Effect of Liner Properties on the Analysis of Lysergic Acid Diethylamide (LSD) Analogs
Abstract
Lysergic acid diethylamide (LSD) and analogs are psychedelic drugs commonly submitted to forensic chemistry laboratories. These drugs are often present on items of evidence at low concentrations, requiring sensitive analyses to positively identify their presence. The injection port of a gas chromatograph (GC) plays an important role in vaporizing and transferring substances to the column for separation and subsequent detection. The consumables in the inlet, specifically the liner, can influence the abundance and chromatography of compounds being analyzed. Twelve liners with varying geometries, packing material, and deactivation chemistries were assessed by analyzing a mixture of eight LSD related compounds and comparing the average peak areas. Liners containing packing material yielded significantly higher peak areas as compared to those without. The geometry of the liner played a smaller role and affected results only with one deactivation when glass wool was not present. Base deactivation improved peak area when compared to standard and Topaz deactivation in straight liners with packing. Authentic samples were analyzed on liners with varying deactivation chemistries to determine the effect over a run of seven replicates of ten street samples (seventy sample injections). Peak area with base deactivated liners and liners with standard deactivation remained consistent over time, whereas the liner with Topaz deactivation decreased in peak area 52 % to 68 % after the initial injection and demonstrated a decrease in peak area of 30 % to 54 % from the first injection to the final injection.   
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Highlights
· Liners were evaluated to optimize the response for LSD analogs to analyze of low-level analytes.
· The liner’s packing material had a substantial effect on the analysis of LSD and LSD analogs.
· The liner’s geometry did not typically have a large effect on LSD response.
· Liners with base deactivation improved peak area and produced consistent results over time. 
· 

INTRODUCTION
Lysergic acid diethylamide (LSD) is a hallucinogenic substance first synthesized in the 1930s that has been used recreationally for many years. Though it was most popular in the 1960s, it is still used today and has found some increased popularity through the growing interest in microdosing, though the effectiveness of microdosing LSD is debated[1–6]. According to the 2023 National Survey on Drug Use and Health in the United States, hallucinogens were used in the past year by 3.1 % of people over 12 years old surveyed, with LSD being used by 0.6 % of respondents (nearly 1.7 million people)[7]. 10.7 % of respondents (about 30 million people) reported using LSD in their lifetime[8]. It’s continued use means forensic chemistry laboratories performing seized drug analysis will continue to encounter this substance in casework. In 2022, LSD was listed in the top 25 drugs identified by forensic laboratories by the National Forensic Laboratory Information System (NFLIS), a program by the Drug Enforcement Administration (DEA)[9]. More recently LSD analogs, such as 1-cyclopropionyl LSD (1cP-LSD), 1-acetyl lysergic acid diethylamide (ALD-52), 1-propionyl LSD (1P-LSD), and others, have emerged as novel psychoactive substances (NPS)[10]. These substances are often substituted at the 1 or 6 nitrogen position on the 9,10-didehydro ergoline core structure or have modifications to diethyl substituents on the carboxamide group. The changes to the structure allow manufacturers to circumvent controlled substance legislation. This study focused on analogs substituted at the 1 nitrogen or on the carboxamide group.
In forensics laboratories, analysis of drug samples is typically performed by gas chromatography mass spectrometry (GC/MS). High sensitivity is required, as LSD and its analogs are typically used in low doses compared to other drugs. Amounts as low as 25 µg to 50 µg of LSD can produce hallucinogenic effects[11,12] and a typical recreational dose ranges from 20 µg to 200 µg[13,14]. When it is used for microdosing, the dosage required is much lower (5 µg to 20 µg) than that required to produce psychedelic effects.[4]. As LSD is still a Schedule I controlled substance in the United States[15], it is possible that forensic laboratories will receive LSD dosage units meant for microdosing submitted as evidence. There have not been many studies published containing quantitative results for LSD analogs, however based on potency they are likely to be present in levels similar to LSD[13]. Tanaka et al. quantitated 1-thiophenoyl LSD (1T-LSD) at 87 µg to 100 µg per unit on blotter paper[16]. Coney et al. report doses ranging between 80 µg to 160 µg for 6-allyl-6-nor LSD (AL-LAD), 100 µg to 300 µg for lysergic acid 2,4-dimethylazetidide (LSZ), and 50 µg to 300 µg for 1P-LSD based on posts on Erowid and Psychonaut Wiki[13].  For reference, an illicit tablet containing fentanyl, considered to be a potent compound, typically contains around 1.8 mg of drug[17]. LSD is also sensitive to heat and ultraviolet (UV) light, potentially further reducing its concentration depending on storage by the individual in possession of the drug and by police departments prior to laboratory submission. Additionally, items of evidence submitted may be limited in sample size and will have to undergo multiple tests to meet minimum reporting requirements. Because of these challenges, it is pivotal that compounds be efficiently vaporized and transferred to the GC column during analysis. 
Previous research has shown that the injection port liner can affect the reproducibility, peak shape, and abundance of analytes[18–22]. Differences in the liner’s geometry, deactivation chemistry, and packing material will affect analytes as they are heated and swept by carrier gas onto the head of the column. There are a wide variety of liner designs, many of which are aimed at improving sensitivity and chromatography. Packing material like glass wool or a sintered glass frit can help vaporize compounds, especially those with higher molar masses and limit mass discrimination. They also aid in mixing the sample with carrier gas to be transferred to the column. Deactivation chemistries can be chosen to minimize degradation of analytes, prevent formation of artifacts, and prevent interactions with the liner that can lead to poor chromatography or loss of signal due to adsorption. However, as liners are used, they may become active as hydroxyl groups are re-exposed[23]. Different geometries are meant to prevent loss of analyte and facilitate transfer onto the column. Tapered liners expose the sample to less of the gold seal, which may prevent unwanted interactions. The numerous liner variations available can make it difficult to decide which to choose and can make evaluation time consuming and costly. Herein, an evaluation of geometry, deactivation chemistry, and packing material was performed on a standard mixture containing eight LSD analogs using a total of twelve liners.


MATERIALS AND METHODS
Materials
LSD analog custom mix was purchased from Cayman Chemical (Ann Arbor, MI, USA). This mix contained LSD, lysergic acid methylisopropylamide (MiPLA), lysergic acid methylpropylamide (LAMPA), ALD-52, 4-lysergoyl-morpholine (LSM-775), 1P-LSD, 1-butanoyl LSD (1B-LSD), and 1cP-LSD each at 100 µg/mL in acetonitrile. The street samples analyzed were obtained from collaborating forensic laboratories. 
Liners were purchased from Restek (Bellefont, PA, USA) and Agilent (Santa Clara, CA, USA) and used as purchased, without additional modifications. The liners had one of three geometries: single taper, straight, or cyclo, were deactivated through Restek standard deactivation (also called intermediate polarity deactivation), Restek Topaz deactivation, Restek base deactivation, or Agilent ultra inert deactivation, and were prepacked with glass wool, contained a frit, or neither. A description of the liners used, and their abbreviations are listed in Table 1. 
Methods
Analysis was performed on a Thermo (Waltham, MA, USA) Trace 1310 GC coupled with a TSQ 800 Evo MSD system and equipped with an Agilent J&W 30 m 0.25 mm x 0.25 µm DB5-UI column. Method parameters are listed in Table 2. Data was processed using Thermo Chromeleon 7 Chromatography Data System software version 7.2.8. Integration was performed using the Cobra detection algorithm. Integration area, baseline noise range, smoothing width, and minimum area were set to “auto range” to allow the software to detect and integrate peaks. The integration parameters established by the software were then applied to all the datafiles. Incompletely resolved peaks were integrated by dropping perpendicular to the baseline. Each chromatogram was inspected after integration to ensure all peaks were integrated. When automatic integration resulted in integrations that were not consistent with other datafiles, integrations were manually corrected. These instances were limited to datafiles where peak areas were small and not integrated by the software’s automatic integration and where the software integrated incompletely resolved peaks using either valley-to-valley or a tangent skim instead of a baseline drop.    
The LSD analog custom mixture was analyzed in duplicate following a methanol blank injection on each liner. During the study, it was observed that some liners, particularly those featuring standard or base deactivation had higher variability between the two injections, with the first injection being lower in abundance than the second. In these cases, three injections were made and the second and third injection, which were more consistent in peak area, were used. Average peak areas for each analyte were compared from liner to liner with the standard deviation used to represent the measurement uncertainty. A summary of this data can be found in Table S1. The first liner analyzed was the Topaz single taper liner with glass wool. The mixture was periodically reanalyzed on this liner throughout the study to ensure that comparisons made between days were reliable and any increase or decrease in abundance was due to the liner itself and not an unintended change in the system. A two-tailed t test (α = 0.05) was used to determine statistical significance in the differences in peak area between liners. 
After the initial assessment, three liners with different deactivation chemistries were chosen to evaluate performance when exposed to street samples. All three liners were straight and packed with glass wool. Standard deactivation, Topaz deactivation, and base deactivation were compared. Ten samples were chosen containing a variety of drugs and adulterants. These samples were meant to mimic the typical casework analyzed on GC/MS systems in forensic laboratories, much of which consists of powder and tablet (pharmaceutical and counterfeit) samples. 
Approximately 10 mg of homogenized sample was dissolved in 1 mL of methanol and then further diluted ten-fold. The LSD analog custom mix was analyzed initially and then after the ten samples and a methanol blank. Seven consecutive cycles of the ten authentic samples, a methanol blank, and the LSD analog mix were run on each liner. The methanol blank and the LSD analog mix were analyzed using the method in Table 2. During the sample analysis, the inlet conditions were kept the same, but the GC oven was held at 310 °C for 7 minutes to shorten the length of the experiment, as the identity of the material had been previously established, and to keep analytes moving through the column so only injection port effects would be studied. The components of the samples are listed in Table S2. 


RESULTS AND DISCUSSION
Effect of Liner Packing Material
Liners that contained glass wool outperformed liners with no glass wool, regardless of the body type of the liner and the deactivation. The following comparisons were made: Topaz single taper liners with glass wool (TTW) to those without (TTN), Topaz straight liners with glass wool (STW) and without (STN), and the same geometries with standard deactivation instead of Topaz deactivation (TDW vs TDN and SDW vs SDN). The average peak areas of all the analytes were over four times larger in experiments performed using liners with glass wool (Figure 1). This is likely because the compounds studied had molecular weights between 300 g/mol and 400 g/mol and are relatively non-volatile. The inclusion of glass wool serves as a template for vaporization, allowing more of the analyte to be volatilized and reach the column. 
Cyclo liners are designed specifically for split injections to provide an area for analytes to vaporize without the use of glass wool, which can sometimes lead to active sites. A Topaz cyclo liner (CTN) was used to determine if a wool-less configuration still designed to improve vaporization would result in enhanced sensitivity for these analytes. The cyclo liner does not taper and uses Topaz deactivation hence it was compared to the Topaz straight liner with glass wool (STW) (Figure 2). Larger peak areas were observed using the cyclo liner, however the peaks were broader and exhibited more tailing compared to injections made on the other liners. Peak asymmetry measurements were performed following US Pharmacopeia (USP) guidance on ALD-52, 1B-LSD, 1cP-LSD as they are fully resolved from neighboring peaks. The average asymmetries measured using the cyclo liner were 1.89 a.u. ±0.04 a.u., 1.68 a.u. ±0.07 a.u., and 1.44 a.u. ±0.18 a.u. compared to 1.21 a.u. ±0.05 a.u., 1.26 a.u. ±0.07 a.u., and 1.13 a.u. ±0.04 a.u. on the liner containing wool, indicating increased tailing in the cyclo injection. This can also be seen in the chromatograms (Figure 3). In fact, the cyclo liner exhibited the most asymmetry of all the liners studied. This also caused a decrease in resolution between LSM-775 and 1P-LSD. 
Another alternative to glass wool is a sintered glass frit in the bottom of the liner. The purpose of the frit is to prevent less volatile matrix from reaching the column compared to wool and still provide an area for analytes to vaporize. The fritted liners are available with ultra inert deactivation. As such, the fritted liner (TUIF) was compared to the ultra inert single taper with wool (TUIW). While there was an increase in average peak area for some analytes, particularly those that eluted earlier, using the fritted liner, the two performed relatively similarly (Figure 4) and no changes were determined to be statistically significant. 
Effect of Deactivation Chemistry
There are numerous types of deactivation offered by manufacturers, many of which are proprietary. Deactivating liners serves to decrease unwanted interactions between the analyte and the injection port thereby enhancing sensitivity and improving peak shape. Four types of deactivations were compared: Restek Topaz, Restek standard deactivation, Agilent ultra inert, and Restek base deactivation. 
Single taper liners with wool were compared for the first deactivation study. The Topaz single taper with wool was used as the reference liner to verify consistency of the instrument response between days. The standard deactivation (TDW) was compared to TTW (2) and the ultra inert deactivation (TUIW) was compared to TTW (3) as there was a significant increase in the peak area observed using the Topaz liner between those days and an inter-day comparisons of TDW and TUIW would not be appropriate. The standard deactivation provided increased average sensitivity when compared to the Topaz liner, however there was variation between injections on both liners and no statistically significant difference was observed. The ultra inert liner exhibited decreased sensitivity which was determined to be significant compared to the Topaz deactivation for all compounds except ALD-52, 1P-LSD, and 1cP-LSD (Figure 5). In these analyses, those compounds had slightly higher variation in peak area on both liners compared to the other analytes. ALD-52, 1P-LSD, and 1cP-LSD are all analogs substituted at the 1 nitrogen with an acyl group. This may indicate that there is some interaction or adsorption occurring between the liners and compounds with this functional group leading to the higher variation in peak areas observed. 1B-LSD is also substituted with an acyl group at the 1 nitrogen, however it has a longer hydrocarbon tail as an R group compared to the other three compounds. The decrease in sensitivity for 1B-LSD was determined to be statistically significant. This may indicate that the addition of carbons to the acyl group chain prevents some of the interactions observed in the shorter chain analytes. Additional analysis of these analytes is needed to verify this trend.   
 The Restek base deactivated liner was available in the laboratory with only the straight geometry (SBW), so this was compared to other straight liners with standard (SDW) and Topaz deactivation (STW). Again, inter-day comparisons could not be performed so comparison to the reference liner were done. SBW and STW could be directly compared. The base deactivated liner exhibited larger peak areas that were statistically significant for all analytes when compared to the Topaz deactivated liner, and for all analytes except LSM-775 in comparison to the reference liner for the day (TTW (2)). LSM-775 is unique in that it is the only compound analyzed to have the diethyl groups on the carboxamide replaced with a ring structure. This may have led to the differences observed in the study, but that cannot be determined without further analysis of other analogs with similar substitutions to support or refute the theory. The Topaz liner and the standard deactivation liner had no significant difference in response when compared to their respective reference liners (Figure 6). Extrapolation of the comparison of each to their reference liners indicate the base deactivated liner performed better than both the standard deactivation and the Topaz deactivation. However, it did result in a small loss of resolution between LSM-775 and 1P-LSD (SBW – 1.02 a.u. ±0.02 a.u., SDW – 1.29 a.u. ±0.06 a.u., STW – 1.37 a.u. ±0.04 a.u.). 
In liners that did not contain any wool, the standard deactivation (TDN) performed much better than the Topaz deactivation with a single taper geometry (TTN). There was no significant difference in the peak areas between straight liners, however the variability in the Topaz liner (STN) was much greater (Figure 7).
Effect of Liner Geometry
Single taper and straight liners were compared to assess the effect of liner geometry. In most cases the single taper liners and the straight liners had comparable responses for the analytes when compared across liners with the same deactivation and wool choice with no significant difference observed (Figure 8). In the comparison between standard deactivated liners with no wool, the difference in peak area was considered significant only for LAMPA (p = 0.03). It is unknown why LAMPA behaved differently compared to the other analytes, which included two closely eluting isomers (LSD and MiPLA). The significance may be attributed to the fact that, though the average areas between the measurements on the different liners were close (1.53 million a.u. on TDN vs. 1.66 million a.u. on SDN), there was little variation of peak areas for LAMPA in the two replicates. Additional measurements are needed to discern if there is a difference between liners for LAMPA. The Topaz single taper liner without wool (TTN) performed worse than the straight liner with no wool and the Topaz deactivation (STN). The comparison between the single taper standard deactivation with wool and the straight standard deactivation with wool was omitted as the data were acquired on days where there was a significant difference in response for the reference liner used to verify consistency between days. 
Effect of Sample Analysis
The peak area of analytes in the LSD analog mixture was compared from injection to injection in a run consisting of seventy samples (seven replicates of ten) where the mixture was analyzed after every ten samples and a methanol blank. The change in response over the course of the run was evaluated on three liners. The liners were chosen to have different deactivation chemistries because it is possible that repeated use may cause the exposure of active sites either on the body of the liner or in the glass wool. This study meant to test the longevity of the liners. ALD-52 was used to illustrate trends observed as all analogs reacted in a similar manner, it elutes in the middle of the run, and does not co-elute with any other compounds, and therefore was the easiest to integrate repeatably (Figure 9). Peak areas for all of the analytes in each replicate are listed in Table S3. Peak areas in both the base deactivated liner (SBW) and the standard deactivated liner (SDW) experiments were consistent over the run with a % CV of less than 20 for all analytes. Peak area fluctuations were both positive and negative with no trend observed, indicating the liner performance remained consistent over the seventy sample injections. The Topaz deactivated liner (STW) exhibited an initial large decrease in response from the first to second injection (52 % to 68 %), then increased in the third and fourth injection, finally plateauing with an overall loss in signal of (30 % to 54 %). The peak area % CV for all analytes was greater than 20 %. 


CONCLUSIONS
Overall, the investigation showed that liners containing packing material, specifically glass wool and frits, performed much better than liners without for the analysis of LSD and its analogs. A split injection is being performed, which means samples have little time to mix with carrier gas before moving to the column or the split vent. Additionally, these compounds are relatively large and non-volatile, with molar masses in the 300 g/mol to 400 g/mol range. The liner packing prevents the compounds from encountering colder spots in the liner and provides the heat needed to vaporize the samples while also facilitating mixing with the carrier gas. This led to the increase in peak area observed in the study. The cyclo liner meant to perform the same tasks as liner packing did increase peak area, but at the expense of chromatography, so traditional packing material was preferred. 
The geometry of the liner did not play a large role in sensitivity, indicating that these compounds do not generally have unwanted interactions with the gold seal. There was one instance in liners without wool where the liner’s geometry had a large effect on the analysis. It is unknown what caused this effect.  
There were some effects noted based on deactivation chemistry. In straight liners with wool, base deactivation outperformed standard and Topaz deactivation. Standard and Topaz deactivation performed similarly in both straight and tapered configurations. Ultra inert deactivation performed worse than the Topaz deactivation in the tapered liners. LSD and analogs have amine functional groups, giving them basic character. Base deactivated liners are designed for the analysis of basic compounds; therefore, it is expected that an enhanced response would be exhibited in analyses using liners with base deactivation. The results of this study are consistent with this expectation. Both base deactivation and standard deactivation performance remained consistent in a run of seventy samples of varying composition. The Topaz liner experienced a drop-off in performance initially and then increased slightly, leveling out with a response 30 % to 54 % less than the first injection. It is unknown what caused this behavior. 
While this study sought to compare a wide variety of liners, there are some limitations. The number of replicates in this study is small as it was designed as an investigational study to optimize performance on an in-house method. This study assessed only LSD and related compounds that were analyzed on a method designed for their analysis. This does not mean that all drugs will interact with GC liners the same. In fact, it is likely they will not, as drugs can vary widely in size, polarity, and volatility. Additional studies are required to determine the liner most suitable for analysis of other drugs and drug classes. It is difficult to assess one specific part of a GC system without encountering unwanted and unknown variability from other parts, including the inlet body, the gold seal, the column, and the detector. To attempt to control for other variables, one liner was retested on multiple days of the study and direct comparisons were only made between liners if the reference liner values had no statistically significant difference between the days. In the study evaluating liners with samples, comparisons were only made intra-run, however that does not guarantee that any effects were due exclusively to the liners and not from a combination of factors that could include other inlet consumables and the column. Finally, not all combinations of liner properties were available in the laboratory at the time of testing (e.g., base deactivation could only be compared in straight liners).    
LSD and its analogs are challenging for forensic laboratories to analyze. They are present in low concentrations compared to other drugs and may have undergone degradation prior to reaching the laboratory. This work demonstrates the importance of evaluating liner properties to ensure optimal response for these compounds and recommends the use of liners with packing material and base deactivation. Overall, the straight liner with base deactivation and glass wool performed the best of the liners evaluated in this study for the analysis of LSD and LSD analogs.
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TABLES
TABLE 1 Liners Evaluated 
	Abbreviation
	Geometry
	Deactivation
	Packing

	TTW
	Single Taper
	Topaz
	Glass Wool

	TTN
	Single Taper
	Topaz
	None

	STW
	Straight
	Topaz
	Glass Wool

	STN
	Straight
	Topaz
	None

	TDW
	Single Taper
	Deactivated
	Glass Wool

	SBW
	Straight
	Base Deactivated
	Glass Wool

	CTN
	Cyclo
	Topaz
	None

	SDN
	Straight
	Deactivated
	None

	TDN
	Single Taper
	Deactivated
	None

	SDW
	Straight
	Deactivated
	Glass Wool

	TUIW
	Single Taper
	Ultra Inert
	Glass Wool

	TUIF
	Single Taper
	Ultra Inert
	Sintered Glass Frit





TABLE 2 GC/MS Method Parameters
	Parameters
	Set Point

	Injection Port Temperature
	250 °C

	Injection Mode
	Split

	Split Ratio
	10:1

	Injection Volume
	1 µL

	Column Flow
	2.0 mL/min

	Temperature Program
	270 °C hold 1.5 min
3 °C/min to 290 °C hold 12 min

	Transfer Line Temperature
	300 °C

	Ion Source Temperature
	280 °C

	Run Time
	20.2 min





FIGURE LEGENDS
FIGURE 1 Peak area of LSD analogs analyzed on liners with and without glass wool. Comparison of single taper liners with Topaz deactivation (TTW and TTN) (A), straight liners with Topaz deactivation (STW and STN) (B), single taper liners with standard deactivation (TDW and TDN) (C), and straight liners with standard deactivation (SDW and SDN) (D). Error bars represent the standard deviation of the replicate measurements in all figures.
FIGURE 2 Comparison of peak area of LSD analogs analyzed on cyclo liner (CTN) and straight liner with Topaz deactivation and glass wool (STW). 
FIGURE 3 Total ion chromatogram showing peak shape of analytes using a cyclo liner (CTN) (A) and a straight liner with Topaz deactivation and glass wool (STW) (B). Analytes in elution order are LSD (1), MiPLA (2), LAMPA (3), ALD-52 (4), LSM-775 (5), 1P-LSD (6), 1B-LSD (7), and 1cP-LSD (8).
FIGURE 4 Comparison of peak area of LSD analogs analyzed on a liner with a frit (TUIF) compared to a liner with glass wool (TUIW).
FIGURE 5 Peak areas of LSD analogs on liners with varying deactivation chemistries. Comparison of single tapered liners with glass wool with standard deactivation (TDW) and Topaz deactivation (TTW (2)) (A) and single tapered liners with glass wool with ultra inert deactivation (TUIW) and Topaz deactivation (TTW (3)) (B). 
FIGURE 6 Peak areas of LSD analogs on liners with varying deactivation chemistries. Comparison of straight liners with glass wool with base (SBW) and Topaz deactivation (STW) (A) and straight liners with glass wool with standard deactivation (SDW) (B). The reference liner peak areas for the respective days are included (TTW (2) and TTW (3)).
FIGURE 7 Peak areas of LSD analogs on liners with varying deactivation chemistries. Comparison of single tapered liners without glass wool with Topaz (TTN) and standard deactivation (TDN) (A) and straight liners without glass wool with Topaz (STN) and standard deactivation (SDN) (B).
FIGURE 8 Peak areas of LSD analogs on liners with varying geometries. Comparison of Topaz deactivated liners with glass wool with single taper (TTW) and straight geometry (STW) (A), Topaz deactivated liners without glass wool with single taper (TTN) and straight geometry (STN) (B), and standard deactivated liners without glass wool with single taper (TDN) and straight geometry (SDN) (C).
FIGURE 9 Peak area of ALD-52 in replicate injections of the LSD analog custom mixture on straight liners containing glass wool with three different deactivation chemistries.



