 10 ºC min-1 to 150 ºC (maintained 172 

for 10 minutes). Subsequently, the temperature was raised to 280 ºC at the same ramp rate (10 ºC 173 

min-1) and held for 2 minutes. To chromatographically separate non-halogenated genotoxins, an 174 
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initial temperature of 150 ºC was maintained for 10 minutes and then ramped to 280 ºC at a rate 175 

of 20 ºC min-1 (held for 15 minutes). 176 

3. Results and discussion 177 

3.1. Selection of analytes and evaluation of chromatographic background from DESs/neat 178 

HBDs 179 

Depending on the molecular structure and functional groups on the GTI compounds, it is 180 

crucial to select a suitable method that can provide sufficient sensitivity for sub-ppm or lower 181 

concentration level GTI analysis. For example, alkyl and aryl halides often exhibit genotoxicity 182 

and have been studied using both HS-GC/ECD and HS-GC/FID12 but FID may not be suitable for 183 

analyzing hydrazines, a potential carcinogen due to a lack of carbon substituents.31 Haloalkanes, 184 

aryl halides, and nitroaromatics have been extensively studied in DMSO, N,N-DMF, and 185 

imidazolium-based ILs in the presence of drug substances using the HS-GC/ECD method.21 186 

Therefore, similar analytes (Figure 1) and detection methods were employed to perform a 187 

comparison between the analytical performance of DESs with ILs and volatile organic solvents. 188 

To achieve high method sensitivity at sub-ppm concentrations of analytes, it was vital to 189 

minimize contamination that arises from volatilization of DES components. Although hydrogen 190 

bonding between the HBA and HBD is adversely impacted at high temperatures,28 the vapor 191 

pressure of DES starting materials strongly influences their volatilization. Consequently, the 192 

choice of HBAs/HBDs was based on their individual thermal stabilities. Natural DESs (NADES) 193 

comprised of alcohol HBDs have been previously used as HS-GC diluents at temperatures up to 194 

140 ºC, while undergoing negligible thermal degradation and exhibiting very little interference 195 

with the chromatographic separation.11,32 Additionally, residual solvents comprised of haloalkanes 196 

demonstrate strong partitioning into the headspace when solubilized in DESs comprised of diol-197 
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containing HBDs.11,27 Given the high specificity of ECD towards compounds possessing electron 198 

withdrawing functional groups, it was essential to eliminate the presence of nitro group and 199 

halogens in the selected DESs. While most quaternary ammonium and phosphonium salts possess 200 

a halide-based counter anion, zwitterionic HBAs such as betaine and L-carnitine offer a halogen-201 

free substitute. In addition, NADES comprised of non-ionic HBAs and HBDs also lack halogens 202 

and are, therefore, ECD compatible. Thus, betaine (Bet), glycerol (Gly), and 1,4-butane diol (1,4-203 

BD) were used to prepare 3 zwitterionic and non-ionic NADES in known HBA and HBD molar 204 

ratios, as shown in Figure 1. 205 

To determine the chromatographic contributions arising from DESs and their components, 206 

all diluents were exposed to temperatures above the boiling points of GTIs. Figure 2 demonstrates 207 

the chromatographic background generated for 3 DESs and 2 neat HBDs incubated at 180 ºC. 208 

DESs comprised of 1,4-BD produced a chromatographic peak at a retention time of approximately 209 

5.25 minutes while those containing glycerol produced a response at nearly 10.5 minutes. Figure 210 

2A shows the chromatographic separation by directly injecting the 14 analytes using the same 211 

temperature program to demonstrate that the diluent degradation products do not interfere with the 212 

retention of GTIs. While some impurities from DESs/neat HBDs may not be detected due to the 213 

high specificity of ECD, these diluents have produced clean chromatographic backgrounds with 214 

FID and MS,11,27,32 thus further demonstrating their high thermal stability. 215 

3.2. Optimization of HS parameters using the Bet : 7 (1,4-BD) DES 216 

A static HS-GC approach was initially employed to investigate the applicability of DESs 217 

as diluents for the analysis of GTIs. A mixture of 14 halogenated genotoxins was prepared in 218 

various DESs at a concentration of 100 µg g-1 and incubated at 150 ºC using the HS sampler to 219 

perform their chromatographic separation, as shown in Figure 3. While halogen-containing 220 
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ketones and nitroaromatics produced a strong response from the Bet : 7 (1,4-BD) DES (Figure 221 

3E), no chromatographic peaks corresponding to 1-bromo-3-chloropropane (analyte 1), benzyl 222 

chloride (analyte 2), and 1,6-dibromohexane (analyte 3) were detected. A similar pattern was 223 

observed for the Bet : 5 (1,4-BD) DES (Figure 3D) where alkyl/aryl halides were not detected 224 

under identical conditions. However, solubilizing the 14 GTIs in the Gly : 7 (1,4-BD) DES led to 225 

the successful detection of all analytes (Figure 3C). To further investigate the behavior of these 226 

analytes in individual DES components, the same set of genotoxins was prepared in Gly and 1,4-227 

BD neat HBDs. It was observed that benzyl chloride remained undetected in the Gly diluent 228 

(Figure 3B) while all 14 GTIs could be detected in the 1,4-BD neat HBD (Figure 3A). Clearly, 229 

partitioning of halogenated compounds into the headspace was influenced by the type of diluent 230 

as strong solute-solvent interactions and possible side-reactions were suspected at elevated oven 231 

temperatures. 232 

Previous studies have shown that halogenated GTIs undergo degradation at temperatures 233 

above 150 ºC, leading to lower detector responses.21 However, insufficient precedence exists for 234 

non-halogenated nitroaromatics. To optimize the HS oven temperature for halogen-free 235 

nitroaromatics, a mixture of 7 analytes was prepared in the Bet : 7 (1,4-BD) DES at a concentration 236 

of 100 µg g-1 and incubated at 120, 150, and 180 ºC to evaluate analyte response against 237 

temperature, as shown in Figure 4. The lowest response was generally observed at 120 ºC while 238 

raising the temperature to 150 ºC led an approximate 2-fold increase for most analytes. Increasing 239 

the temperature to 180 ºC further enhanced the response by a factor ranging between 2 to 4 for 240 

these GTIs. Compared to nitrobenzenes, higher response was observed for derivatives of 241 

nitrobenzaldehyde, with 4-nitrobenzaldehyde exhibiting the strongest enhancement in response 242 

when the temperature was increased from 120 to 180 ºC. Temperatures above 180 ºC are near to 243 
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the boiling/flash points of certain HBDs and were not investigated. The influence of halogens on 244 

the thermal stability of nitroaromatics was demonstrated by 2-fluoro-5-nitrobenzaldehyde, which 245 

produced a diminished response above 120 ºC and was the lowest amongst the 7 analytes at each 246 

temperature. To achieve a balance between thermal stability of analytes and their headspace 247 

efficiency, all 14 halogenated GTIs were incubated as one set at a HS oven temperature of 150 ºC 248 

while 10 non-halogenated nitroaromatics were analyzed as a separate set at 180 ºC. 249 

3.3. DESs and neat HBDs as effective HS diluents for halogen-containing GTIs 250 

Analytical performance was investigated by studying the linearity of halogenated GTIs in 251 

DES/neat HBD diluents using calibration curves, as shown in Table 1. A representative calibration 252 

curve is provided in Figure S1. Wide linear ranges, from low ppb (0.005 µg g-1) to high ppm (100 253 

µg g-1) analyte concentrations, were observed for halogen-containing GTIs in all 5 diluents. 254 

Zwitterionic DESs generally provided superior calibration ranges spanning over 5 orders of 255 

magnitude compared to non-ionic DESs and neat HBDs. Calibration curves for all analytes across 256 

each diluent yielded a high linear regression coefficient of 0.987 or above. The precision of the 257 

method was evaluated at concentrations of 0.1 and 5 µg g-1 by performing quadruplicate 258 

measurements (n = 4) and RSD% values were generally found to be under 10. 259 

The slope of the calibration curves was compared to infer the sensitivity of the method 260 

across the 5 diluents, as shown in Table 1. Errors of the slope were generally observed to be within 261 

5% of the absolute values. Highest sensitivity was obtained for 3’,5’-262 

bis(trifluoromethyl)acetophenone in both DESs and neat HBDs while the poorest values were 263 

observed for benzyl chloride and 1,6-dibromohexane, as consistent with previous study.21 264 

Compared to alkyl/aryl halides, halogenated nitroaromatics possess multiple functional groups that 265 

can undergo dissociative electron capture reactions in the detector,21 thus rationalizing their higher 266 
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sensitivities. Figure 5 demonstrates a side-by-side comparison of method sensitivity for 9 halogen-267 

containing GTIs in all diluents. The lowest sensitivities were generally observed in the non-ionic 268 

Gly : 7 (1,4-BD) DES while the highest values were obtained in the Gly neat HBD. In contrast, 269 

zwitterionic DESs comprised of Bet salt and 1,4-BD produced higher sensitivities for most GTIs 270 

compared to the 1,4-BD neat HBD, demonstrating the influence of HBA. Compared to the Bet : 5 271 

(1,4-BD) DES, the solvent was composed of the same HBA and HBD in a molar ratio of 1:7 and 272 

generated higher sensitivities, indicating that the stoichiometry of DES components can 273 

significantly influence the overall analytical performance of the method. Despite being the top 274 

performer for most analytes, the Glycerol neat HBD exhibited diminished sensitivities for 4-275 

chloro-3-nitrobenzaldehyde and 2-fluoro-4-nitroaniline, further exemplifying that method 276 

sensitivity is strictly analyte-dependent. Overall, zwitterionic DESs provided sufficiently large 277 

sensitivity for all genotoxins while showing less dramatic variations due to matrix effects. 278 

To determine the limit of detection (LOD) for analysis of GTIs, the analyte concentration 279 

was reduced until a signal-to-noise ratio of 3:1 was achieved. As observed from Table 1, LODs 280 

down to 0.005 µg g-1 were achieved for halogenated nitroaromatics in DESs while benzyl chloride 281 

and 1,6-dibromohexane exhibited slightly higher values of 5 and 1 µg g-1, respectively. LODs of 282 

most analytes obtained in zwitterionic DESs were superior to those observed in a non-ionic 283 

eutectic mixture, with a 100-fold enhancement in the case of 1-bromo-3-nitrobenzene using the 284 

Bet : 5 (1,4-BD) and Bet : 7 (1,5-BD) DESs compared to Gly : 7 (1,4-BD). Additionally, the Bet : 285 

5 (1,4-BD) DES exhibited a modest 2 to 5-fold improvement in LOD for halogenated GTIs 286 

compared to the Bet : 7 (1,4-BD). While the Bet-based DESs provided comparable LODs to 1,4-287 

BD neat HBD for most analytes, the Gly : 7 (1,4-BD) DES yielded a significant 100-fold reduction 288 

for 1-chloro-2-nitrobenzene, 1-bromo-3-nitrobenzene, and 1-chloro-4-nitrobenzene compared to 289 
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the Glycerol diluent. However, less dramatic 2 to 10-fold reductions were observed for 2-fluoro-290 

4-nitroaniline, 4-chloro-3-nitrobenzaldehyde, and 1-bromo-3-chloropropane, demonstrating the 291 

limited effectiveness of Gly-based DESs as diluents for trace-level analysis of GTIs. 292 

3.4. Analytical performance of zwitterionic DESs and 1,4-BD HBD for halogen-free 293 

nitroaromatics 294 

To determine the effect of DESs/neat HBDs as diluents for non-halogenated GTIs, their 295 

analytical performance was evaluated in the Bet : 5 (1,4-BD), Bet : 7 (1,4-BD), and 1,4-BD 296 

solvents using calibration curves, as shown in Table 2. Similar to halogenated GTIs, halogen-free 297 

nitroaromatics yielded wide linear ranges spanning over 5 orders of magnitude between 0.005 and 298 

100 µg g-1 with excellent precision (RSD% generally below 10, n = 4) determined at analyte 299 

concentrations of 5 and 0.1 µg g-1. The analytical performance of Gly-based diluents was not 300 

investigated due to elevated background noise generated by these DESs/neat HBDs in the presence 301 

of nitroaromatics, possibly due to greater chemical reactivity of these analytes at 180 ºC. 302 

Method sensitivity was determined for the analysis of non-halogenated nitroaromatics, as 303 

shown in Table 2. The highest sensitivities were observed for nitrobenzaldehydes compared to 304 

derivatives of nitrobenzenes and nitroanilines, which aligns with previous studies.21 While 305 

chemically modified benzaldehydes, such as 2-methoxy-4-nitrobenzaldehyde, showed higher 306 

sensitivity in Bet-based DESs compared to 1,4-BD neat HBD, an opposite trend was observed for 307 

2- and 4- nitrobenzaldehydes. A 2-fold enhancement was obtained between 2-nitrobenzaldehyde 308 

and 4-nitrobenzaldehyde in all 3 diluents, demonstrating that the isomeric position of the nitro 309 

functional groups has a strong influence on response sensitivity. Compared to halogenated 310 

nitrobenzenes (example 1-chloro-2-nitrobenzene in Table 1), alkyl substituted counterparts such 311 

as 1-ethyl-2-nitrobenzene (Table 2) exhibited significantly diminished sensitivities, despite being 312 
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analyzed at higher incubation temperatures. However, an opposite trend was observed for other 313 

types of nitroaromatics where halogen-containing 2-fluoro-5-nitrobenzaldehyde and 4-chloro-3-314 

nitrobenzaldehyde yielded lower sensitivities compared to halogen-free 2- and 4-315 

nitrobenzaldehydes. The presence of multiple electron withdrawing functional groups does not 316 

always translate into higher response sensitivity due to large electronic variations between 317 

analytes, thus, highlighting the need to screen different diluents for each class of GTIs.   318 

3.5. Recovery of GTIs from DES and API sample matrices 319 

Recovery studies were conducted in 1 mL samples of Bet : 5 (1,4-BD) DES and 1,4-BD 320 

neat HBD containing 90 mg (9%, w/v) of aspirin, acetaminophen, and ibuprofen. The 321 

chromatographic background generated from each API in the diluents was evaluated to identify 322 

any unknown peaks that may interfere with the chromatographic retention of analytes. Genotoxins 323 

were spiked in concentrations of 0.75 and 40 ppm relative to the drug substance and recoveries of 324 

13 analytes in DES/neat HBD are summarized in Table 3. In the zwitterionic DES, recoveries 325 

generally ranged between 80 and 120% in all 3 drug substances at both concentrations with very 326 

few exceptions. Excellent recoveries were observed by performing a side-by-side comparison of 327 

nitroaromatics in the DES with minimal variations when the drug substance was altered, as shown 328 

in Figure S2. In contrast, the 1,4-BD diluent produced comparatively lower recoveries generally 329 

ranging from 40 to 100% (Table 3), demonstrating matrix effects from APIs in neat HBDs. An 330 

analyte-to-analyte comparison between the DES and neat HBD is provided in Figure 6. It was 331 

revealed that all 10 analytes generated lower recoveries in 1,4-BD versus the DES with values 332 

down to (7.1 ± 3.8)% obtained for 2-nitrobenzaldehyde. 333 

To further evaluate the effect of diluent on relative recoveries, GTIs exhibiting dramatic 334 

API-to-API variations in 1,4-BD neat HBD were identified from Table 3 and a visual 335 
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representation of their recoveries is provided in Figure 7. It was observed that 4-nitrobenzaldehyde 336 

and 2-methoxy-4-nitrobenzaldehyde produced similar recoveries in the presence of acetylsalicylic 337 

acid and ibuprofen while an approximate 7-fold increase was obtained in the case of 338 

acetaminophen. The 2-fluoro-4-nitroaniline GTI outperformed when solubilized in the 339 

acetaminophen-containing diluent compared to acetylsalicylic acid and ibuprofen, but an opposite 340 

trend was observed for benzyl chloride. Clearly, the type of API appeared to strongly influence the 341 

recoveries of analytes in the neat HBD. A closer look into the chemical structure of these drug 342 

substances revealed that they are popular starting materials in the preparation of API-based non-343 

ionic DESs.33 In the event that these compounds interact with the 1,4-BD neat HBD to produce 344 

eutectic mixtures, their chemical composition would correspond to molar combinations provided 345 

in Table S5. Previous studies have shown that eutectic mixtures undergo significant variations in 346 

their solvation properties when the type of HBA and HBD and/or their molar ratio is varied,34,35 347 

which can influence the partitioning of GTIs into the headspace. While DESs may not undergo 348 

abrupt changes in solvation characteristics through the interaction of its components with APIs, 349 

eutectic mixtures formed by 1,4-BD and drug substances can significantly deviate from neat HBDs 350 

in terms of how they interact with various GTIs.  351 

3.6. Cost-benefit analysis and practical considerations  352 

In terms of practicality, DESs in pharmaceutical analysis offer several advantages over ILs 353 

and traditional solvents. In addition to cost, the availability of materials can influence their routine 354 

utilization in analytical methodologies at highly regulated contract laboratories. While ILs can be 355 

synthesized in most laboratories or procured from commercial sources, they often contain volatile 356 

impurities that need to be identified and isolated prior to using these diluents in HS-GC 357 

technique.10 In contrast, ultra-pure HBAs and HBDs are readily available from many chemical 358 
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vendors, which can eliminate volatile components from the final DES product. Table S6 shows a 359 

cost comparison between popular ILs, traditional HS organic solvents, and the DESs employed in 360 

this study. It was observed that the cost of preparing 1 g of Gly : 7 (1,4-BD) DES was only $0.07 361 

compared to $0.32 for DMSO and $14.12 for [BMIM][Cl] IL. 362 

Aside from being more cost-effective and cleaner alternatives to other classes of diluents, 363 

DESs offer exceptional ease of handling when preparing analytical standard/working solutions. 364 

Although organic solvents possess comparable viscosities to water, ILs are generally very viscous 365 

and easily stick to glass surfaces, making pipetting extremely challenging. In contrast, DES 366 

diluents explored in this study possessed viscosities under 190 cP at room temperature (Table S2) 367 

and were easy to manipulate while performing volumetric measurements. In addition, DESs were 368 

able to dissolve all 3 drug substances under ambient conditions to prepare spiked analytical 369 

standards thus, demonstrating their superior solubilization strength for polar compounds. 370 

4. Conclusions 371 

In this study, DESs as HS-GC diluents were explored for trace level detection of high 372 

boiling GTIs in pharmaceuticals. Eutectic mixtures comprised of zwitterionic HBAs and non-ionic 373 

components were found to produce clean chromatographic backgrounds offering minimal 374 

interference with retention of analytes. Anilines, nitroaromatics, and halogenated GTIs produced 375 

high method sensitivities at incubation temperatures of up to 180 ºC while most analytes could be 376 

detected down to concentrations of 0.005 µg g-1. Regardless of the class of GTI, zwitterionic DESs 377 

offered wider calibration ranges spanning over 5 orders of magnitude compared to non-ionic DES 378 

diluents and neat HBDs, with the Bet : 7 (1,4-BD) DES outperforming the Bet : 5 (1,4-BD) DES 379 

in analytical performance. Excellent linearity and accuracy were observed for most analytes at 380 

concentrations both above and below the TTC generally prescribed for long-term treatment. 381 
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Compared to neat HBDs, zwitterionic DESs were less susceptible to matrix effects when employed 382 

as diluents spiked with drug substances by producing recoveries generally ranging between 80 and 383 

120%. Diluents employed in this study exhibited exceptional solvation power required to dissolve 384 

analytes and drug substances, enabling the possibility to determine trace level of GTIs. In addition, 385 

cost and sustainability aspects have been particularly addressed in the design and development of 386 

these solvents, making them eco-friendly and significantly cost-effective alternatives to traditional 387 

HS-GC diluents. Results from this study demonstrate that DESs can be used to develop sensitive, 388 

accurate, precise, and robust analytical methodologies for routine pharmaceutical analysis 389 

targeting less volatile genotoxins using HS-GC technique for which organic solvents are 390 

incompatible due to temperature programs exceeding their flash/boiling points.  391 
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Table 1. Analytical figures of merit for DESs and neat HBDs as HS-GC/ECD diluents in the analysis of halogenated GTIs at 150 ºC. 

Analyte Linear range (µg g-1) Slope ± SD R RSD%a RSD%b LOD (µg g-1)e 

Bet : 5 (1,4-BD)       
1-Chloro-2-nitrobenzene 0.005 - 50 37,018 ± 868 0.996 1.23 1.84 0.005 

1-(2-Chloro-5-nitrophenyl)ethanone 0.05 - 50 4,342 ± 63 0.999 5.56 4.73 0.05 
2-Chloro-5-nitroaniline 0.05 - 50 953 ± 20 0.997 6.44 19.80 0.05 

3’,5’-Bis(trifluoromethyl)acetophenone 0.005 - 50 128,911 ± 4004 0.992 1.40 3.12 0.005 
1,2-Dichloro-4-nitrobenzene 0.005 - 50 36,655 ± 880 0.995 2.22 1.99 0.005 

1-Bromo-3-nitrobenzene 0.005 - 25 47,847 ± 589 0.999 2.31 2.38 0.005 
2-Fluoro-5-nitrobenzaldehyde 1 - 100 157 ± 4 0.998 7.81 -d 1 

1-Chloro-4-nitrobenzene 0.005 - 50 38,796 ± 730 0.997 1.89 2.21 0.005 
2-Fluoro-4-nitroaniline 0.01 - 100 1,850 ± 23 0.999 1.86 2.13 0.01 

1-Fluoro-2-nitrobenzene 0.05 - 50 13,046 ± 175 0.999 7.50 6.22 0.05 
4-Chloro-3-nitrobenzaldehyde 0.005 - 50 2,569 ± 63 0.995 3.58 9.11 0.005 

1-Bromo-3-chloropropane N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac 
Benzyl chloride N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac 

1,6- Dibromohexane N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac 
       

Bet : 7 (1,4-BD)       
1-Chloro-2-nitrobenzene 0.01 - 50 70,996 ± 2,318 0.994 5.94 0.92 0.01 

1-(2-Chloro-5-nitrophenyl)ethanone 0.01 - 100 5,361 ± 140 0.995 3.46 7.52 0.01 
2-Chloro-5-nitroaniline 0.1 - 50 1,730 ± 43 0.998 15.23 12.89 0.1 

3’,5’-Bis(trifluoromethyl)acetophenone 0.005 - 50 140,396 ± 1,183 0.999 5.78 2.17 0.005 
1,2-Dichloro-4-nitrobenzene 0.01 - 50 64,274 ± 1,835 0.995 6.37 3.78 0.01 

1-Bromo-3-nitrobenzene 0.005 - 50 91,055 ± 2,298 0.996 6.20 1.03 0.005 
2-Fluoro-5-nitrobenzaldehyde 0.5 - 50 204 ± 9 0.995 42.66 -d 0.5 

1-Chloro-4-nitrobenzene 0.005 - 100 60,389 ± 1,701 0.994 5.46 1.08 0.005 
2-Fluoro-4-nitroaniline 0.01 - 50 3,326 ± 91 0.996 12.88 8.36 0.01 

1-Fluoro-2-nitrobenzene 0.05 - 100 21,636 ± 553 0.996 5.24 1.04 0.05 
4-Chloro-3-nitrobenzaldehyde 0.05 - 100 3,415 ± 102 0.995 10.13 5.13 0.05 

1-Bromo-3-chloropropane N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac 
Benzyl chloride N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac 
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1,6- Dibromohexane N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac 
       

Gly : 7 (1,4-BD)       
1-Chloro-2-nitrobenzene 0.5 - 25 35,193 ± 1,432 0.995 8.67 3.73 0.5 

1-(2-Chloro-5-nitrophenyl)ethanone 0.5 - 50 4,330 ± 165 0.994 2.23 7.51 0.5 
2-Chloro-5-nitroaniline 0.5 - 100 1,619 ± 41 0.998 5.11 -d 0.5 

3’,5’-Bis(trifluoromethyl)acetophenone 0.01 - 100 73,199 ± 232 0.999 11.80 3.14 0.01 
1,2-Dichloro-4-nitrobenzene 0.5 - 100 48,935 ± 2,072 0.993 12.17 2.93 0.5 

1-Bromo-3-nitrobenzene 0.5 - 100 57,321 ± 1,170 0.998 12.80 3.02 0.5 
1-Chloro-4-nitrobenzene 0.5 - 25 34,824 ± 499 0.999 12.46 2.62 0.5 
2-Fluoro-4-nitroaniline 0.5 - 25 1,528 ± 93 0.993 8.67 10.30 0.5 

1-Fluoro-2-nitrobenzene 0.5 - 100 23,084 ± 1004 0.991 10.79 2.12 0.5 
4-Chloro-3-nitrobenzaldehyde 0.5 - 100 224 ± 10 0.996 9.84 4.93 0.5 

1-Bromo-3-chloropropane 0.05 - 100 28,177 ± 946 0.992 12.76 8.35 0.05 
Benzyl chloride 5 - 100 373 ± 23 0.988 13.07 -d 5 

1,6- Dibromohexane 1 - 100 367 ± 16 0.993 9.86 -d 1 
       

1,4-BD       
1-Chloro-2-nitrobenzene 0.005 - 10 29,402 ± 278 0.999 5.69 4.04 0.005 

1-(2-Chloro-5-nitrophenyl)ethanone 0.05 - 50 5,475 ± 104 0.998 16.21 17.16 0.05 
2-Chloro-5-nitroaniline 0.05 - 50 2,045 ± 67 0.995 6.25 18.39 0.05 

3’,5’-Bis(trifluoromethyl)acetophenone 0.05 - 50 118,012 ± 4,751 0.992 6.52 3.92 0.05 
1,2-Dichloro-4-nitrobenzene 0.005 - 10 26,134 ± 259 0.999 5.19 4.16 0.005 

1-Bromo-3-nitrobenzene 0.005 - 10 38,910 ± 400 0.999 5.38 3.96 0.005 
1-Chloro-4-nitrobenzene 0.005 - 100 57,441 ± 1,308 0.996 5.86 3.47 0.005 
2-Fluoro-4-nitroaniline 0.005 - 50 3,709 ± 40 0.999 34.71 26.59 0.005 

1-Fluoro-2-nitrobenzene 0.05 - 100 21,370 ± 431 0.998 5.81 3.42 0.05 
4-Chloro-3-nitrobenzaldehyde 0.05 - 100 363 ± 13 0.995 14.92 17.84 0.05 

1-Bromo-3-chloropropane 0.01 - 100 26,536 ± 362 0.999 5.42 3.63 0.01 
Benzyl chloride 1 - 100 551 ± 18 0.987 4.31 -d 1 

1,6- Dibromohexane 1 - 100 364 ± 10 0.998 3.78 -d 1 
       

Gly       
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1-Chloro-2-nitrobenzene 0.005 - 50 125,963 ± 872 0.999 3.94 2.39 0.005 
1-(2-Chloro-5-nitrophenyl)ethanone 0.05 - 10 6,580 ± 216 0.996 6.17 2.00 0.05 

2-Chloro-5-nitroaniline 0.5 - 100 1,857 ± 22 0.999 9.21 -d 0.5 
3’,5’-Bis(trifluoromethyl)acetophenone 0.01 - 10 224,009 ± 9,771 0.991 5.06 7.54 0.01 

1,2-Dichloro-4-nitrobenzene 0.01 - 10 134,103 ± 2,841 0.998 4.29 2.24 0.01 
1-Bromo-3-nitrobenzene 0.005 - 25 204,099 ± 3,627 0.998 3.94 2.00 0.005 
1-Chloro-4-nitrobenzene 0.005 - 50 126,092 ± 820 0.999 3.59 2.22 0.005 
2-Fluoro-4-nitroaniline 0.5 - 100 2,146 ± 70 0.994 11.65 -d 0.5 

1-Fluoro-2-nitrobenzene 0.05 - 25 42,516 ± 1,047 0.997 3.28 29.37 0.05 
4-Chloro-3-nitrobenzaldehyde 0.1 - 25 558 ± 71 0.954 51.55 8.01 0.1 

1-Bromo-3-chloropropane 0.005 - 100 66,693 ± 1,624 0.995 2.82 2.56 0.005 
Benzyl chloride N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac 

1,6- Dibromohexane 0.5 - 100 510 ± 19 0.993 3.64 -d 0.5 
 

a Data obtained by performing repeated measurements at analyte concentration of 5 µg g-1 (n = 4).  
b Data obtained by performing repeated measurements at analyte concentration of 0.1 µg g-1 (n = 4). 
c Chromatographic peak not detected for the analyte using the selected HS-GC diluent. 
d Chromatographic peak not detected at analyte concentration of 0.1 µg g-1 using the selected HS-GC diluent. 
e LOD obtained by reducing the analyte concentration until a 3:1 signal-to-noise ratio was achieved. 
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Table 2. Analytical figures of merit for non-halogenated genotoxins analyzed at 180 ºC using DESs and neat HBDs as HS-GC diluents. 

Analyte Linear range (µg g-1) Slope ± SD R RSD%a RSD%b LOD (µg g-1)d 

Bet : 5 (1,4-BD)       
2,4-Dimethylnitrobenzene 1 - 100 197 ± 7 0.996 5.52 8.93 1 

2-Nitrobenzaldehyde 0.05 - 100 10,588 ± 152 0.999 2.56 5.62 0.05 
4-Nitrobenzaldehyde 0.05 - 50 23,021 ± 433 0.998 3.52 10.68 0.05 
1-Nitronaphthalene 0.005 - 100 11,625 ± 192 0.998 4.68 5.44 0.005 

1,2-Dimethoxy-4-nitrobenzene 0.05 - 100 3,517 ± 40 0.999 6.13 8.23 0.05 
N-methyl-2-nitroaniline 0.5 - 100 832 ± 16 0.998 3.59 -c 0.5 

2-Methoxy-4-nitrobenzaldehyde 0.01 - 100 9,421 ± 78 0.999 9.10 1.96 0.01 
4-Methoxy-2-nitroaniline 0.5 - 50 840 ± 25 0.997 12.22 -c 0.5 
1-Ethyl-2-nitrobenzene 0.5 - 50 2,088 ± 77 0.995 2.75 1.74 0.5 

       
Bet : 7 (1,4-BD)       

2,4-Dimethylnitrobenzene 1 - 100 173 ± 3 0.998 14.43 -c 1 
2-Nitrobenzaldehyde 0.05 - 100 13,656 ± 205 0.998 6.28 2.32 0.05 
4-Nitrobenzaldehyde 0.01 - 50 28,968 ± 658 0.996 2.70 3.66 0.01 
1-Nitronaphthalene 0.005 - 100 12,376 ± 279 0.996 2.17 5.19 0.005 

1,2-Dimethoxy-4-nitrobenzene 0.1 - 100 3,656 ± 50 0.999 9.71 14.10 0.1 
N-methyl-2-nitroaniline 0.5 - 100 862 ± 22 0.997 8.07 -c 0.5 

2-Methoxy-4-nitrobenzaldehyde 0.01 - 100 12,612 ± 246 0.997 8.72 5.69 0.01 
4-Methoxy-2-nitroaniline 0.5 - 100 760 ± 8 0.999 8.30 -c 0.5 
1-Ethyl-2-nitrobenzene 0.1 - 100 2,206 ± 74 0.993 12.89 6.25 0.1 

       
1,4-BD       

2,4-Dimethylnitrobenzene 0.005 - 100 160 ± 5 0.990 1.96 11.10 0.005 
2-Nitrobenzaldehyde 0.05 - 100 16,337 ± 291 0.998 2.90 1.70 0.05 
4-Nitrobenzaldehyde 0.005 - 50 30,072 ± 659 0.996 1.57 9.46 0.005 
1-Nitronaphthalene 0.05 - 100 11,074 ± 353 0.993 2.52 8.29 0.05 

1,2-Dimethoxy-4-nitrobenzene 0.1 - 100 3,144 ± 83 0.996 2.32 10.47 0.1 
N-methyl-2-nitroaniline 0.005 - 100 732 ± 19 0.994 11.39 15.61 0.005 

2-Methoxy-4-nitrobenzaldehyde 0.01 - 100 8,713 ± 214 0.995 1.70 13.04 0.01 
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4-Methoxy-2-nitroaniline 0.5 - 100 378 ± 15 0.997 1.48 -c 0.5 
1-Ethyl-2-nitrobenzene 0.1 - 25 2,691 ± 131 0.991 0.77 3.43 0.1 

 
a Data obtained by performing repeated measurements at analyte concentration of 5 µg g-1 (n = 4).  
b Data obtained by performing repeated measurements at analyte concentration of 0.1 µg g-1 (n = 4). 
c Chromatographic peak not detected at analyte concentration of 0.1 µg g-1 using the selected HS-GC diluent. 
d LOD obtained by reducing the analyte concentration until a 3:1 signal-to-noise ratio was achieved. 
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Table 3. Recovery of halogenated GTIs in Bet : 5 (1,4-BD) DES and 1,4-BD neat HBD. 

Analyte Acetylsalicylic 
acida 

Acetylsalicylic 
acidb 

Acetaminophena Acetaminophenb Ibuprofena Ibuprofenb 

1,4-BD       
1-(2-Chloro-5-nitrophenyl)ethanone 65.8 ± 3.9 75.1 ± 15.3 88.9 ± 7.8 85.56 ± 1.6 76.5 ± 4.9 63.1 ± 4.7 

1-Chloro-2-nitrobenzene 83.3 ± 1.4 71.0 ± 11.9 156.1 ± 48.8 89.0 ± 10.3 98.8 ± 13.7 73.7 ± 15.0 
1-Fluoro-2-nitrobenzene 45.1 ± 0.68 42.7 ± 6.2 74.6 ± 18.4 52.6 ± 5.5 52.33 ± 5.8 44. ± 7.5 

4-Chloro-3-nitrobenzaldehyde 45.7 ± 2.1 74.6 ± 5.3 166.5 ± 40.2 368.9 ± 38.8 -c -c 
1-Chloro-4-nitrobenzene 42.6 ± 0.65 40.1 ± 6.6 74.0 ± 20.7 46.2 ± 5.4 49.7 ± 5.6 39.9 ± 5.3 
2-Chloro-5-nitroaniline 49.0 ± 4.0 41.7 ± 3.1 -c -c 68.8 ± 20.8 122.5 ± 5.4 

3’,5’-Bis(trifluoromethyl)acetophenone 46.9 ± 0.29 40.4 ± 6.8 91.5 ± 28.6 33.6 ± 3.8 -c -c 
1,2-Dichloro-4-nitrobenzene 75.6 ± 1.3 71.3 ± 12.1 139.5 ± 40.6 90.6 ± 10.4 91.3 ± 10.7 73.5 ± 9.4 

1-Bromo-3-nitrobenzene 81.6 ± 1.5 65.8 ± 1.3 178.3 ± 66.7 84.7 ± 10.5 98.2 ± 12.4 71.7 ± 8.6 
2-Fluoro-4-nitroaniline 45.2 ± 5.9 46.1 ± 6.1 96.3 ± 30.4 89.4 ± 12.5 81.4 ± 34.3 39.8 ± 19.4 

1-Bromo-3-chloropropane 58.2 ± 0.5 64.8 ± 10.6 82.1 ± 18.7 64.1 ± 7.3 67.6 ± 4.8 64.7 ± 3.5 
Benzyl chloride 100.9 ± 1.5 -c 70.3 ± 14.7 -c 130.2 ± 12.0 -c 

1,6- Dibromohexane 78.7 ± 2.2 113.5 ± 15.8 83.8 ± 18.8 108.3 ± 17.4 96.4 ± 8.9 136.3 ± 3.1 
       

Bet : 5 (1,4-BD)       
1-(2-Chloro-5-nitrophenyl)ethanone 118.4 ± 10.1 103.4 ± 11.8 98.4 ± 11.1 96.5 ± 10.2 89.7 ± 11.5 87.8 ± 3.8 

1-Chloro-2-nitrobenzene 138.7 ± 12.55 81.8 ± 5.98 140.6 ± 3.1 89.7 ± 1.5 112.7 ± 3.1 82.2 ± 3.9 
1-Fluoro-2-nitrobenzene 127.6 ± 7.4 91.8 ± 7.0 120.6 ± 2.72 95.6 ± 1.6 112.6 ± 2.3 95.3 ± 3.8 

4-Chloro-3-nitrobenzaldehyde 35.3 ± 4.6 39.8 ± 6.3 20.2 ± 3.9 23.1 ± 4.1 36.4 ± 6.7 44.7 ± 1.9 
1-Chloro-4-nitrobenzene 132.5 ± 9.9 83.3 ± 6.1 132.0 ± 2.0 92.2 ± 1.5 110.8 ± 2.4 85.8 ± 3.8 

3’,5’-Bis(trifluoromethyl)acetophenone 100.1 ± 4.3 50.2 ± 5.6 84.8 ± 3.1 49.1 ± 0.85 66.3 ± 1.2 43.2 ± 1.6 
1,2-Dichloro-4-nitrobenzene 126.9 ± 11.8 76.2 ± 4.7 127.5 ± 2.6 86.8 ± 1.6 105.1 ± 2.8 80.5 ± 3.8 

1-Bromo-3-nitrobenzene 187.3 ± 12.1 84.1 ± 5.6 191.5 ± 2.7 108.1 ± 8.5 155.2 ± 5.8 87.1 ± 4.1 
2-Fluoro-4-nitroaniline -c -c -c -c 49.9 ± 4.4 62.2 ± 4.1 

 
Recovery experiments were conducted by spiking either a 40 ppm or b 0.75 ppm of GTIs (relative to drug substance) into 1,000 µL of 
DES/neat HBD containing 90 mg of APIs. All measurements were performed in quadruplicate (n = 4). 
c Chromatographic peak not detected at analyte concentration of 0.75 ppm during recovery studies. 
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Figure 1: Names and chemical structures used as GTIs and DESs/neat HBDs examined in this study. Abbreviations: betaine (Bet), 1,4-
butane diol (1,4-BD), and glycerol (Gly). (A) Chemical structures of 14 halogenated genotoxins and (B) chemical structures of 10 non-
halogenated nitroaromatics. 
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Figure 2: Chromatographic background produced by HS-GC diluents at an incubation temperature 
of 180 ºC. (A) Chromatographic separation of 14 halogenated GTIs using direct injection method, 
(B) 1,4-BD neat HBD, (C) Gly neat HBD, (D) Gly : 7 (1,4-BD) DES, (E) Bet : 7 (1,4-BD) DES, 
(F) Bet : 5 (1,4-BD) DES, and (G) blank. Analytes: 1, 1-bromo-3-chloropropane; 2, 3’,5’-
bis(trifluoromethyl)acetophenone; 3, benzyl chloride; 4, 1-fluoro-2-nitrobenzene; 5, 1-chloro-4-
nitrobenzene; 6, 1-chloro-2-nitrobenzene; 7, 1,6-dibromohexane; 8, 1-bromo-3-nitrobenzene; 9, 
2-fluoro-5-nitrobenzaldehyde; 10, 1,2-dichloro-4-nitrobenzene; 11, 4-chloro-3-
nitrobenzaldehyde; 12, 2-fluoro-4-nitroaniline; 13, 1-(2-chloro-5-nitrophenyl)ethanone; and 14, 2-
chloro-5-nitroaniline. 
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Figure 3: Response of 14 halogenated genotoxins in (A) 1,4-BD neat HBD, (B) Gly neat HBD, 
(C) Gly : 7 (1,4-BD) DES, (D) Bet : 5 (1,4-BD) DES, and (E) Bet : 7 (1,4-BD) DES. Analyte 
concentration: 100 µg g-1; sample volume: 1 mL; and headspace incubator temperature: 150 ºC for 
10 min. Analytes: 1, 1-bromo-3-chloropropane; 2, benzyl chloride; and 3, 1,6-dibromohexane. 
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Figure 4: Incubation temperature effects on the response of nitroaromatics in the Bet : 7 (1,4-BD) 
DES at (    ) 120, (    ) 150, and (     ) 180 ºC. Samples were incubated for 10 mins at each 
temperature. Analyte concentration: 100 µg g-1; sample volume: 1 mL. 
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Figure 5: Comparison of sensitivities obtained for halogenated ketones and nitroaromatics in (    ) Bet : 5 (1,4-BD), (    ) Bet : 7 (1,4-
BD), (     ) 1,4-BD, (     ) Gly : 7 (1,4-BD), and (     ) Gly diluent. Samples were incubated for 10 mins at 150 ºC.  
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Figure 6: Comparison of nitroaromatic recoveries in the (    ) Bet : 5 (1,4-BD) DES and (     ) 1,4-
BD neat HBD in the presence of 9% (w/v) acetylsalicylic acid. Sample volume: 1 mL and 
headspace incubator temperature: 180 ºC for 10 min. 
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Figure 7: Recovery of GTIs in the 1,4-BD diluent in the presence of (    ) acetylsalicylic acid, (    ) 
acetaminophen, and (    ) ibuprofen. API concentration: 9% (w/v) in solvent; sample volume: 1 
mL; and headspace incubator temperature: 180 ºC for 10 min. 
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