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ABSTRACT

The continued prevalence of xylazine in the illicit drug market has necessitated development of quick and simple methods for identification, including lateral flow immunoassays (also known as “test strips”), like those frequently used to detect fentanyl. This study explored the drug checking applicability of the first publicly available xylazine test strips (XTS), using four sub-studies: reproducibility (i.e. consistency of positive results in a highly-concentrated xylazine solution); limit of detection on a calibration curve of xylazine concentrations; cross-reactivity against 77 commonly encountered drugs, cutting agents, and other structurally similar compounds; and applicability for analyzing community-acquired samples –  where 100 drug residue samples were analyzed using XTS, direct analysis in real time mass spectrometry (DART-MS), and gas chromatography tandem mass spectrometry (GC-MS/MS). 

XTS consistently detected xylazine at concentrations >2.5 µg/mL, and XTS results were reproducible. Sensitivity and specificity of XTS were calculated by comparing expected versus obtained results based on xylazine concentration of community-acquired samples measured by GC-MS/MS. XTS consistently detected xylazine in samples with concentration >2 µg/mL, and yielded a sensitivity of 0.974, specificity of 1.00, and overall accuracy of 0.986. Cross-reactivity with lidocaine, a common cutting agent, and lack of XTS reactivity with other α2-agonists found in the illicit drug supply highlight the need to offer consumers comprehensive drug checking services that identify a range of substances and better inform them about drug contents.
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Introduction
Xylazine, a non-controlled, α2-agonist, veterinary sedative, has emerged as a common adulterant in the illicit opioid supply in parts of the United States in recent years. It is often found in combination with fentanyl1—a mixture recently designated by the White House Office of National Drug Control Policy as an emerging threat to the population.2 In humans, xylazine can cause central nervous system depression and sedating effects, and is increasingly implicated in morbidity and mortality for people who use drugs (PWUD).1,3 Xylazine has been detected in growing proportions of US overdose decedents,3-5 and in at least one statewide drug analysis program, xylazine was identified in the majority of samples collected from syringe services programs by 2021.5 A major cause of xylazine-related morbidity among PWUD is severe, necrotic, and difficult to treat skin lesions.3,6,7 The effects of xylazine may not be reversed by naloxone.1 Studies suggest many PWUD are concerned about xylazine and interested in technology to detect it in their drugs.3,8 In recent years, test strips designed to detect fentanyl in drug samples have become a widely-used, acceptable, and feasible harm reduction and overdose-prevention tool associated with behavioral changes among PWUD.9 Initial results related to the validity of XTS in laboratory studies and a small number of community-acquired drug samples have been promising.10 The current study comprehensively explored the reproducibility, cross-reactivity, and applicability for drug residue analysis of the first publicly available xylazine test strips (XTS).

Materials & Methods
Four sub-studies comprised the overall study of XTS: reproducibility, limit of detection, cross-reactivity, and applicability for community-acquired samples. XTS originally designed for toxicology analysis were obtained from a commercial source with a listed cut-off (minimum detectable concentration) of 1000 ng/mL (1 µg/mL) were used for all analyses. Table 1 contains a full list of chemicals, their starting form, and solvents that were used. 

For all experiments, XTS (BTNX, Pickering, ON, Canada)  were used within the guidelines specified by the product instruction insert (e.g. dipped vertically into the solution of interest within five minutes of being opened; immersed for 10 s to 15 s, ensuring the liquid did not go above the max water line indicated on the strip; placed horizontally on a foil-lined benchtop; results read and photographed within ten minutes).11 The assays used here are competitive immunoassays, therefore, an XTS was considered positive when the test band was not visible, and the control band was visible. A result was considered negative when the control band was visible and the test band was, visually, the same color as the test band from the negative control (water). “Faint negative” results were also recorded when the control band was visible and the test band was, visually, significantly less intense than the test band from the negative control (water) (see Supplemental Figure 1). 

For reproducibility, sensitivity, and cross-reactivity studies, solutions of the desired concentration of each compound of interest were prepared by either weighing a known mass of solid material into a known volume of water or diluting a solution containing the compound of interest with water.

Reproducibility
For reproducibility measurements, a xylazine solution with a concentration of 5000 µg/mL was used as the positive control and water as the negative control. Each were measured with 20 XTS (two per day) over a six-week period.

Limit of Detection
To establish an approximate limit of detection of the XTS, a thirteen-point calibration curve was used, with xylazine concentrations of 0 µg/mL, 0.1 µg/mL, 0.5 µg/mL, 0.1 µg/mL, 2.5 µg/mL, 5 µg/mL, 10 µg/mL, 25 µg/mL, 50 µg/mL, 100 µg/mL, 500 µg/mL, 1000 µg/mL, and 5000 µg/mL (water). To ensure day-to-day reproducibility of the approximate limit of detection, each concentration was measured on four different days with a total of 15 XTS analyzed per concentration.

Cross-Reactivity
An important aspect of all screening tools is understanding what compounds may cause false positives due to cross-reactivity, as has been found with some fentanyl test strips and certain other illicit drugs and common cutting agents.12 To establish what compounds may cross-react, a panel of 77 different compounds were tested with the XTS. All compounds were tested as 100 µg/mL solutions (due to the availability of commercial solutions at 1000 µg/mL and requiring dilution in water) and two XTS were analyzed per compound. The compounds analyzed were chosen to include other α2-agonists, α2-antagonists, commonly observed drugs, commonly observed cutting agents and diluents, other illicit drug-related compounds (i.e., precursors and by-products), and structurally similar compounds (Table 1). 

Analysis of Community-Acquired Samples
To evaluate XTS against community-acquired materials, a total of 100 drug residue samples were collected from used drug paraphernalia obtained in Maryland and Nevada, as part of another project, using cotton swabs. Collection of samples was completed by wipe-sampling used drug paraphernalia with a cotton tip applicator, identical to procedures described elsewhere.13 The drug paraphernalia types sampled included syringes, plastic bags, wax bags, and pill bottles. After collection, the swabs were packaged, individually, into coin envelopes and mailed to the laboratory for analysis. Once received, swabs were extracted in 1 mL of acetonitrile (Omnisolv grade, Sigma-Aldrich, St. Louis, MO), after which each sample was analyzed using three technologies – XTS, direct analysis in real time mass spectrometry (DART-MS) (to qualitatively identify the drugs and cutting agents), and gas chromatography tandem mass spectrometry (GC-MS/MS) (to determine the concentration of xylazine in the solution). DART-MS analysis was performed using a ≈10 µL aliquot of a solution and a method that is described in detail elsewhere.13 Samples were prepared for analysis with XTS and gas chromatography tandem mass spectrometry (GC-MS/MS), 400 µL and  200 µL of the solution, respectively, were removed, and the acetonitrile was allowed to evaporate under ambient conditions. For XTS analysis, the residue was then reconstituted in 400 µL water (Omnisolv grade, Sigma-Aldrich) and tested with two separate XTS as described above. Water was chosen as the reconstitution solvent to mimic common practice in the field.11 For GC-MS/MS analysis, the residue was reconstituted in 200 µL of acetonitrile containing tetracaine as an internal standard and analyzed (method information can be found in the Supplemental Information and Supplemental Tables 2 and 3). Quantitative information for xylazine, to determine whether or not the concentration of xylazine was above the listed cut-off value, as well as 4-ANPP, cocaine, fentanyl, para-fluorofentanyl, heroin, methamphetamine, and tramadol, for informational purposes, was obtained for each sample. Absolute concentrations, in terms of µg/mL, were determined for all compounds and samples. 

For each sample, the measured xylazine concentration from GC-MS/MS was used to determine whether the sample would be expected to produce a positive XTS result (at or above the 1 µg/mL listed XTS cutoff). Sensitivity and specificity of the XTS were calculated using only samples with a xylazine concentration above the cutoff labeled on the XTS (>1 µg/mL) (n = 38) and samples found to be negative for xylazine using GC-MS/MS (n = 34). For these samples, results were classified as true positives (TP) if the xylazine concentration was above the cutoff and the XTS produced a positive result; true negatives (TN) if neither GC-MS/MS nor the XTS detected xylazine; false positives (FP) if the XTS was positive but xylazine was not detected by GC-MS/MS; and false negatives (FN) if the XTS was negative but the GC-MS/MS concentration was above the cutoff. Sensitivity was calculated as the proportion of xylazine-containing samples in which XTS yielded positive results; specificity was calculated as the proportion of xylazine-absent samples in which XTS yielded negative results. Overall accuracy was calculated as the proportion of all samples that yielded the expected positive/negative result over the total number of xylazine-absent samples and samples with a xylazine concentration >1 µg/mL. XTS results for samples with a xylazine concentration <1 µg/mL are presented without classification. 

Results and Discussion 

Reproducibility 
XTS used to analyze the 5000 µg/mL xylazine solution consistently produced clear positive results, and XTS used to analyze the water consistently produced clear negative results over the entirety of the six-week period.

Limit of Detection
The limit of detection for the XTS was defined as the minimum concentration level at which all replicate analyses produced a clearly positive result (no visibly detectable test band). Based on this definition, the LOD was determined to be 2.5 µg/mL (at this level, and all higher levels, all XTS produced a positive response). For the 1 µg/mL and 0.5 µg/mL solutions, a mixture of positive and faint negative responses was obtained (Table 2). All 0.1 µg/mL and 0 mg/mL samples (water) elicited a negative response. Based on the above results the approximate limit of detection, where consistent positive results could be obtained, was found to be 2.5 µg/mL (2500 ng/mL). 

This LOD is slightly higher than the listed cut-off and the LOD found in a previous study.10 However, even at an LOD of 2.5 µg/mL, detection of xylazine below 1% by weight of a bulk powder is obtainable. Using recommendations for harm reduction settings, where fentanyl test strips are provided as a tool to educate PWUD about the contents of their drugs and aid in overdose-prevention as an example (dissolve approximately 4 mg (4000 µg) of powder into 1 mL of water22), detection of xylazine in mixtures down to a level of 0.1 % to 0.025 % by weight may be possible. Limited data from Canada and the United States has shown that the concentration of xylazine in samples is often at or above 1 % by weight, which is at least an order of magnitude higher than these detection limits.14,15 
 
Cross-Reactivity
The only compound that was found to produce a positive response at the 100 µg/mL level was lidocaine, a commonly encountered cutting agent in the illicit drug market, particularly for cocaine and occasionally for mixtures containing fentanyl and other synthetic opioids.16 A prior study of the XTS found that lidocaine also cross-reacted at 10 µg/mL but not at 1 µg/mL.10 Care should be taken in using these XTS when lidocaine may be present, as it may yield false positive results, and future research should explore different dilutions of samples that contain lidocaine to determine if there is a sample preparation practice that would yield more accurate XTS results, as has been done with fentanyl test strips in particular types of samples.12 No other compounds cross-reacted with the XTS (Table 1), including other α2-agonists found in the illicit drug supply, such as medetomidine.17 These compounds would not be detected using XTS, potentially creating a false sense of safety for PWUD. This highlights a need for offering PWUD comprehensive drug checking services to identify a range of substances in the illicit supply and better inform consumers about drug contents, using point of care technologies (e.g., Fourier-Transform Infrared spectrometry) in combination with confirmatory testing (e.g., DART-MS, GC-MS/MS).

Analysis of Community-Acquired Samples 
Supplemental Table 1 provides a list of drugs and cutting agents detected using DART-MS, the concentration of xylazine and the other compounds measured using GC-MS/MS, and the XTS results for all samples. Of the 100 samples tested, 66 contained xylazine above the GC-MS/MS limit of detection. Overall, all but one sample (Sample 63, which had a xylazine concentration of 2 µg/mL) that contained xylazine at a concentration of >1 µg/mL produced positive XTS results. All samples with no detectable xylazine produced clear negative XTS results, except for one that yielded a faint negative. This resulted in a sensitivity of 0.974, specificity of 1.00, and overall accuracy of 0.986 when XTS were used on solutions with xylazine concentrations of >1 µg/mL or no detectable xylazine (Table 2), similar to prior results on a smaller set of samples.10 XTS results for samples with <1 µg/mL were inconsistent and not included in this calculation given the stated cutoff of 1 µg/mL. There were no obvious differences between samples producing positive versus negative results to suggest the presence of a competing compound, and the GC-MS/MS results did not show any exceedingly high concentrations of other compounds.

Limitations
This study used XTS to detect xylazine in drug residue samples; test strips may be used by PWUD by dissolving a few milligrams of the actual powder into water, which may lead to higher solution concentrations than those studied here.  These higher concentrations could elicit different cross-reactivity responses and additional testing is warranted. Additionally, all XTS studied were from a single production lot from a single manufacturer, and lot-to-lot variation has been found in other lateral-flow immunoassay drug testing products,18 so study replication using other XTS lots and manufacturers is recommended. Another study of the same brand of XTS from a different lot yielded results similar to those in the present study, providing preliminary indication of consistency across lots.10 

Conclusions
The use of XTS to detect xylazine in drug residue samples was demonstrated. XTS were found to be reproducible and sensitive, with an approximate limit of detection of 2.5 µg/mL. Cross-reactivity was minimal and limited to lidocaine. While this may be viewed as a beneficial point, it also means that XTS were not responsive to other α2-agonists. As the illicit drug supply continues to change, prevalence of other veterinary sedatives may increase, which could go undetected using XTS alone. When used to detect xylazine in community-acquired residues, the XTS were found to consistently detect xylazine at concentrations above 2 µg/mL, and sporadically detect xylazine at lower concentrations. 
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Table 1. List of compounds and chemicals used in this study. Aside from solvents and xylazine all other compounds were only used in the cross-reactivity studies. When salts were used, the salt form is provided in parenthesis. Abbreviations provided in brackets.
	α2-Agonists
	Common Drugs
	Common Cutting Agents & Diluents

	Clonidine (HCl)a*
	AB-FUBINACAa*
	Acetaminophenc*

	Detomidineb*
	Acetyl Fentanyl (HCl)a*
	Aspirinc*

	Etomidatea*
	Alprazolama†
	Benzocainec*

	Medetomidine (HCl)a*
	Bromazolama†
	Caffeinec*

	Metamizole (Na)a*
	Buprenorphine (HCl)a†
	Dimethyl Sulfonea*

	Romifidineb*
	Cannabidiola†
	Diphenhydramine (HCl)c*

	Tizanidineb*
	Carfentanila†
	Ephedrinec*

	Tolazoline (HCl) a*
	Cocaine (HCl)a‡
	Ibuprofena*

	Xylazinec*
	Etizolama†
	Lactosec*

	
	Eutylone (HCl)a†
	Levamisolea†

	α2-Antagonists
	Fentanyl (HCl)a*
	Lidocainec*

	Atipamezolea*
	para-Fluoroisobutyryl fentanyl (HCl)a*
	threo-Methylphenidate (HCl)a*

	Yohimbine (HCl)a*
	para-Fluorofentanyl (HCl)a*
	Papaverine (HCl)c*

	
	Gabapentina*
	Phenacetina*

	Structurally Similar Compounds
	Heroina‡
	Phenylephrinea*

	Brimonidineb*
	Hydroxyzinea¥
	Piracetamc*

	Chlorpromazine (HCl)a*
	Ketamine (HCl)a†
	Procaine (HCl)c*

	Cimetidineb*
	Lysergic Acid Diethylamide [LSD]a‡
	Quetiapine (½C4H4O4)a*

	Imipramine (HCl)a*
	3,4-Methylenedioxymethamphetamine (HCL) [3,4-MDMA]a†
	Quininec*

	Phenothiazineb*
	Methadone (HCl)a†
	Sorbitolc*

	Thioridazine (HCl)a*
	Methamphetamine (HCl)a†
	

	Trifluoperazine (HCl)a*
	Metonitazenea*
	Other Drug-Related Compounds

	
	Naloxone (HCl)a†
	4-Anilino-N-phenethylpiperidine [4-ANPP]a*

	Solvents
	Nicotinec*
	6-Monoacetylmorphinea‡

	Water (Omnisolv grade)c
	Oxycodonea†
	Aniline (HCl)a*

	Acetonitrile (Omnisolv grade)c
	Phencyclidine (HCl) [PCP]a†
	Benzoylecgoninea†

	
	Phentermine (HCl)a†
	Phenethyl 4-ANPPa*

	
	N-Piperidinyl Etonitazenea*
	

	
	Protonitazene (HCl)a*
	

	
	Remifentanil (HCl)a*
	

	
	Sufentanila*
	

	
	Δ9-Tetrahydrocannabinol [THC]a‡
	

	
	cis-Tramadol (HCl)a†
	

	
	U-47700 (HCl)a†
	


*Compound purchased as a solid
†Compound purchased as a 1 mg/mL solution in methanol
‡Compound purchased as a 1 mg/mL solution in acetonitrile
¥Compound purchased as a 10 mg/mL solution in ethanol
aCompound purchased from Cayman Chemical (Ann Arbor, MI, USA)
bCompound purchased from LGC Group (Teddington, UK)
cCompound purchased from Sigma-Aldrich (St. Louis, MO, USA)


Table 2. XTS results for limit of detection and community-acquired sample analyses.

	Xylazine Concentration (µg/mL)
	XTS Result [n (%)]

	
	Positive
	Faint Negative
	Negative
	Total

	Pure Xylazine (Laboratory samples)a
	

	5000
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	1000
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	500
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	100
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	50
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	25
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	10
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	5
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	2.5
	15 (100 %)
	0 (0.0 %)
	0 (0.0 %)
	15 (100%)

	1
	3 (20.0 %)
	12 (80.0 %)
	0 (0.0 %)
	15 (100%)

	0.5
	7 (46.7 %)
	8 (53.3 %)
	0 (0.0 %)
	15 (100%)

	0.1
	0 (0.0 %)
	0 (0.0 %)
	15 (100 %)
	15 (100%)

	0
	0 (0.0 %)
	0 (0.0 %)
	15 (100 %)
	15 (100%)

	Community-Acquired Drug Residueb
	

	³1 µg/mL
	37 (97.4%)
	0 (0.0%)
	1 (2.6%)
	38 (100%)

	<1 µg/mL
	6 (21.4%)
	10 (35.7%)
	12 (42.9%)c
	28 (100%)

	Not Detected
	0 (0.0%)
	1(2.9%) 
	33 (97.1%)
	34 (100%)



a For limit of detection analyses, a total of 15 XTS were analyzed per concentration.
b Concentration of xylazine in community-acquired samples measured by GC-MS/MS.
c One sample (Number 65, Supplemental Table 1) produced both a negative and a faint negative response and was counted as an overall negative response.
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