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ABSTRACT 

Li, Sun Yi, Development of magnetic carbon nanotubes facilitated dispersive-micro solid 
phase extraction (Mag-CNTs/d-µSPE) for forensic applications. Doctor of Philosophy 
(Forensic Science), August, 2021, Sam Houston State University, Huntsville, Texas. 

In the past decade, magnetic carbon nanotubes (Mag-CNTs) facilitated 

dispersive-micro solid phase extraction (d-µSPE) (Mag-CNTs/d-µSPE) methods have 

been applied in a wide range of analytes. Despite the successful applications of Mag-

CNTs/d-µSPE in other fields, limited research was invested in the development and 

application of Mag-CNTs/d-µSPE in forensic toxicology analysis. The goal of this work 

was to explore the properties of two in-house synthesized Mag-CNTs and to develop 

Mag-CNTs/d-µSPE methods for forensic applications. Two surface functionalized Mag-

CNTs: carboxyl Mag-CNTs (Mag-CNTs-COOH) and sulfonyl Mag-CNTs (Mag-CNTs-

SO3H), were synthesized and characterized. Successful Mag-CNTs/d-µSPE were 

developed using both Mag-CNTs to extract a cyanide metabolite, 2-aminothiazoline-4-

carboxylic acid (ATCA) from biological matrices coupled with gas chromatography-

mass spectrometry (GC-MS) analysis. Sensitivity of the Mag-CNTs-COOH/d-µSPE was 

enhanced using a one-step desorption/derivatization approach. The methods of both Mag-

CNTs were validated according to the ANSI/ASB guidelines and their performances 

were compared to a SPE method. The successful results hopefully will accelerate the 

adoptability of ATCA analysis in routine cyanide analysis in crime laboratories. Other 

target analytes focused in this work was opiates present in poppy seed tea samples. Tea 

brewed from “unwashed” poppy seed was used as home remedy for pain relief and was 

considered as “legal high.” Different recipes were suggested on online forums to prolong 

the euphoria and analgesic effects after tighter regulations were imposed. A Mag-CNTs-

SO3H/d-µSPE workflow 
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was developed and validated to determine the concentrations of morphine, codeine, and 

thebaine present in poppy seed tea samples brewed using these suggested recipes. 

Potential lethal opiate concentrations were obtained from some poppy seed tea samples 

when moderate amount suggested for new users were used. The reusability and the 

potential carryover issues of the Mag-CNTs were also assessed in this work. The two 

Mag-CNTs maintained comparable extraction efficiency through at least four 

regeneration cycles and demonstrated no carryover issues. The successful development, 

validation, and applications of the renewable Mag-CNTs/d-µSPE methods showed the 

strong potential as a greener and efficient alternative sample preparation method for 

forensic analyses.  

KEYWORDS: Magnetic carbon nanotubes, Dispersive-micro solid phase extraction, 2-
aminothiaozline-4-carboxylic acid (ATCA), Opiates, Forensic toxicology, Renewable 
extraction sorbents 
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CHAPTER I 

INTRODUCTION 

Prior to the accidental synthesis and discovery of fullerenes in 1985, the forms of 

carbon that were known to the world only consists of graphite, diamond, and amorphous 

carbons, such charcoal and soot [1]. Fullerenes (Cn) are allotropes of carbon, which are 

composed entirely of carbon in forms of a hollow cage of either a sphere, ellipsoid, or 

tube. At the early stage of discovery, fullerenes observed mainly consisted of spheroidal 

or ellipsoidal molecules. For example, the C60 fullerene is the very first fullerene 

discovered and is widely known as “buckyballs” with its resemblance of a soccer ball [1], 

while the C70 fullerene is oblong and oval in shape. Since then, different sizes of other 

fullerenes ranging from the C20 to beyond C120 were specified, and some of the fullerenes 

were later discovered in nature and even outer space [2–4]. The discovery of fullerenes 

made a significant contribution to the field of science; in 1996, the Nobel Prize in 

Chemistry was awarded to Sir Harold Kroto, Dr. Robert Curl, and Dr. Richard Smalley 

for their role in discovery of this class of molecules [5]. The scope and attention of 

fullerene research rapidly expanded from their chemical and physical properties in the 

late 1980s to its potential applications in various fields to current date [6–15]. One of the 

most important milestones in fullerene research contributed to the official discovery and 

confirmation of the cylindrical form of fullerenes: carbon nanotubes (CNTs), by Sumio 

Iijima in 1991 [16]. This discovery was thought to be the trigger for the birth of a new 

branch of material science: nanoscience.  

The “true” initial discovery of CNTs remains debatable even in the scientific 

community. Some believed that the initial discovery of CNTs should be dated back 
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almost three decades prior to Kroto’s discovery of fullerenes in soot in 1985 [1]. It is 

believed that in 1952, Radushkevich and Lukyanovich published the first transmission 

electron microscope (TEM) micrographs of some cylindrical, nano-sized carbon 

filaments in the Russian Journal of Physical Chemistry [17,18]. However, due to the Cold 

War, language barrier, and limited accessibility of Russian journal articles at the time, the 

results from Radushkevich and Lukyanovich caught little to no attention from western 

researchers. In the next four decades, multiple “re-discoveries” of these nano-sized, 

hallow carbon filaments were published in different material science- and chemistry-

oriented journals around the world [19–22], but none of these had attracted significant 

attention until the article from Iijima was published in Nature in 1991. This is the most 

widely known “initial discovery” of CNTs, in which multi-walled CNTs (MWCNTs) 

were accidently observed and confirmed during the carbon arc discharge evaporation 

process [16]. Monthioux and Kuznetsov suggested that the tremendous impact of Iijima’s 

article might be partially due to the fact that it was published right at the peak interest of 

fullerene research [17]. In addition, the results were targeted to a wider pool of scientific 

audience at a top-rank journal at a mature time when the scientific community was ready 

to explore the world in a nano scale. Iijima might have created a milestone for 

nanoscience just at the right place and at the right time. Nonetheless, with the emphasis 

of practicality over truth-seeking in the modern-day scientific atmosphere, it seems less 

and less important who actually is the initial discoverer, but who will be the next to 

publish the most practical application to further advance the development of science. 
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1. Carbon Nanotubes 

The exploration of the unknown has always been the driving force for science to 

progress, and it is the discovery of CNTs that opened the door for scientists to explore the 

mystery in the nano world. Like any other newly discovered materials, the practical 

applications of CNTs are not feasible until the chemical and physical properties of CNTs 

are thoroughly explored.  

1.1. Physical and chemical properties of CNT.  As their name suggested, CNTs 

are cylindrical tubes that consist mainly of carbon with diameters at the nanometer range. 

There are two major forms of CNTs: singled-walled (SWCNTs) and MWCNTs. The 

“wall” is the main body of CNTs and is made from a 2-dimensional sheet of carbon 

called graphene. The carbon atoms on the graphene sheet are arranged in a form of 

honeycomb lattice, which can be constructed entirely from 5-membered or 6-membered 

carbon rings, or in an alternate arrangement of both forms, depending on the method of 

synthesis. The lattice structure found in CNTs consists mainly of 6-membered rings. For 

SWCNTs, it is easiest to be envisioned as a sheet of seamless chicken wire that is rolled-

up and has a diameter typically around 1 nm. As for MWCNTs, they have two common 

forms: 1) Russian Doll model consists of concentric SWCNTs that are consecutively 

smaller in diameters and enclosed within one another, and 2) Paper Roll model produced 

by scrolling up a single sheet of graphene with varying distances in between each layer. 

Some uncommon forms, including multiple sets of concentric SWCNTs enclosed by one 

larger shell or a combination of different concentric MWCNTs and scrolled MWCNTs 

can also be synthesized.  
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The detailed CNTs synthesis methods are not the focus of this dissertation work, 

as a result will only be briefly introduced since they are one of the contributing factors in 

determining the properties of the end products. Comprehensive reviews for CNTs 

synthesis methods have been published and was cited herein for interested audiences [23–

26]. Certain processing techniques favor the production of specific types and dimensions 

of CNTs, which in turns dominates their physical properties. The angle at which the 

graphene sheet was rolled up during the synthesis process, which is also known as the 

chiral angle, determines the helicity of CNTs: zig zag, armchair, and chiral [27,28]. The 

three types of CNTs are shown in Fig. 1 for visual clarification. The difference in chiral 

angle affects the C–C bond properties, binding energy and strength on the CNTs, and 

thus influences the properties of the different types of CNTs [29]. The properties of 

MWCNTs might even be more complex because multiple types of CNTs can be enclosed 

within the outmost shell. The size of CNTs can also vary. For SWCNTs, their diameter 

ranges from 0.4 – 2 nm, while the outer diameter of MWCNTs varies between 2 – 100 

nm with the inner diameter ranges from 1 – 3 nm [28]. The ends of the CNTs can also be 

capped or opened, and the length of the CNTs varies and is usually hundreds of times 

than the diameter. 

 

Fig. 1. Types of CNTs produced (armchair, zigzag, and chiral) by rolling up the graphene 

sheet at different angles.  
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1.1.1. Mechanical properties.  Among the physical materials yet discovered to 

this date, CNTs are the strongest and stiffest in terms of elasticity and tensile strength. In 

2000, Yu et al. reported the experimental tensile strength of the outer shell of MWCNTs 

to be 11 – 63 GPa, with the theoretical value closer to ~300 GPa [30]. And in 2008, by 

eliminating chemical treatments during the sample preparation process, Peng et al. were 

able to obtain MWCNTs with the tensile strength of the outer shell greater than 100 GPa 

[31]. To put things into perspective, the tensile strength of maraging steel, which is the 

highest grade of steel yet manufactured, can be achieved at a maximum of 2 – 2.5 GPa, 

depending on the alloy composition [32,33]. However, the strong tensile strength can 

only be observed on the outer shell of individual MWCNT. Defects present on the 

graphene sheet, weak shear interactions among neighboring tubes, as well as irregular 

alignment and defects in terms of bends and twists of the tubes significantly reduce the 

tensile strength in MWCNTs and SWCNTs bundles to only a few GPa [34,35]. To date, 

no objects that are manufactured entirely with CNTs have exceeded the tensile strength 

of those high-strength materials, natural or man-made.   

1.1.2. Electrical properties.  The electrical properties, or also known as 

conductivity of CNTs, originated from the extended network of C–C bond in the CNTs. 

The delocalized π-electrons from each carbon atoms are free to move around over the 

entire CNTs instead of trapping on the donor atoms. This contributes to their high 

conductivity.  However, the intrinsic types of the CNTs, which depends on the method of 

synthesis, plays an important role to the strength and type of electrical properties [28,36–

39]. Specific dimensions and parameters of the CNTs can be used to determine electrical 

properties of the CNTs, and were previously published in great detail [38]. In general, it 
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is suggested that armchair CNTs behave similarly to metals, while majority of the zigzag 

and chiral CNTs behave more like semi-conductors [28]. However, changes in the 

electrical properties of the zigzag and armchair CNTs were observed especially in the 

CNTs with small diameters. In these CNTs, the curvature effects become more prominent 

and cause the CNTs to have metallic behavior [40]. Armchair CNTs are not affected by 

this phenomenon and remain metallic regardless of the diameter. The electric 

conductivity of individual semiconducting SWCNTs was reported to be in the range of 

10 S/m, while that of metallic SWCNTs was at about 105–106 S/m [41]. Similar to 

mechanical properties, the electrical conductivity of MWCNTs is also heavily depended 

on their helicities and structural defects [42,43]. The electric conductivity of individual 

MWCNTs was higher than the metallic SWCNTs, around 107–108 S/m [44]. This range 

is comparable to metals commonly known with good conductivity, such as copper [45]. 

Despite the excellent properties in the individual nanotubes, significant reduction in 

electrical conductivity was observed when applied as a system or in bulk. CNTs are 

considered as one-dimensional conductors, in which electrons can only propagate along 

its length but not across its diameter due to the restriction in size [46]. This suggests that 

improper alignment of the CNTs in applications might affect the conductivity in the 

products. Other than that, electrical resistance between the CNTs junctions and impurities 

present in the system were also contributing factors to the reduction of electrical 

conductivity of CNTs when applied in the macro level [47,48]. However, unlike metal 

conductors, oxidative concerns for CNTs are negligible if proper supporting matrices are 

chosen and the CNTs are well dispersed.  
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1.1.3. Thermal properties.  CNTs have excellent thermal stability, where they 

remain intact at up to 7500°C under vacuum and around 750°C at atmospheric pressure 

[49]. Unlike the electrical properties, the thermal conductivity of CNTs is not affected by 

the intrinsic helicity. It is intriguing to note that all CNTs are good thermal conductors 

along the longitudinal axis, but exceed insulating properties across the lateral axis 

[50,51]. The highest axial thermal conductivity for individual SWCNTs was reported at 

around 3500 W/mK, which is almost nine times higher than that of copper [52,53]. 

Similar to the other properties discussed above, factors such as the presence of impurities 

and misalignment of the CNTs also affects the thermal conductivity when applied in 

bulk.  

1.1.4. Functionalization of CNTs.  Pristine CNTs consist of a large network of 

carbon atoms. This allows them to establish strong and conjugated π–π interactions 

within the CNTs, as well as van der Waals forces among the neighboring CNTs [36,44]. 

Such properties make pristine CNTs extremely hydrophobic, and thus are not soluble or 

well dispersed in a lot of liquids, such as water, aqueous solutions, and some polymer 

resins and solvents. This creates hurdles to fully utilize their excellent properties for 

practical applications. Luckily, such difficulty can be overcome by modifying the 

chemical properties of the CNTs through surface functionalization. The mechanism of 

functionalization is to physically or chemically attach various functional groups and 

molecules on the outer wall of the CNTs [44,54].  

Chemical functionalization, or also known as covalent functionalization, is 

majorly performed by oxidizing pristine CNTs with concentrated strong acids under 

reflux. As discussed previously, structural defects are commonly observed on the wall of 
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CNTs. The strong acids in the process oxidize the open carbon atoms on these defective 

sites and uncapped ends to produce carboxyl groups (–COOH). The carboxyl CNTs 

(CNTs-COOH) can then be further modified to covalently attach other functional groups 

or elements. The most performed functionalization includes halogenation (–X), 

sulfonation (–SO3H), and amination (–NHnRn) with different degrees of substitutions 

(Fig. 2). Chemical functionalization can also occur on pristine CNTs, but harsher 

conditions and non-polar organic solvents are required to complete the process [55]. 

These attached chemical functional groups create more active bonding sites on the CNTs 

for stronger interactions to the dispersion matrices instead of weaker van der Waals 

forces.  

Physical functionalization, or also known as non-covalent functionalization, 

involves coating or wrapping the surface of the CNTs with amphiphilic molecules or 

polymers. Physical functionalization can be performed on pristine CNTs or chemically 

modified CNTs, depending on the goal of functionalization and the chemical nature of 

the coating materials. The hydrophobic portions of the amphiphilic molecule enable 

secure anchoring on the surface of the CNTs, while the hydrophilic portions provide 

certain degree of hydrophilicity for the even dispersion of CNTs in polar solvent systems. 

Since the chemical nature of CNTs is unaltered in physical functionalization, the 

uncoated areas of the CNTs-polymer can still interact through non-covalent or 

hydrophobic interactions to the hydrophobic molecules or biological macromolecules, 

such as DNA, proteins, and lipids [28,56].  
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Fig. 2. Some samples of physical and chemical functionalization of CNTs. 
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Magnetization is a special form of physical functionalization, in which magnetic 

nanoparticles were either attached on the surface of the CNTs, or filled inside the cavity 

of the CNTs under high pressure [57–62]. Commonly encountered magnetic composites 

used in functionalization of CNTs are Fe3O4 and Fe2O3 nanoparticles. The type of 

magnetic iron nanoparticles produced can be controlled through various synthesis 

conditions, the suspending solvent systems, and the selected types and ratios of iron (II) 

and iron (III) salts. The selected iron salts in the suspending solvents were the precursors 

to the magnetic nanoparticles, which are formed by reducing the iron salts with a strong 

base. Magnetic CNTs (Mag-CNTs) were widely applied as extraction sorbents due to the 

enhanced convenience for sorbent separation, which will be discussed in more detail in 

the following section. In general, surface functionalization increases the hydrophilicity of 

pristine CNTs and expands the diversities for their applications. CNTs can be custom 

made to achieve different chemical properties to incorporate in various suspension 

matrices or for target analytes interactions. 

1.2. Applications of CNTs. Due to the unique physical and chemical properties, 

CNTs can be easily manipulated as stand-alone novel inventions, or incorporated as 

composites and polymers to enhance the properties of products. This opens a wide range 

of applications, especially in material sciences, physical and chemical processing, or even 

in biomedical fields. As previously discussed, the alignment, orientation, and the 

presence of structural defects on the CNTs greatly affect their properties. In general, the 

physical properties are much weaker when applied as bulk CNTs when compared to an 

individual tube. This is because bulk CNTs are unorganized and disoriented in the system 

and it affects how the electrons are propagated [63,64]. Techniques were developed to 
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properly align the CNTs, and they can be applied before, during, or after the 

polymerization or composite formations for CNTs. These methods include but not 

limited to mechanical stretching, electrospinning, and application of magnetic field [65–

70]. The physical properties were reported to be significantly enhanced in the aligned 

nanocomposites when compared to the composites made with unorganized bulk CNTs. 

The increasing capability for industrializing CNTs synthesis accelerated the exploration 

for CNTs applications. Under current development, CNTs are applied as unorganized 

bulk CNTs in most of the daily commercial products that are available for the general 

public; only applications in more sophisticated machineries require specific alignments 

during incorporation [71]. These daily commercial products yielded sufficient 

enhancement in physical and chemical properties by merely incorporating CNTs as a 

composite. With the advancement of technology, the applications of CNTs have been 

accelerating exponentially. Comprehensive applications have been published [54,70–73]; 

in this work, applications that particularly intrigued the author were discussed.  

1.2.1. Electronic components. CNTs were widely used as electrically conductive 

filler materials. In addition to the antioxidative and high flexibility properties, CNTs have 

excellent current-carrying capacity, which makes the conductivity of CNTs composited 

metal wires exceeding that of copper or aluminum wires [74]. This allows more efficient 

electricity transition and prolongs the durability of the electronic devices. Another huge 

commercial success of CNTs application was in lithium (Li) batteries, which are 

ubiquitous nowadays in laptop computers, smartphones, and electric vehicles. With only 

a small amount of CNTs (~1 wt %) mixed with polymer blenders in electrodes, the 
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electrical connectivity, mechanical integrity, rate capability, and cycle life of the Li 

batteries were significantly enhanced [75–78].  

This great electric transition property of CNTs was thoroughly studied and CNTs 

are now widely incorporated into the building blocks of modern electric devices: the 

transistors. Transistors are the brain cells of all modern electronics. They function by 

amplifying or switching incoming electric currents to other parts of the electric device for 

interpretations or for display [79]. The higher the rate that the transistor can let the 

current to flow through, the higher the sensitivity, degree of amplification, and capability 

of fine-tuning for signal output.  The incorporation of CNTs in transistors out-beats the 

conventional silicon-based transistors, especially when used in light-emitting diode 

(LED) displays [80,81]. The incorporation of CNTs allows higher degree of fine-tuning 

for color emission through an extremely thin and transparent CNTs network at a lower 

voltage. This drastically reduces the size of the products, increases battery life, and 

enhances the vibrancy of the displayed colors. In addition, with the growing demands for 

high-resolution smart devices with touchscreen displays, widespread efforts were 

investigated in the development of these transparent conductive CNT films to replace 

indium tin oxide (ITO) films, which became increasingly expensive due to the fast 

depletion and scarcity of indium [70,82–84]. Moreover, the elasticity of CNTs films 

makes them easier to be manipulated during manufacturing process when compared to 

the brittle ITO films, and thus are suitable for application on flexible surfaces [85]. CNTs 

are also one of the few existing materials which will maintain their transparency in a 

board range of spectrum (from UV-Vis to near-infrared) while still providing excellent 

electric conductivity. These properties enable them to be utilized in the photoactive layers 
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of solar cells to harvest a broad range of energy from different radiations and to create 

more efficient photovoltaic devices [43,86–88]. 

1.2.2. CNTs composites.  As previously discussed, CNTs are by far the strongest 

and stiffest materials discovered, and yet they are only one-sixth the weight of steel [71]. 

This outstanding property triggers the explorations of compositing CNTs as load-bearing 

reinforcements in structural applications. Studies have shown that when intact CNTs 

experienced structural deformations, such as twisting, flattening, or buckling under 

pressure, such deformation was observed to be reversible and expressed plastic behavior 

when CNT were mixed in resins and polymers as composites [70,89–92]. It means the 

incorporation of CNTs as a composite might greatly enhance the durability of the 

products, but would only weigh a fraction compared to metal composites reinforcements. 

Common sports gears with “carbon nanotechnology” incorporated as a part of their 

marketing strategies often contained bulk CNTs, ranging from the racks and bats in 

various sports, golf shafts, bicycle frames, to small automobile parts in sports cars 

[70,92]. The unique characteristics of having high mechanical strength but also flexible in 

the same setting intrigued researchers to explore weaving CNTs into cloths to make 

weapon- or bullet-proof materials, such as combat jackets or body armors [93–97]. Other 

current research also includes the exploration of metal-CNTs composites for structural 

supports in aerospace and automobile frames [70]. Aluminum (Al)-CNTs composites 

have much stronger strength but were less expensive than conventional Al-Li alloys used 

in vehicle structures. While CNTs composited space escalators might still be theoretical, 

the enhancement of mechanical integrity in CNTs composites prompted the research in 

their applications as construction materials [98–100]. In addition to the exceptional 
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mechanical strength, the inertness of CNTs when incorporated in building materials also 

helped to reduce pollutant production, resist microbial growth, and control micro-

cracking and deformation. Such features were also well utilized in CNTs-containing 

paints that are often coated on ship hulls to prevent rusting, contributing to the water-

resistant properties of CNTs. This layer of paint reduces biofouling by discouraging the 

attachment of algae or barnacles [101–103]. This invention provides an environmentally 

friendly alternative to the biocide-containing antifouling paints. Besides, CNTs also 

gained attraction as fire retardant additives to plastics and synthetic polymers to replace 

the common halogen containing fire retardants, which are highly regulated due to 

environmental regulations [104–106]. 

1.2.3. Pharmacy and medical applications. As our knowledge to CNTs grows, 

properties such as antioxidation and high mechanical and chemical capabilities motivated 

their development in biomedical settings. The antioxidative properties make CNTs 

excellent preservatives for encapsulating drug formulations, and they have been 

incorporated in anti-aging cosmetics and sunscreens to shield oxidative damages from 

sunlight [107,110]. Some study also showed that CNTs could potentially act as free-

radical scavengers to prevent harmful diseases caused by free radical chain reactions, 

such as cardiovascular diseases and cancer [27,109,110]. The capability of surface 

enhancement also showed promising results for target drug delivery in chemotherapy to 

terminate viruses and ulcers without provoking immune response in human body 

[111,112]. Isolated antigens that are specific to certain receptors at the target sites can be 

attached on the CNTs so they are designed to avoid other non-targeted sites to reduce 

harmful side effects. This raises potential for vaccine developments using CNTs as the 
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carrier for synthetic viral antigens [108,113–115]. The successful development could 

replace the conventional use of dead or live-but-attenuated bacteria, viruses, or pathogens 

as antigen sources, which could provoke life-threatening side effects or immune 

response. Under current development regarding their negligible immunogenicity, CNTs 

are used as coating materials on artificial joints, and were incorporated in tissue-

engineering materials for implants to reduce the possibility for rejections [28,108,116–

118].  

However, the toxicity of CNTs remains a concern especially with its applications 

expanded for the uses within the human bodies. Data on toxicity of the CNTs for 

biomedical uses published in literatures seem to be contradictory. Some in vitro and in 

vivo studies in animals showed adverse reactions when exposing CNTs to various 

systems, especially with pristine CNTs, while other studies showed benign to relatively 

insignificant effects [119–126]. Studies also suggested that the toxicity might be 

depended on the physical and chemical properties of the CNTs, meaning that factors such 

as structures, chirality, concentrations, and methods of synthesis might all contribute to 

how CNTs interact with the living systems [127]. Regarding the concerns, clinical trials 

of the potential biomedical developments of CNTs are still on-hold. Current efforts are 

underway to develop biocompatible and biodegradable CNTs to minimize the stay or 

accumulation of CNTs in biological systems. Surface functionalized, water soluble CNTs 

were developed to promote elimination and reduce adverse effects to various systems 

[128–131]. Growing developments of CNTs that are degradable by oxidizing enzymes 

were also a focus to help accelerating the applications of CNTs in biomedical fields. 

[132–135].   
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1.2.4. Extraction sorbents. Due to the versatility of surface modifications, strong 

interactions with other molecules, and the large surface area, CNTs were suggested to be 

an ideal extraction sorbent. The applications of CNTs as extraction sorbents started to 

skyrocket after the development of dispersive solid phase extraction (d-SPE) by 

Anastassiades et al. in 2003 [136]. The research team development the QuEChERS 

(Quick, Easy, Cheap, Effective, Rugged, and Safe) method to extract pesticides from 

fruits and vegetables. In QuEChERS, it usually first involves a liquid-liquid extraction 

(LLE) step, followed by a d-SPE process using primary secondary amine (PSA) sorbents 

for matrix clean-up. Then, the samples are subjected to instrumental analysis. In d-SPE, 

the sorbents are allowed to freely disperse in the matrices to interact with the analytes 

instead of packed in a SPE column. Without the physical confinement, it is proven to 

mitigate some drawbacks in conventional SPE, such as limited sample capacity and 

unequal flow rate. Since then, various d-SPE sorbents were used for matrix clean-up in 

QuEChERS, including CNTs, zirconium oxide-based sorbents, silica-based sorbents, 

chitin, and other carbon-based nanoparticles [137–139]. Pristine and functionalized CNTs 

were either used alone or paired with other salts and sorbents to extract matrix 

interferences, especially for non-polar lipids and other hydrocarbons [137,140,141]. 

Since the matrix used in the d-SPE step during QuEChERS was the organic layer 

transferred from the prior LLE step, the hydrophobicity of pristine CNTs is not a concern. 

However, target analytes had been reported to be co-extracted by the CNTs and led to 

low recoveries, particularly for lower polarity analytes with a long hydrocarbon chains or 

conjugated ring structures [137].  
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Surface functionalized CNTs enhance the hydrophilicity of the CNTs and 

significantly broaden their applications for direct analytes extraction. CNTs are 

extensively applied in environmental and food toxicology fields to extract pollutants and 

contaminants from various matrices, such as soil, water, and food [142–148]. Various 

surface modifications have been applied on the CNTs, including chemical functional 

groups [149–151], biological molecules and polymers, such as amines and protein [152–

155], and even living organisms, such as fungi [156,157]. The functionalization of Mag-

CNTs enhances the applicability of CNTs as extraction sorbents due to the facilitation of 

convenient separation and overall efficient extraction. Mag-CNTs were successfully 

developed to interact with analytes ranged from non-polar steroid hormones to 

organophosphate pesticides with various polarity and even chemical warfare agents and 

heavy metal ions [156,158–164]. CNTs were also shown to be excellent sorbent to 

separate chiral drugs and chemicals [140,159,165–167]. This could be tremendously 

useful in pharmaceutical industries and forensic fields because in majority of the case, 

only a specific chirality of drugs is bioactive to human body. And it is usually the form 

that listed as controlled substances and carries penalty for possession, consumption, or 

distribution.  

1.2.4.1. Forensic applications. Recently, a novel application for functionalized 

CNTs was the development and visualization of fingerprints from wet, non-porous 

surfaces [168,169]. Fingerprints are needed to be visualized on wet-nonporous surface for 

various reasons, including large outdoor evidence that cannot be transported back to the 

laboratories or for subjects that are disposed in water in attempt to destroy evidence. 

Application of small particle reagent is currently the go-to method for visualization of 
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wet fingerprints disposed on non-porous surfaces. However, the reagent contains harmful 

chemicals to both the analysts and the environment. The safer and greener alternative is 

needed. The CNTs developed in these novel methods were functionalized to target the 

lipid residues on the fingerprints and were capable to visualize the prints even when the 

subjects were submerged for a period of time in water.  

Another potential application of CNTs in forensic analysis was the use in 

dispersive-micro solid phase extraction (d-µSPE). This sample preparation process is the 

miniaturized form of d-SPE, in which samples and solvents used are often rescaled to the 

µL range. Unlike in environmental or food toxicology where sample abundance or 

volume is usually not a concern, only trace amount of samples are commonly 

encountered in forensic fields. For example, in forensic DNA analysis, evidence might 

only present in a drop of blood or only a few cells were left behind in form of touch 

DNA. In postmortem toxicology examinations, limited sample volume might be resulted 

from injuries or decomposition. The limited samples are then further divided to perform 

both presumptive and confirmatory assays for different drug classes. The application of 

d-µSPE would become handy regarding the limited sample size. However, highly 

efficient sorbents are essential in d-µSPE methods to maintain or even enhance the 

extraction performance with the decreased sample volume. With the high surface area 

and flexibility to interact with different analytes by surface functionalization, CNTs and 

other nanoparticles were proven to be ideal d-µSPE sorbents in many fields, including 

forensic DNA analysis [170–180]. However, the particular applications of CNTs 

facilitated d-µSPE in forensic postmortem toxicology were very limited [181,182], and 
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most published studies focused mainly in the clinical settings, or other nano-sorbents 

were used instead of CNTs [183–185].  

2. Statement of Problems 

For CNTs to be applied in forensic toxicology analysis, some limitations 

associated with CNTs and the d-µSPE process are needed to be addressed. Majority of 

the matrices involved in forensic toxicology analysis are aqueous in nature, including the 

most analyzed urine and blood samples. Pristine CNTs are not suited as d-µSPE sorbents 

in these matrices due to their hydrophobicity. Other than that, majority of the analytes in 

forensic toxicology analysis are highly ionic and the extraction relies on the changes in 

charged states by controlling the pH values. As a result, functionalized CNTs are needed 

for the successful applications in postmortem toxicology analysis. Limited selections of 

functionalized CNTs are commercially available, and they are much more expensive than 

to perform synthesis in-house. Nonetheless, the major drawback for synthesizing in-

house was the uncertainties associated with the characteristics of the functionalized 

CNTs, since the properties will affect their applications for different types of controlled 

substances. In this dissertation work, two kinds of Mag-CNTs were synthesized with 

different functional groups attached: carboxyl Mag-CNTs (Mag-CNTs-COOH) and 

sulfonyl Mag-CNTs (Mag-CNTs-SO3H). The two Mag-CNTs were characterized using 

scanning electron microscopy – electron dispersive X-ray Spectroscopy (SEM–EDX) 

analysis to evaluate the surface morphology and elemental components. Chemical 

interactions between the Mag-CNTs and analytes with different chemical properties were 

evaluated to determine the best extraction strategies for subsequent d-µSPE method 

development, optimization, and validation.  
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Various analytes were evaluated as potential candidates for the development and 

application of Mag-CNTs facilitated d-µSPE (Mag-CNTs/d-µSPE). One analyte that has 

long been the focus in our research group is the minor cyanide (CN) metabolite, 2-

aminothiazoline-4-carboxylic acid (ATCA). The confirmation of CN intoxication or 

exposure can be challenging due to its high reactivity and volatility. Under normal 

physiological condition, CN (pKa = 9.2) is readily protonated to become HCN, which is a 

highly reactive and volatile gas [186,187]. These properties significantly shorten the 

detection window of CN in human biological samples [188–190]. Besides, the unstable 

storage properties and post-mortem production of CN from microbial activities also 

raises potential false positive or negative concerns by the direct detection of CN, 

depending on the time of sample collection and analysis [191]. In addition to the ongoing 

development of effective CN antidotes [192–196], CN research focuses on the detection 

of reliable CN metabolites for the confirmation of CN exposure [187,197–201]. Among 

all metabolites, ATCA was suggested to be the promising biomarkers for CN exposure 

confirmation regarding its specificity to CN metabolism and stability under various 

storage and post-mortem conditions [186–188,191,202]. Since ATCA analysis is still 

uncommon in the forensic field, Ch.3 of this work aimed to provide a comprehensive 

review for the background information in CN metabolism and the potential use of ATCA 

as the alternative forensic marker for cyanide intoxication. Methods and instrumentation 

used for the extraction and detection of ATCA was also detailed in the chapter. 

Due to the high polarity of ATCA, majority of the published analytical methods 

were coupled with liquid chromatography–tandem mass spectrometry (LC-MS/MS) 

[191,197,203,204]. However, limitations on resources restricted the current access of the 
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top-notch instrumentation in majority of the crime laboratories; gas chromatography–

mass spectrometry (GC-MS) analysis remains the widely utilized method for routine 

toxicology analysis. As a result, the author aimed to develop a GC-MS based analytical 

method for ATCA for smoother transition when the method were to be adopted in the 

laboratories. Regarding sample preparation methods, some successful extraction methods 

were developed using conventional SPE methods in urine and plasma samples 

[186,187,199,200]. However, SPE methods were successful for ATCA analysis in 

complex matrices, such as postmortem blood samples, due to the significant matrix 

interferences near the ATCA peak [203]. LLE methods were more efficient in removing 

matric interferences and were successfully applied in complex postmortem matrices, 

including organ homogenates [191,204]. However, the success of LLE tends to be skill-

dependent, and the process usually involves relatively large amount of hazardous 

chemicals [205,206]. Based on the successes in other fields for Mag-CNTs/d-µSPE to 

extract a wide variety of analytes, it is intuitive for the author to explore the possibility to 

apply the method for the analysis of ATCA. Due to the reduced scale of extraction, the 

required sample volume, solvent, and waste are greatly decreased in d-µSPE. It was also 

suggested to be capable of overcoming drawbacks regarding SPE columns, such as 

limited capacity, due to the unbounded sorbents. Ch.4 of this work explored the method 

development to extract ATCA in two biological matrices through polar interaction using 

Mag-CNTs-COOH. As previously discussed, GC-MS analysis is still the routine 

workflow in majority of the crime laboratory. As a result, the developed Mag-CNTs/d-

µSPE method was coupled with GC-MS analysis to increase the adoptability in the 

practical field. A multi-stepped desorption and derivatization process was developed and 
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optimized in this chapter for the successful detection of the polar ATCA using the GC-

MS platform.  

With the goal to enhance extraction efficiency, assay sensitivity, and promote 

greener workflow to reduce solvent consumption and waste production, a one-step 

desorption/ derivatization approach was developed, optimized, and validated for ATCA 

analysis using the Mag-CNTs-COOH/d-µSPE workflow. Since ATCA is a versatile 

analyte and can be extracted through polar and ionic extractions, it is used to evaluate the 

difference in extraction performance between the Mag-CNTs-COOH and Mag-CNTs-

SO3H in Ch.5 of this work. The Mag-CNTs-SO3H/d-µSPE workflow was also developed, 

optimized, and validated. One of the biggest obstacles in adopting Mag-CNTs/d-µSPE in 

crime laboratories was the lack of automated platform to suit the high throughput demand 

in crime laboratories. To accelerate the adoption of ATCA analysis in routine toxicology 

examination, a SPE workflow was developed, and a fit-for-purpose validation was 

performed for the extraction of ATCA in bovine blood samples. The extraction 

parameters and performances of the two Mag-CNTs/d-µSPE workflows were compared 

to the SPE method in Ch.5 of this work.  

One of the main goals of this dissertation work was to show the potential for 

different applications of Mag-CNTs/d-µSPE in forensic analysis. During the exploration 

of possible analytes in addition to ATCA, a home drug-remedy sparked a particular 

interest to the research group. To say that there are home remedies for every condition is 

not over-exaggerated. Whether it is to seek a more natural therapy instead of chemical 

treatments, or to avoid the expensive medical bills or social stigmatizations of going to 

certain treatments, there is a full list of home remedies readily available online. Home 
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remedies or “quick fixes” for drug addiction are no exception [207–211]. A remedy in the 

form of home-brewed poppy seed tea emerged from the internet with the rise of the 

“opioid epidemic” in the United States. Fatalities and overdose cases were reported 

worldwide from the consumption of these home-brewed poppy seed teas, which were 

marketed as “the best” analgesics for body pain, and were consumed by some opioid 

users as the “legal high” alternative for heroin and other illegal opioids [212–213]. With 

regards to the deaths associated with poppy seed tea consumption, DEA regulated 

“opioid-contaminated” poppy seeds as Schedule II controlled substances [216]. This 

makes the “good seeds” not as readily available to the general public, but new brewing 

methods proposed on online forums to prolong the desirable effects might suggest 

otherwise. In Ch. 6 of this work, some brewing techniques were tested to determine their 

effects to the opiate concentrations found in the brewed poppy seed tea. The opiates that 

are responsible for the analgesic and euphoric effects in poppy seed tea are mainly 

morphine and codeine. Thebaine was also included as one of the target analytes in poppy 

seed tea because it is naturally found in the poppy latex materials that got transferred to 

coat the seed during harvesting, and it presence might indicate the source of opiate 

consumption. The structures of the three opiates are shown in Fig. 3. If unknown liquid 

was found at crime scene, which contains thebaine in addition to morphine and codeine, 

it might provide the indication as poppy seed tea instead of other opioid products [217]. 

A Mag-CNTs-SO3H/d-µSPE/GC-MS method was developed, optimized, and validated to 

extract and quantify morphine, codeine, and thebaine present in the brewed poppy seed 

samples. The successful application of the Mag-CNTs-SO3H/d-µSPE/GC-MS in poppy 
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seed tea sample could widen the use of Mag-CNTs in other forensic fields, such as drug 

chemistry.  

 

 

Fig. 3. Chemical structures of morphine (left), codeine (middle), and thebaine (right). 

 

With the increasing awareness for environmental conservation, the scientific 

community has moved to explore ways to reduce the production of harmful materials. 

These efforts include searching for greener solvent alternatives, reducing waste 

production, and exploring sustainable and reusable products [218–231]. When compared 

to conventional LLE and SPE methods, the amount of solvents and consumables needed 

in Mag-CNTs/d-µSPE is much reduced. However, the synthesis process of Mag-CNTs is 

lengthy and involves the use of concentrated acids and base and some hazardous 

chemicals. It will be environmentally and economically beneficial to explore the 

reusability of Mag-CNTs to reduce the frequency and need for synthesis. Ch.6 assessed 

two regeneration methods to determine their effectiveness in cleaning the Mag-CNTs 

after extraction. However, when comes to the application of regenerated sorbent 

materials, potential carryover is the biggest concerns, especially in forensic science. Such 

subject was determined in Ch.6 to evaluate the applicability for Mag-CNTs regeneration 

in forensic fields. Successful regeneration of Mag-CNTs not only would significantly 
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reduce the hazardous solvent consumption, waste production, and avoid the labor-

intensive synthesis process, but also provide a greener alternative sample preparation 

workflow.  
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Abstract 

Magnetic carbon nanotubes (Mag-CNTs) are one of the most extensive applied 

dispersive micro-solid phase extraction (d-µSPE) sorbents. In this study, two types of 

Mag-CNTs were synthesized: carboxyl Mag-CNTs (Mag-CNTs-COOH) and sulfonyl 

Mag-CNTs (Mag-CNTs-SO3H). Scanning electron microscopy-energy dispersive X-ray 

spectroscopy (SEM-EDX) was used to characterize the newly synthesized Mag-CNTs for 

morphological and elemental changes. Chemical properties and extraction mechanisms of 

the Mag-CNTs were determined by performing extractions with analytes of known 

chemical properties. Clusters of iron nanoparticles were found in the SEM micrographs 

of both Mag-CNTs. Sulfur was not detected in the EDX analysis of Mag-CNTs-SO3H, 

but the successful sulfonation was later supported during the chemical interaction study. 

Phencyclidine, ibuprofen, caffeine, ketamine, and cyclobenzaprine were used to 

determine the nature of extraction mechanisms of the Mag-CNTs. Under acidic 

condition, polar interaction in the form of hydrogen bonding was suggested to be the 

major interaction route for Mag-CNTs-COOH, while Mag-CNTs-SO3H were capable to 

perform ionic interactions to extract PCP, ketamine, caffeine, and cyclobenzaprine. 

Depending on the chemical properties of the target analytes and the complexity of the 

sample matrix, sorbent washing steps might not be necessary in Mag-CNTs/d-µSPE 

analysis. With careful method development and optimization, Mag-CNTs/d-µSPE could 

be a promising sample preparation technique for a wide range of sample analysis 

commonly encountered in forensic sample analysis. 
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1. Introduction 

From conventional urine and blood samples to vitreous humor and oral fluid, 

forensic toxicology analyses revolve around various biological matrices. Depending on 

the complexity of the matrices and the availability of instrumentations, sample 

pretreatment is crucial for accurate and reliable detection, especially for trace-level 

analytes and their metabolites. Liquid-liquid extraction (LLE) is among the very first 

sample preparation techniques widely implemented in the laboratories. Analytes are 

extracted to desirable organic or aqueous layers based on their chemical properties by 

controlling the pH values of the aqueous phase [1]. In theory, the technique is relatively 

simple to perform; however, assay performance greatly depends on the skills and 

experience of the analysts, and could be time-consuming and labor-intensive. In addition, 

large amount of organic solvents and wastes is involved in LLE, and poor extraction 

efficiency towards polar analytes is frequently encountered, typically in some drug 

metabolites [2,3]. With the development of solid phase extraction (SPE) methods, 

forensic laboratories started to gear towards their implementations in routine analyses. 

Some of the reasons for such shift could be the overall reproducibility, robustness, and 

the possibility for automation [4,5]. This greatly improved the sample analysis 

throughput, which is essential in hectic forensic casework analysis. However, SPE is not 

without drawbacks. Common problems encountered include expensive cost for the SPE 

columns, unequal flow rate, and limited sample load capacity, etc. With the advancement 

in technologies, research efforts were invested to focus on either the improvement on the 

LLE and SPE methods, or the development of novel sample preparation techniques that 

can overcome the drawbacks of the conventional methods.  
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A breakthrough was achieved in 2003 when Anastassiades et al. introduced a 

rapid, simple, and yet effective method called QuChERS (Quick, Cheap, Effective, 

Rugged, and Safe) [6]. The QuChERS methods typically involve a liquid-liquid 

extraction, followed by a matrix interference removal step [7]. Liquid samples or 

liquidized solid samples were first partitioned with some organic solvents, and different 

salts and a loose sorbent were then added for dehydration and to extract interferences in 

the organic layer as a “clean-up” step [8–10]. Since the sorbents were dispersed 

throughout the sample and the interferences were extracted on the solid sorbents, the 

technique was named as dispersive solid phase extraction (d-SPE) [6]. In QuChERS, 

different sorbents can be used in the d-SPE step to remove various matrix effects, 

including fatty and protein interferences [11–15]. The versatility of the sorbent choices 

sparked the interest in the scientific community to investigate their applications for direct 

analyte extraction instead of matrix clean-up. Early research of d-SPE for direct analyte 

extraction was widely applied in the environmental toxicology fields to detect harmful 

chemicals in water, soil, and food, such as pesticides and food additives [6,16,17]. The 

nature of theses samples allows the methods to be developed with high sample volume. 

However, with high samples volumes comes with concerns regarding the generation of 

large volume of solvent wastes. The awareness in environmental conservation triggers the 

development of greener sample preparation alternatives to reduce toxic waste production. 

In addition to finding safer and greener solvent alternatives or reduce plastic disposable 

consumptions, research direction also focused on miniaturizing or descaling sample 

preparation methods. This agenda is greatly adaptable in d-SPE method development. In 

d-SPE, no carriers are needed to contain the extraction sorbents like the cartridges used in 
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SPE. In addition, since the conditioning and washing steps are often eliminated in d-SPE, 

solvent consumption and waste are drastically reduced [18]. Moreover, the possibility to 

miniaturize d-SPE to the micro-scale (d-µSPE) expands its applications in various fields 

where limited sample volume is a constant restriction, namely in forensic toxicology 

analysis. 

Nonetheless, some obstacles must be overcome for successful d-µSPE and one of 

the most important parameters is the selection of d-µSPE sorbents. With the reduction in 

sample volume scale, the amount of sorbents used is also reduced. As a result, an ideal d-

µSPE sorbent needs to provide sufficient capacity and affinity to capture the descaled 

analytes present in the sample. Among all d-µSPE sorbents, one particular category has 

attracted increasing attention: carbon nanoparticles [19–21]. Carbon nanotubes (CNTs) 

and graphene are among the most extensively applied carbon nanoparticles in d-µSPE 

due to their wide commercialization, high surface area, inert chemical properties, and the 

ability for surface functionalization. For pristine CNTs, due to their large, conjugated p-

systems, they perform excellently when extracting in non-polar organic solvents [22]. 

Different functional groups can also be added on the surface of the CNTs through surface 

functionalization to increase the extraction selectivity, capacity, and solubility. This 

facilitates their applications in both aqueous and polar organic systems. Furthermore, 

magnetization can also be incorporated to the surface-functionalized CNTs to enhance 

separation and extraction efficiency. These properties increase the versatility for CNTs to 

perform direct analyte extractions of analytes with various chemical properties.  

Due to the limitless approaches in surface functionalization and magnetization in 

CNTs synthesis, chemical properties of the products vary. For accurate and reliable 
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method development, certain basic chemical properties of the synthesized products are 

needed. In this work, two types of surface functionalized magnetic CNTs (Mag-CNTs) 

were synthesized, i.e., carboxyl Mag-CNT (Mag-CNTs-COOH) and sulfonyl Mag-CNTs 

(Mag-CNTs-SO3H), slightly modified based on published methods [23]. 

Characterizations for the two Mag-CNTs were performed. Surface morphology and 

elemental analysis were conducted using scanning electron microcopy-energy dispersive 

X-ray spectroscopy (SEM-EDX) analysis. Basic chemical properties and extraction 

mechanisms of the Mag-CNTs were examined by performing extraction with analytes of 

known chemical properties under controlled conditions. This allows the determination of 

optimal extraction conditions, nature of chemical interactions, and potential categories of 

suitable analytes. The successful characterization of the synthesized Mag-CNTs would 

provide valuable future research directions and potential applications of Mag-CNTs/d-

µSPE as an alternative sample preparation platform for forensic analysis. 

2. Material and Methods 

2.1. Chemicals and reagents. Sulfuric acid (18.0 M), nitric acid (15.9 M), 

hydrochloric acid (12.1 M), ammonium hydroxide (NH4OH, 14.5 M), methanol, ethanol, 

dichloromethane (DCM), and isopropyl alcohol (IPA) were purchased from J.T. Baker 

(Avantor, Allentown, PA). Acetonitrile was obtained from Fisher Scientific (Waltham, 

MA). Multi-walled CNTs (MWCNTs) (>90% carbon basis, 110-170 nm x < 5-9 µm), 

iron (II) chloride tetrahydrate (FeCl2•4H2O), iron (III) chloride hexahydrate 

(FeCl3•6H2O), ammonium sulfate, and caffeine analytical standard were obtained from 

Sigma-Aldrich (St. Louis, MO). Ketamine, phencyclidine, and cyclobenzaprine were 

certified reference materials (1 mg/mL in methanol) purchased from Cerilliant 
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Corporation (Round Rock, TX). Double sided adhesive tapes and copper foil tapes were 

from 3M (Maplewood, MN). Ibuprofen (Equate, Bentonville, AR) tablets (200 mg) were 

purchased from local grocery store over the counter. Deionized (DI) water was obtained 

from Merck Millipore water purification system (Burlington, MA) in-house. All 

chemicals and solvents used in the extractions and analysis were at least HPLC grade, 

except the ones used in the synthesis process of the Mag-CNTs (LC-MS grade).  

2.2. Magnetic carbon nanotubes. Two types of surface-functionalized Mag-

CNTs were analyzed in this study: Mag-CNTs-COOH and Mag-CNTs-SO3H. The Mag-

CNTs-COOH were prepared according to Pardasani et al. with a slight modification [23]. 

Briefly, the MWCNTs were purified with a 1:1 (v/v) ratio of concentrated nitric acid and 

concentrated sulfuric acid at 60°C overnight. The purified CNTs were washed with a 

copious amount of water, followed by ethanol, and were re-suspended in water and dried 

at 100°C for 6 h in a centrifugal evaporation system (Labconco, Kansas City, MO). 

Subsequently, 50 mg of dried CNTs were suspended in 25 mL of deionized water 

containing 70 mg of FeCl2•4H2O and 135 mg of FeCl3•6H2O. The suspension was 

sonicated at 50°C for 30 min, followed by a slow addition of 1 mL concentrated NH4OH. 

The pH of the suspension was monitored in the range of 10 – 11 after addition. The 

temperature of the suspension was raised to 80°C after complete addition of NH4OH and 

the reaction was held at 80°C for 30 min. The suspension was then cooled to room 

temperature slowly and the Mag-CNTs were separated from the solution with the help of 

a permanent Neodymium magnet. The Mag-CNTs were washed with copious amount of 

deionized water, followed by ethanol and re-suspended in deionized water. Finally, the 

cleaned Mag-CNTs were dried completely at 100°C in the centrifugal evaporator. 
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As for Mag-CNTs-SO3H, the synthesis was based on that of the Mag-CNTs-

COOH, followed by additional steps adopted from Xu et al. [24]. The purified and dried 

CNTs (~1.1 g) after treated with the concentrated acids were added to 1 g of ammonium 

sulfate in 20 mL of DI water. The suspension was heated to 235°C for a maximum of 30 

min. The system was then allowed to cool to room temperature before the CNTs-SO3H 

were washed with DI water and ethanol and dried. The dried CNTs-SO3H (100 mg) were 

suspended in 20 mL of DI water with 180 mg of FeCl2•4H2O and 350 mg of FeCl3•6H2O 

to perform the remaining magnetization process as described in the Mag-CNTs-COOH 

method.  

In this study, characterization was first performed on a scanning electron 

microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) system for morphological 

and elemental analysis. Nature of the chemical interactions of the two Mag-CNTs were 

evaluated by conducting extractions under different conditions. The detailed experimental 

conditions were described in the following sections. 

2.2.1. SEM-EDX Analysis. Four different kinds of CNTs were characterized by 

the SEM-EDX, including purified CNTs (CNTs-COOH, before magnetization process), 

CNTs-SO3H (before magnetization process), newly synthesized Mag-CNTs-COOH, and 

newly synthesized Mag-CNTs-SO3H. The details of the method for regeneration were 

published in Li et al. [25]. The samples were separately deposited on a double-sided 

adhesive tape attached to the sample holders. A small piece of copper foil tape was 

applied on the sample holders for calibration purposes before each sample was analyzed. 

The samples were then sputter-coating with gold before the SEM-EDX analysis. The 

SEM-EDX analysis was performed on a Hitachi SU3500 SEM (Chiyoda City, Tokyo, 



72 

 

Japan) coupled with a Bruker XFlash 6 | 30 detector (Billerica, MA). The electron beam 

energy was set to be 20.0 keV with no tilting and at a working distance of 10.0 mm. The 

SEM micrographs were taken from at magnifications of 10000 – 10025X within the µm 

range. For each type of CNTs, elemental profiles were collected from four separate data 

points on the CNTs, as well as from the background for comparison. Statistical analyses 

were performed using two-tailed t-test at a 95% confident interval. 

2.2.2. Chemical interaction of the Mag-CNTs. The Mag-CNTs-COOH and Mag-

CNTs-SO3H were subjected to different extraction conditions to explore their possibility 

for conducting ionic extractions. In the first stage of testing, phencyclidine (PCP) was 

used as the target analyte to access the possibility of ionic interactions between the 

analyte and the CNTs by eliminating hydrogen bonding as a contributing factor. In the 

second phase, ibuprofen was used to evaluate possible polar interaction on Mag-CNTs-

COOH. Ketamine, caffeine, and cyclobenzaprine were included in addition to PCP to 

confirm the success of surface modification and ionic interactions on Mag-CNTs-SO3H. 

For Mag-CNTs-COOH, 1,800 ng/mL of PCP were first dried in the 

microcentrifuge tubes (n=3) and were reconstituted in 500 µL of DI water at pH values of 

2, 2.56, 2.98, and 4.01. Mag-CNTs-COOH (5 mg) were then added to the reconstituted 

solutions and subjected to extraction for 20 min with sonication. The Mag-CNTs-COOH 

were separated with the help of a strong magnet after brief centrifugation to accelerate the 

process. In the first phase of study, 1 mL of different elution solvent systems were tested, 

including water, methanol, and acetonitrile with 5% (v/v) NH4OH, and 78/20/2% (v/v) 

DCM/IPA/NH4OH. The samples were eluted for 10 min with sonication. The 

supernatants were separated by a strong magnet after brief sonication, and were then 
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dried under a nitrogen stream, reconstituted in 50 µL of methanol, and subjected to GC-

MS analysis.  

In the second phase of testing with Mag-CNTs-COOH, ibuprofen was used as the 

analyte. An over-the-counter ibuprofen pill (200 mg) was crushed with a mortar and 

pestle between two weighing paper. The content was transferred to a beaker with 5 mL of 

methanol. The mixture was thoroughly swirled, mixed, and extracted through a 3 mL 

Luer Lock Syringe (Tyco Healthcare Group LP, Mansfield, MA). The content was 

pushed through a syringe filter (13 mm, 0.2 µm PTFE membrane, VWR, Radnor, PA) to 

yield 2 mL of clear solution. Triplicates of 50 µL of this ibuprofen solution was dried in 

conical tubes under a stream of nitrogen, and were then reconstitute in 500 µL of DI 

water with 5% (v/v) 0.1 M HCl to make a final concentration of 4000 mg/L samples. The 

rest of the extraction were identical as described in the previous paragraph except 

different elution solvents were used. Methanol, ethyl acetate, and 78/20% (v/v) 

DCM/IPA (1 mL) were tested as elution solvent to desorb the extracted ibuprofen from 

Mag-CNTs-COOH. 

Regarding Mag-CNTs-SO3H, ketamine, cyclobenzaprine, and caffeine were 

included in addition to PCP as the target analytes. The drug standards at 10,000 ng/mL 

were dried in the centrifuge tubes and reconstituted with 1000 µL of DI water/HCl at pH 

values of 2 and 4. Other extraction parameters remained unchanged as in the Mag-CNTs-

COOH method, except extraction time was 10 min and elution was performed only with 

1 mL of 78/20/2% (v/v) DCM/IPA/NH4OH. The structures of the analytes are shown in 

Fig. 4. 

 



74 

 

                    

                  PCP                     Ketamine           Cyclobenzaprine             Caffeine 

 

Ibuprofen 

Fig. 4.  Structures of the chemicals used to determine the chemical interactions of the 

Mag-CNTs.  

2.2.3. Confirmation of ionic extraction capability. Successful ionic extraction of 

the analytes by Mag-CNTs-SO3H were confirmed by performing extraction of PCP 

without the present of Mag-CNTs-SO3H with different sample volume left behind in the 

tubes. Extraction was performed at pH = 4 with all identical procedures, except the 

absence of Mag-CNTs-SO3H. Briefly, after the reconstituted samples were “extracted” 

for 10 min, 0, 5, 10, and 15 µL of the original sample were left in the tubes separately 

when the elution solvent was added. Then, the samples were dried, reconstituted, and 

analyzed using GC-MS as previously described. 

2.3 GC-MS parameters. GC-MS analysis was performed on an Agilent 7890A 

series gas chromatography–5975C series mass spectrometry, coupled with a 7683B series 

auto-sampler (Agilent, Santa Clara, CA). The column used was a DB-5 bonded phase 

column (30 m x 0.25 mm x 0.25 µm). Helium gas was used as a carrier gas with the total 

flow rate of 17.3 mL/min. The auto-sampler was programed to inject 2 µL of sample. The 
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injection port was set to hold at 250°C with septum purge flow at 3 mL/min and at a split 

ratio of 10:1. The injection port was lined with a Cyclosplitter liner (Restek, Bellefonte, 

PA). The GC oven temperature was initially hold at 160°C for 0.5 min, then increased to 

290°C at a rate of 30°C/min and was held there for 9.167 min, with a total run time of 14 

min. The mass analysis was performed under scan mode. 

3. Results and Discussion 

3.1. SEM-EDX analysis. The application of CNTs is versatile due to their 

excellent chemical, and physical properties, as well as the possibilities for surface 

modifications [26–30]. However, since the size of CNTs are in the micro to nanoscale, 

they all appear as black fine powder before and after surface modification. It is therefore 

impossible to determine if the functionalization is successful with naked eyes. One of the 

goals of this study was to evaluate if SEM-EDX analyses could provide proofs for 

successful sulfonation and magnetization on the CNTs. Any morphological changes of 

CNTs on the SEM micrographs were carefully determined, including structural 

deformation and constituent changes. The elemental profiles in the CNTs were obtained 

through EDX analysis and were statistically analyzed. Oxygen content of the Mag-CNTs 

was not considered during statistical analysis because of its varying abundance from the 

background. 

The SEM micrographs of the CNTs-COOH, newly synthesized Mag-CNTs-

COOH, CNTs-SO3H, and newly synthesized Mag-CNTs-SO3H are shown in Fig. 5. The 

SEM micrographs of the two non-magnetized CNTs (CNTs-COOH and CNTs-SO3H) 

were first compared, and no morphological difference was observed between the two 

types of CNTs. In both CNTs, intact CNTs with capped ends as well as fragmented, 
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bended, and deformed CNTs were present. At the first glance, since CNTs-SO3H were 

synthesized by sulfonation of CNTs-COOH, the bumpy surfaces and small clusters found 

on some of CNTs-SO3H were thought to be originated from the sulfonation process (Fig. 

5B). However, similar appearance was also observed on the CNTs-COOH (Fig. 5A). To 

determine the possible causes for such observations, untreated CNTs that were obtained 

from the vendor were also analyzed by SEM analysis. Similar observations of the bumpy 

surfaces and small clusters were also found in the SME micrographs of the pristine CNTs 

(Fig. 5E). This suggested that this structural observation was not caused by the 

purification process with the concentrated acids nor the sulfonation process, but might be 

original defects existing in the raw materials. 

Significant morphological changes were observed in the both newly synthesized 

Mag-CNTs. Clusters of nanoparticles, which were structurally different than the small 

clusters observed in the non-magnetized CNTs, were found on the surface of the CNTs 

(Fig. 5C & D). Upon EDX elemental analysis, significant abundance of iron was present 

on both Mag-CNTs (Fig. 6C & D). The results provided the elemental confirmations for 

the successful magnetizations, in addition to the experimental observations with the 

Neodymium magnet. The normalized iron concentrations (%) of the two Mag-CNTs were 

compared statistically using a t-test at a 95% confident interval. A significantly higher 

iron concentration of around 27% was found in Mag-CNTs-COOH than in Mag-CNTs-

SO3H. During the synthesis process of Mag-CNTs-SO3H, CNTs-SO3H were first 

synthesized from CNTs-COOH, followed by the magnetization process with the iron 

chlorides.   
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 (A) CNTs-COOH                                            (B) CNTs-SO3H 

   

(C) Mag-CNTs-COOH                                   (D) Mag-CNTs-SO3H 

   

(E) Untreated CNTs 

 

Fig. 5. SEM micrographs of the CNTs at different synthesis and regeneration stages.  
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Due to concerns regarding the unknown effects of sulfonation to the magnetization 

process, higher iron chlorides to CNTs-SO3H ratios were used for the magnetization of 

CNTs-SO3H compared to that in the synthesis of Mag-CNTs-COOH. However, with the 

lower iron concentration obtained from the EDX analysis, it might suggest that this ratios 

might not be optimal. Future research should investigate if higher ratios would enhance 

the iron concentration deposited on the CNTs-SO3H. Another possible explanation is that 

the sulfonyl groups on the CNTs might have caused certain degree of hindrance for the 

magnetization process. During the early method development of Mag-CNTs-SO3H 

synthesis, the effects of the sequence for sulfonation and magnetization were 

investigated. Mag-CNTs-SO3H were either synthesized by 1) magnetization of CNTs to 

produce Mag-CNTs-COOH first, followed by sulfonation, or 2) sulfonation of CNTs to 

produce CNTs-SO3H first, followed by magnetization. The latter was chosen as a better 

synthesis method. The main reason was because when testing with the first approach, a 

dark brown hue was observed in the suspension during the sulfonation of Mag-CNTs-

COOH, and the magnetic strength of the end products was not ideal when testing with the 

strong magnet. It is reasonable to believe that the dark brown hue observed during the 

sulfonation process was dislodged magnetic iron nanoparticles from the Mag-CNTs-

COOH. The high heat (230°C) and vigorous boiling in the sulfonation process might 

have caused the reduction in magnetic strength when sulfonation was performed after 

magnetization. Exploration to optimize synthesis parameters in addition to the iron 

chloride ratios could be focused on future research.  
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Fig. 6. Elemental analysis of the four different CNTs. Note: The profiles were scaled to 

properly show elemental peaks with lower response, peaks above 250 cps/eV and energy 

beyond 8 keV were cutoff. No elemental peaks were observed >8 keV. 
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3.2. Chemical interactions of Mag-CNTs. Depending on method of Mag-CNTs 

synthesis and surface modifications, Mag-CNTs could be applied in various extractions 

through different chemical interactions [23,31–33]. In this study, the mechanisms of 

extraction for the two surface modified Mag-CNTs: Mag-CNTs-COOH and Mag-CNTs-

SO3H, were examined. Before surface modifications, pristine CNTs are suggested to be 

capable of hydrophobic interactions with non-polar substances [22]. And depending on 

the pH value of the extraction system and the chemical properties of the Mag-CNTs, the 

–COOH and –SO3H groups on the Mag-CNTs could provide possible polar interactions 

through hydrogen bonding or ionic interactions with cations. The goals of this part of the 

study were to 1) evaluate if the mechanisms of chemical interaction of the two Mag-

CNTs could be proposed by subjecting the Mag-CNTs to extractions with analytes with 

known chemical properties, and 2) determine if sulfonation were successfully performed 

on the Mag-CNTs-SO3H.  

3.2.1. Mag-CNTs-COOH. PCP was one of the indicative analytes in this chemical 

interaction study. Regarding functional groups, PCP is a relatively simple molecule and 

only possesses a tertiary amine group (Fig. 4). Since PCP is a basic drug (pKa = 8.29), 

according to the Henderson-Hasselbalch equation, over 99% of it is positively charged 

under the tested pH range (2 – 4) in this study. As a result, the possibility of the positively 

charged PCP interacting with the Mag-CNTs-COOH through polar interaction, such as 

hydrogen-bonding, could be excluded. The goal for using PCP as the target analytes in 

the first stage of the study was to determine if Mag-CNTs-COOH could perform ionic 

interaction with positively charged analytes. 
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Extractions of PCP with Mag-CNTs-COOH were performed at four pH values (2, 

2.56, 2.98, and 4.01), pairing with four different elution solvent systems (water, 

methanol, and acetonitrile with 5% (v/v) NH4OH, and 78/20/2% (v/v) 

DCM/IPA/NH4OH. No PCP was detected at all pH values with all elution systems using 

Mag-CNTs-COOH. After getting the negative results, the concentration of PCP was 

increased (10,000 ng/mL) to determine if sensitivity of the instrument was the issue. 

However, negative results were still obtained after the concentration adjustment. Since 

sensitivity of the instrument is ruled out as the issue, it is reasonable to believe that Mag-

CNTs-COOH is capable of extracting the positively charged PCP. Before the start of this 

study, it was hypothesized that the carboxyl groups on the Mag-CNTs-COOH would be 

deprotonated at some of the tested pH values, and thus were capable to extract the PCP 

through ionic interaction. However, the negative results suggested that the carboxyl 

groups on the Mag-CNTs-COOH might be protonated at the pH ranges of 2 – 4, and thus 

were not able to ionically interact with the positively charged PCP. Future research 

direction could further investigate the possible pH range for ionic extraction using Mag-

CNT-COOH. 

With the exclusion of ionic interaction for Mag-CNTs-COOH under the tested pH 

range, investigation was switched to potential polar interactions by means of hydrogen 

bonding. The –COOH and the partially oxidized –OH groups on the Mag-CNTs-COOH 

might allow polar interactions with analytes, containing functional groups that can act as 

either hydrogen donors and/or acceptors. These includes primary and secondary amines, 

carbonyl groups (C=O), and other carboxyl or hydroxyl group. Ibuprofen was used as the 

target analyte in this part of the study. The reason of using ibuprofen is similar to PCP but 
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on a completely opposite spectrum. Ibuprofen is an acidic drug (pKa = 4.9) and the –

COOH group on ibuprofen could act as both hydrogen donor and acceptor with the –

COOH groups on the Mag-CNTs-COOH under acidic condition. Unlike elution in ionic 

interaction, in which the interaction between the sorbent and target analytes is disrupted 

by changing the charged states by controlling the pH values, the disruption of polar 

interaction depends on the polarity of the elution solvent. If ibuprofen were indeed 

extracted by –COOH through polar interaction, the polarity of the elution solvent is 

crucial for successful desorption and detection of the analyte. Three different elution 

solvents were tested, including methanol, ethyl acetate, and 78/20% (v/v) DCM/IPA. As 

shown in the total ion chromatograms (TIC) of the three solvents, ibuprofen was detected 

in all three elution solvents (Fig. 7). The results provided a convincing evidence for Mag-

CNTs-COOH to perform polar extraction through hydrogen bonding. The difference in 

abundance of the detected ibuprofen demonstrated the importance in selecting the 

optimal elution solvent with appropriate polarity when using Mag-CNTs-COOH. 

Methanol and ethyl acetate showed comparable abundance of ibuprofen (Fig. 7A & B), 

but only a fraction of signal was detected when using DCM/IPA (Fig. 7C). Among the 

three elution solvents, methanol has the highest polarity, followed by ethyl acetate and 

the 78/20% (v/v) DCM/IPA. Technically, IPA alone is more polar than ethyl acetate; 

however, a large portion of DCM was used to mix with IPA, and thus greatly reduced its 

polarity. Since the extraction parameters were identical and the only difference was the 

elution solvent, it is reasonable to believe that ibuprofen was successfully extracted by 

Mag-CNTs-COOH, but majority of the extracts were not desorbed by DCM/IPA due to 

the relatively lower polarity. The elution system of DCM/IPA is commonly coupled with 
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a base, such as NH4OH, to desorbed basic analytes in ionic extractions. The base 

neutralizes the positive charges on the molecule, while the combination of DCM/IPA 

provides a relatively non-polar, organic medium for the neutralized analytes. However, 

for desorption of analytes extracted through polar interaction, the DCM/IPA system did 

not provide sufficient polarity for the polar analytes to partition. Based on the results, 

elution solvents with polarity equivalent or higher than ethyl acetate should be used for 

successful desorption of polar analytes in Mag-CNTs-COOH/d-µSPE workflows.  

3.2.2. Mag-CNTs-SO3H. For Mag-CNTs-SO3H, the test-extractions of the 

analytes aimed more than just to determine the extraction mechanism between the Mag-

CNTs and the analytes. Since the SEM/EDX analysis did not show definitive evidence of 

the presence of sulfur on the Mag-CNTs-SO3H, it is hoped that the test-extractions of 

carefully chosen analytes could provide proofs for the successful functionalization of the 

Mag-CNTs-SO3H. PCP, ketamine (pKa = 7.8), caffeine (pKa = 10.4), and 

cyclobenzaprine (pKa = 8.47) (Fig. 4) were used to determine if Mag-CNTs-SO3H could 

perform ionic extractions at pH = 2 and 4. If the sulfonation was successfully conducted, 

the –SO3H groups are theoretically capable of hydrogen bonding when protonated and 

performing ionic interactions when charged. As discussed above, PCP is positively 

charged at the pH values of 2 and 4, and thus should not be capable of interacting through 

hydrogen bonding. This principle also applied to cyclobenzaprine (Fig. 4). In the 

extraction of PCP using Mag-CNTs-COOH, it was proven that Mag-CNTs-COOH were 

not capable to perform ionic interaction.  
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Fig. 7. TIC of ibuprofen eluted with A) methanol, B) ethyl acetate, and C) 78/20% (v/v) 

DCM/IPA.  Note: Ibuprofen was eluted at around 2.9 – 3 min.  

          So, if the sulfonation was not successful, the products obtained should be 

chemically identical to Mag-CNTs-COOH, which means PCP and cyclobenzaprine 

should not be detected. However, they should be able to extract caffeine and ketamine 

through hydrogen bonding with the carbonyl groups on the molecules under the acidic 

conditions (Fig. 4). 

As shown in the TIC at both pH values (Fig. 8), all analytes were detected when 

extracting with Mag-CNTs-SO3H. Since PCP and cyclobenzaprine were detected in the 

eluates, it was evidence to suggest that sulfonation was successfully performed on the 

surface of the CNTs-COOH. Other than that, the successful detection of PCP and 

cyclobenzaprine also suggested that the sulfonyl groups on Mag-CNTs-SO3H are 

deprotonated (–SO3-) at pH 2 and 4, and they are capable to interact ionically with the 

positively charged PCP and cyclobenzaprine. Since the sulfonyl groups on the Mag-

C 
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CNTs-SO3H were suggested to be deprotonated, the major mechanism for Mag-CNTs-

SO3H to extract ketamine and caffeine should also be through ionic interaction. It is 

worth noticing that the abundance of the analytes was higher when the extraction was 

performed at pH = 4 (Fig. 8B). A slight increase in abundance was observed in caffeine 

and cyclobenzaprine, while a significant increase was observed in ketamine and PCP 

(Fig. 8). Steric hindrance and the high hydrogen ion (H+) concentration at the lower pH 

value might be the reasons for the low abundance for ketamine and PCP. Considering the 

chemical structures of PCP and ketamine, the amine moieties capable of ionic interaction 

are embedded towards the center of the molecules by the surrounding ring structures. 

With the bulky ring branches, the charged amine moieties might have greater difficulties 

in interacting with the –SO3- groups on the Mag-CNTs-SO3H than caffeine and 

cyclobenzaprine (Fig. 4). Although caffeine and cyclobenzaprine also contain ring 

structures, the amine moieties are located on the periphery of the ring in caffeine, and that 

on cyclobenzaprine is branched out from the conjugated rings. This “freedom” of the 

moieties provided easier access to the –SO3- groups on the Mag-CNTs-SO3H, and thus 

contributed to the higher abundance the molecules. Other than steric hindrances, the 

higher H+ concentration at the lower pH = 2 might be an obstacle for successful ionic 

interactions. Based on the equation pH = -log [H+], the concentration of the H+ is 100 

times more at pH = 2 than that at pH = 4. In other words, there are 100 times more H+ 

ions competing with the positively charged analytes in the samples at the lower pH value. 

The much smaller and higher in abundance H+ ions could have higher success in the 

competing for the sulfonyl groups. This might explain the overall lower abundance when 

extracting at pH = 2, particularly for ketamine and PCP, which might have an additional 
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steric hindrance. In theory, Mag-CNT-SO3H were capable of hydrogen bonding under 

protonated state. However, since the focus of this study was to determine the ionic 

extraction ability of Mag-CNTs-SO3H, the optimized pH value for hydrogen bonding was 

not determined at this phase and could be investigated in future research.  

3.2.3. Confirmation of ionic extraction capability. During the Mag-CNTs/d-

µSPE extraction process, small portion of the samples was observed to be left behind 

inside the tubes and cannot be pipetted out. Concerns were raised if the signals detected 

were due to carryover issue with the residue samples, or they were truly from the 

successful extraction and desorption of the analytes. To determine the source of the 

signals, extractions were performed without Mag-CNTs. The range of 0 – 15 µL of 

sample was left behind inside the tubes to mimic analytes that were not completely 

removed and mistakenly recognized as the extracted analytes. No PCP was detected at all 

sample volumes with the absence of Mag-CNTs-SO3H. In the samples, in which the 

highest sample volume was left behind (15 µL), PCP was also not detected. During actual 

extraction procedures, less than 15 µL of liquid was observed inside the tubes. This 

higher volume was tested in the study as an extreme scenario for confirmative results. 

Based on the data, it is believed that the detected signals from the previous extractions 

were indeed extracted by Mag-CNTs-SO3H, and were later desorbed and detected. 

3.2.4. Solvent wash effectiveness. Although the detected signals were not 

originated from the left behind samples, common solvent wash steps used in SPE 

methods were tested to determine their effectiveness in Mag-CNTs-SO3H/d-µSPE. After 

the discarding the supernatant in the extraction step of PCP, the Mag-CNTs-SO3H were 

washed with 1mL of 0.1 M HCl and methanol separately with vortex and removal of the 
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HCl in between. The samples were desorbed and analyzed after removing the methanol. 

Surprisingly, no PCP was detected when the solvent washing steps were implemented. 

Based on the successful detection in the previous samples, these results might indicate 

that PCP was lost during the solvent washes. With the ionic interaction between the –

SO3- groups and PCP, the methanol wash should not be able to elude the charged PCP 

without the presence of a base. Thus, it is reasonable to suggest that PCP might be lost 

during the 0.1 M HCl solvent wash. The pH value of the 0.1 M HCl is at around 1.44 

when measured in the laboratory. This acidic wash should not be able to desorb PCP 

since it remained charged and bonded to the Mag-CNTs-SO3H. So, the disruption of the 

ionic bond is highly likely to be caused by the change of the charges on the sorbent 

instead of the analyte. Based on the results, the sulfonyl groups are likely to be 

protonated, and thus lead to the disruption of the ionic interaction. The positively charged 

PCP were “washed” away with the aqueous acidic solution. 

The sample volume and sorbent required in d-µSPE are generally less than that in 

conventional SPE methods. The reduction in scale benefits more cost-effective and 

efficient method developments, in which sorbent conditioning and solvent washing steps 

are often eliminated [18,19,21,34]. In some study, solvent washing was suggested to be 

beneficial especially when the sample matrices interfere with analyte signal detection 

[35,36]. However, the solvent used in washing must be carefully selected to avoid the 

disruption of the binding forces between the sorbent and the desired analytes. 
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Fig. 8.  TIC of the analytes mixes at A) pH = 2 and B) pH = 4. The peak eluted right after 

PCP was impurities from the Eppendorf tubes. 
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Thorough knowledge of the sorbent’s chemical properties is needed to select the 

desirable washing solvents to prevent sample loss or the reduction in assay sensitivity. 

Based on the result obtained in this part of the study, the –SO3H groups on the Mag-

CNTs are highly likely to be protonated at a pH value within the range of 1.44 – 2. If in 

later stage of research, where endogenous substances were to interfere with signal 

detection, diluted aqueous acidic washes should be selected at pH > 2, where the –SO3- 

groups were proven to be deprotonated from chemical interaction results. Neutral organic 

solvents of various polarity, such as methanol and hexane, will not disrupt the ionic 

interactions between the Mag-CNTs-SO3H and the charged analytes, and thus can be 

used as washing solvents if needed. Although the same experiment was not conducted on 

Mag-CNTs-COOH, based on the difference in extraction mechanism, aqueous solutions 

or organic solvents that have a higher polarity than ethyl acetate was not recommended as 

washing solvents. Or otherwise, the extracted analytes might be lost during the decanting 

of the washing solutions. In general, the use or selection of washing solvent in d-µSPE 

greatly depends on the nature of the extraction mechanism and chemical properties of the 

analytes and the sorbents.  

4. Conclusions 

Magnetization was successfully performed on the CNTs-COOH and CNTs-SO3H. 

Nano clusters were observed on the CNTs in the SEM micrographs after the 

magnetization process, and abundant of iron was observed in the EDX analyses in both 

Mag-CNTs. Using molecules with different functional groups and chemical properties, it 

was demonstrated that successful sulfonation was performed on the CNTs-COOH despite 

the lack of elemental support from EDX analysis. In addition, it is reasonable to believe 
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that under acidic condition (at pH 2 – 4), the major chemical interactions for Mag-CNTs-

COOH and Mag-CNTs-SO3H are hydrogen bonding and ionic interaction, respectively. If 

solvent wash steps were to be performed in Mag-CNTs/d-µSPE, careful consideration 

should be made based on the chemical properties of the target analytes, the sorbent, as 

well as the complexity of the matrices. The two surface-functionalized Mag-CNTs were 

successfully developed and were capable to perform extractions targeting both polar and 

ionic analytes under acidic conditions. Successful development of Mag-CNTs/d-µSPE 

methods could provide valuable alternatives for effective sample preparation techniques 

in forensic analysis. 
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CHAPTER III 

THE POTENTIAL USE OF 2-AMINOTHIAZOLINE-4-CARBOXYLIC ACID (ATCA) 

AS A FORENSIC MARKER FOR CYANIDE EXPOSURE IN MEDICOLEGAL 

DEATH INVESTIFATION: A REVIEW1 
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Abstract 

Cyanide (CN) is one of the most toxic substances in the world and can be found in 

various natural and anthropogenic sources. Sensitive and effective methods for the 

confirmation of CN exposure are crucial in medical, military, and forensic settings. Due 

to its high volatility and reactivity, direct detection of CN from postmortem samples 

could raises inconclusive interpretation issues that may hinder accurate determination of 

the cause of death. The detection of the alternative CN metabolites as markers to test CN 

exposure may offer a solution to reduce both potential false negative and false positive 

results. 2-aminothiazoline-4-carboxylic acid (ATCA) is a minor metabolite of CN and 

has been proposed to be a potential alternative forensic marker for the confirmation of 

CN exposure. According to the current state of knowledge, ATCA has not yet been 

associated with other metabolic pathways except for CN.  Moreover, ATCA is stable 

under various conditions over time.  This review aims to provide a brief discussion on the 

analytical methods developed for ATCA analysis, the studies of using ATCA as an 

alternative marker for the diagnosis of CN exposure, and important research needs related 

to the use of ATCA as a forensic marker for the investigation of death related to CN 

exposure. 

Keywords:   Forensic Science, Death Investigation, Cyanide exposure, Cyanide poisoning, 

2-aminothiazoline-4-carboxylic acid (ATCA), Forensic markers. 
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1. Introduction 

Infamous for its use as a chemical warfare agent during World War I and World 

War II [1,2], cyanide (CN) can also be found in numerous natural and anthropogenic 

sources. The most common natural source of CN exposure is by the consumption of 

certain plants that contain cyanogenic glycosides, for example amygdalin, which will be 

rapidly converted to CN once entered the biological system. Amygdalin can be found in 

the seeds of various fruits, such as cherry, plum, apricot, peach, and bitter almonds, and 

the roots of certain plants, including cassava, sorghum, and bamboo [3]. CN in 

anthropogenic sources is more pervasive than one might expect. Approximately 300,000 

tons of CN is produced yearly in the United States to meet the needs for various 

industries [4]. For instance, in photography, electroplating, and plastic and metal 

processing industries, both liquid and solid forms of CN salts are frequently used [4–6]. 

Legal industrial applications along with illegal uses of CN (homicide and terrorists acts 

[7,8] pose risks for public safety. With the update in 2016 from the American Association 

of Poison Control Center, 198 CN exposure cases were reported in the United States in 

that year, which was almost an 6% increase when compared to that reported in 2014 

[9,10].  

Regarding the acute toxicity of CN, reliable, fast, and sensitive analytical methods 

are needed for the confirmation of its exposure in medical, military, and forensic settings. 

Confirmation of exposure by direct analysis of CN in biological samples is suggested to 

be challenging due to its high volatility and reactivity [11–13]. Contributed to the instable 

nature and incomputable kinetics of CN in biological samples upon storage, the analysis 

of its metabolites is more feasible for the purpose of exposure confirmation. Upon 
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entering the biological system, CN is readily metabolized into thiocyanate (SCN-), 2-

aminothiazoline-4-carboxylic acid (ATCA) and its tautomer 2-iminothiazoline-4-

carboxylic acid (ITCA), protein adducts, and cyanocobalamin [14–17].  SCN- is the 

major metabolite of CN. The advantage of targeting SCN- mainly contributed to its non-

volatility and has a much longer half-life than CN [16,18]. However, SCN- is present 

endogenously at a high concentration and is suggested to be involved in other metabolic 

pathways in addition to CN, which make its detection non-specific for CN exposure 

[16,18,19].  

Since direct analysis of CN and SCN- might not be indicative for the diagnosis of 

cyanide exposure, some of the research attention switched towards the analysis of ATCA. 

Different sensitive methods have been developed to extract, analyze, and detect ATCA 

from various biological matrices [14,18,20–33] and reviews concerning the analysis of 

CN and other metabolites have been published [14,18,34–38].  The goals of this paper are 

to briefly review the analytical methods developed for the determination of ATCA from 

biological samples and to discuss the potential use of ATCA as a forensic marker in death 

investigation. Research needs related to the use of ATCA as a forensic marker for CN 

exposure in medicolegal death investigation are discussed. 

2. Metabolism of Cyanide to ATCA in the Body 

Once got exposed, regardless of the forms and origins, CN (pKa = 9.2) is readily 

protonated under normal physiological conditions as hydrogen cyanide (HCN), which is 

the primary toxic agent [20,26]. Acute CN intoxication is usually lethal and contribute to 

most of the deaths in forensic and medical settings [3,5,39,40]. The toxic effects of acute 

CN intoxication are attributed to the inactivation of the terminal respiratory chain 
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enzyme, cytochrome c oxidase a3 within the mitochondria. CN rapidly binds to the ferric 

ion on the hem-a3 group of the cytochrome c oxidase and paralyzes the mitochondrial 

electron transport chain reactions [3–5,24]. The binding of CN halts the oxygen 

utilization and oxidative phosphorylation process, which is the principal energy-

generating process in the cells. The result is usually fatal because the disruption of 

aerobic metabolism will lead to cell hypoxia and cytotoxic anoxia despite normal oxygen 

supply to the tissues [3–5,40].  

To reduce the toxicity to the body, CN is readily metabolized. The formation of 

SCN- is catalyzed by the mitochondrial enzyme, rhodanese, with the presence of sulfur 

donors (e.g., thiosulfate) [14,15]. The minor metabolites, ATCA and ITCA, may appear 

in equilibrium once metabolized and are usually only referred to as ATCA [20,24]. 

Approximately 20% of CN is converted to ATCA when reacts with L-cysteine through 

an intermediate β-thiocyanoalanine [29]; the conversion is suggested to increase when 

sulfur donors and rhodanese become depleted from the production of SCN- [18,20,24,29]. 

Another condition that may cause a predominate production of ATCA over SCN- is the 

acidosis caused by CN exposure [21]. HCN is weakly acidic and upon exposure or 

chronic accumulation, the decrease in bodily pH will not be optimal for rhodanese to 

function (optimal pH is 8.5), causing an increase in the formation of ATCA. Other 

products, such as cyanocobalamin (i.e., vitamin B12), one-carbon compounds (e.g., 

carbon dioxide and formic acid), and protein adducts, can also be found as metabolism 

products of CN [15,41–43]. All the metabolites are eliminated through the excretion of 

urine [20]. 
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3. Considerations for Alternative Biomarkers 

If a toxic substance is not suitable for direct analysis due to stability issues or 

limitation in analytical methods, its metabolites that are more stable or less challenging 

for analysis may be used as markers to confirm the use or exposure to the toxic 

substance. Although sensitive analytical methods have been developed to successfully 

detect CN directly from biological fluids [12,35,38,44–52], confirmation of CN exposure 

by the direct detection of CN faces some challenges in interpretations. HCN is extremely 

volatile and will be eliminated from most of the biological media before it can be 

detected [13,20,26,53]. The high volatility and short half-life of CN (t1/2 = 0.34 – 1.28 

hours) narrow the window of detection for successful confirmation of its presence 

[18,24,31]. As a result, this may lead to potential false negative interpretation during 

death investigation. On the other hand, CN is present in the biological system at a 

significant endogenous level and can be unevenly distributed among different blood 

vessels [20,54], which potentially may produce false positive interpretation for CN 

exposure. Depending on each case scenario, an accurate interpretation of CN detected 

from biological samples could be challenging for the verification of CN exposure.  

Some of the criteria used to determine whether a metabolite is suitable as an 

alternative for the confirmation of use or exposure to a toxic substance include stability 

and specificity. When compared to CN, the half-life of SCN- is much longer (t1/2 = 96 – 

129 hours) [18,16]. However, not only SCN- will be further metabolized, but it is also not 

stable upon storage and its concentration was found to fluctuate in various biological 

matrices at different temperature and storage conditions [26,32,55,56]. The high 

endogenous level of SCN- and the fluctuation in storage will cause difficulties in 



105 

 

confirming low-level CN exposure. In addition, studies suggested that SCN- is involved 

in other metabolic pathways and might act as a metabolic antagonist in thyroxine 

synthesis in the thyroid glands [19,57].  

To date, relatively few toxicokinetic data was published on ATCA when 

compared to CN or SCN-. Although the half-life of ATCA in human has not been 

evaluated, its stability is suggested to be exceptional. Logue et al. tested the short- and 

long-term stability of ATCA at various working and storage conditions [20]. ATCA was 

stable in derivatized standard solutions for 20 hours, under bench-top conditions for 24 

hours, and its long-term stability was established through multiple freeze-thaw cycles, at 

different pH values (4, 6, and 8), temperatures (4, -20, and -70°C) for three months [20]. 

In a recent study, ATCA was also showed to be thermally stable at a range of elevated 

temperature from 27 – 90°C in postmortem blood samples [31]. These suggest that the 

half-life of ATCA in human might be even longer than that of SCN-. More importantly, 

ATCA does not metabolize further and has not yet been associated with other metabolic 

pathways other than CN. The stability and specificity of ATCA may fulfill the criteria as 

an alternative biomarker for the confirmation of CN exposure in death investigations. 

4. Sample Preparation Methods for ATCA 

Before instrumental analysis, sample preparation steps are critical to isolate the 

analyte, reduce possible interference from the matrix, and to obtain more accurate results. 

Majority of the sample preparation methods for ATCA focus on the conventional solid 

phase extraction (SPE) or liquid-liquid extraction (LLE).  
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4.1. SPE and LLE extraction.  The choice of sample preparation methods 

greatly depends on the physiochemical characteristics of the analyte. ATCA is an 

amphoteric molecule, which contains a carboxylic acid functional group and two amine 

functional groups (Fig. 9). According to the pKa values of the functional group, at least 

one of them is charged at all pH values. This property of ATCA provides convenience to 

the application of cation exchange SPE columns for its extraction under careful 

modification of pH values. Commercial cation exchange SPE columns were successfully 

applied to extract ATCA from different biological matrices, including human urine, 

plasma, and animal organ homogenates [20,22,28–30,32,33]. However, difficulties were 

encountered when the SPE method was adopted to extract ATCA from human post-

mortem blood samples [24]. Primary and secondary amino acids in post-mortem blood 

samples, which originated from post-mortem protein catabolism, were not completely 

removed using the SPE columns and interfered with both ATCA extraction and 

chromatographic separation. Similar interferences near the ATCA peak were also 

reported when using the SPE method to extract ATCA from rat plasma samples [30].  

 

Fig. 9. The structure of ATCA  

 



107 

 

Giebułtowicz et al. proposed an alternative LLE extraction method to extract 

ATCA. The LLE method effectively improved the peak shapes of the analytes in the 

chromatographic analysis and reduced the interferences from the complex matrix by 

further purifying the samples with derivatization using N-(4-nitrophenoxycarbonyl)-L-

phenylalanine-2-methoxyethylester (S-NIFE) [24]. Despite the involvement of more 

labor-intensive preparation steps, the cost of the LLE method was estimated to be a tenth 

of that of the SPE method. In a recent study, the LLE method was successfully applied to 

extract ATCA from complex post-mortem blood and organ homogenates samples from 

fire and CN-poisoned victims, including samples that had signs of putrefaction [31].  

4.2. Dispersive solid phase extraction (d-SPE). Novel approaches are also 

developed to target the extraction of ATCA from biological samples. In the past decade, 

dispersive solid phase extraction (d-SPE) became one of the alternatives to the two 

conventional extraction methods in various disciplines for sample purification and/or 

analytes extraction [58–63]. This “QuEChERS” (Quick, Easy, Cheap, Effective, 

Rugged, and Safe) technique works by adding the d-SPE sorbent directly to the samples 

and separation is performed using centrifugation after extraction. This approach is 

suggested to eliminate some of the disadvantages associated with SPE cartridges, such as 

unequal flow rate and insufficient capacity or mass transfer. The surface of the d-SPE 

sorbents can be specifically modified to target the analyte of interest in the matrix. 

Molecularly imprinted polymer (MIP) is developed as a sorbent for selective extraction 

of ATCA [25,27,30]. Jackson et al. coated the MIP on stir-bars to promote easy 

separation after extracting ATCA from urine samples; however, the limited surface area 

hindered the binding capacity, led to low recoveries and limited reproducibility [25]. 
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Similar limitations were observed when the MIP stir-bars sorption extraction was applied 

to extract ATCA from rat plasma samples [30]. Luliński et al. used the MIP as a free d-

SPE sorbent to extract ATCA from post-mortem blood samples and was able to obtain a 

better recovery that is comparable to the conventional methods [27]. 

4.3. Derivatization. Depending on the instrumental analysis after extraction, 

derivatization might be needed for ATCA analysis. When coupled with GC-MS analysis, 

ATCA must be derivatized due to its non-volatile nature. A silylating agent, N-methyl-N-

trimethylsilyl-trifluoroacetamide (MSTFA), has been used as the derivatization agent to 

react with the active hydrogens on the carboxylic and amine moieties on ATCA with 

replacement of the trimethylsilyl (TMS) groups [20,22,26,32]. Derivatization is also 

necessary to analyze ATCA using spectrophotometric or fluorometric techniques because 

it does not contain a system of conjugated π-bonds. The purpose of the derivatization is to 

attach a conjugated system on ATCA for successful detection. This derivatization process 

is more complicated and requires opening of the ring on ATCA by heating the molecule 

under strong basic condition [23,29]. After opening the ring structure, Bradham et al. 

modified ATCA into a spectrophotometric active molecule by the addition of 

hydroxymercuribenzoate, followed by diphenylhiocarbazone [23]. Lundquist et al. took 

another approach to derivatize ATCA after opening the ring structure by N-(7-

dimethylamino-4-methyl-3-coumarinyl)maleimide (DACM) to create a fluorescent 

conjugate for fluorometric analysis [29].  

5. Detection of ATCA in Biological Samples 

The methods for detecting ATCA from biological extracts range from 

spectrophotometry [21,23,29] and fluorometry [29], to gas chromatography/mass 
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spectrometry (GC-MS) [20,22,26,32] and liquid chromatography/tandem mass 

spectrometry (LC-MS/MS) analysis [24,25,27,28,30,31,33]. The choice of the analytical 

method greatly depends on but not limited to the availability of instrumentations, 

training, sample preparation, biological matrix, and cost. 

5.1. Spectrophotometric and fluorometric analysis. Spectrophotometric and 

fluorometric detections usually require relatively simple instrumentations and equipment 

when compared to the other techniques. However, as discussed above, lengthy 

derivatization steps are required for the detection of ATCA using these techniques. 

Another commonly known limitation of using spectrophotometric detection is the lack of 

specificity due to interferences from other substances present in the matrix. For example, 

the spectrophotometric analysis of CN is greatly affected by the presence of SCN- and 

thiosulfate [18]. Interferences in samples can be purified by column chromatography, or 

the target analyte can be separated by paper chromatography or paper electrophoresis 

before analysis. For ATCA detection using spectrophotometric and fluorometric 

technique, interferences from urine samples were reported to be removed by cation 

exchange columns in addition to other individual pre-treatments [23,29]. Baskin et al. 

specifically focused on the effects of interferences from other CN-related chemicals and 

CN antidotes to the spectrophotometric analysis of ATCA [21]. The presence of CN, 

rhodanese, thiosulfate, and butanethiosulfonate (BTS) did not interfere with the detection 

of ATCA, but that of SCN- and cysteine did. Sample purification steps to remove SCN- 

and cysteine might be needed if spectrophotometric analysis is use for ATCA analysis for 

accurate measurement. 
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5.2. GC-MS and LC-MS/MS analysis. GC-MS is commonly equipped in 

laboratories and thus is among the first instrumentations used to separate and detect 

ATCA [20,26].  GC-MS has been successfully used for quantitative analysis of ATCA 

from different biological samples, including human urine, plasma, saliva, and animal 

blood and plasma [22,20,26,32]. Volatility and polarity of the analytes are not major 

concerns for LC/MS-MS analysis and thus the chemical modification step (i.e., 

derivatization) of ATCA can be eliminated. LC-MS/MS often offers higher sensitivity, 

selectivity, and can provide more information regarding the analyte of interest, but the 

instrument is costly and may not be affordable in every laboratory. The tandem mass 

spectrometers used for ATCA analysis include the triple quadrupole (QQQ) and the 

hybrid triple quadrupole/linear ion trap mass spectrometer (QTrap) 

[24,25,27,28,30,31,33]. Both instrumentations were operated under multiple reaction 

monitoring (MRM) mode to selectively monitor the different ion transitions of ATCA 

and the different internal standards. Table 1 shows the optimized MRM conditions in 

different studies. The application of QQQ and QTrap not only allows selective analysis of 

the target analytes, but also greatly enhances the signal to noise ratio, leading to a better 

sensitivity and detection limits than GC-MS analysis. The different detection limits for 

ATCA analysis using different extraction methods with either GC-MS or LC-MS/MS 

analysis are shown in Table 2. The lowest reported LOD using GC-MS was 25 ng/mL in 

urine and plasma while that of LC-MS/MS was 0.43 ng/mL in post-mortem blood 

samples, with the highest not exceeded 12 ng/mL in plasma [22,24,20,30,31]. Other than 

the cost and availability of instrumentation, the biological matrix for analysis is also 

another determining factor for choosing the detection method. From previously published 
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data, ATCA concentration in plasma and saliva samples was relatively lower than that in 

other matrices (Table 3) [20,22,24–28,30–33]. More sensitive detection method might be 

needed if the detection limit is not ideal for a particular matrix. 

5.3. Choice of internal standard. For accurate quantification of ATCA for either 

GC-MS or LC-MS/MS analysis, an internal standard is usually used. Two different 

isotopic internal standards (2-aminothiazoline-4-carboxylic acid – D2 (ATCA – D2) 

[20,26,32,22] and 2-aminothiazoline-4-carboxylic acid – 13C, 15N (ATCA – 13C, 15N) 

[24,27,31]) and a structurally similar molecule (2-aminothiazole-4-carboxylic acid 

(ATZA) [24,28,30,33]) were used for ATCA studies (Fig. 10). Deuterated internal 

standard often is preferable than other isotopic molecule due to its similarities in 

chromatographic properties; however, ATCA – D2 is not commercially available and is 

mainly synthesized at the laboratory of Dr. Herbert T. Nagasawa (Department of 

Veterans Affairs Medical Center, Minneapolis, MN). Both ATZA and ATCA – 13C, 15N 

are commercially available and were used in studies coupled with LC-MS/MS analysis. 

Despite the difference in chemical properties to ATCA, ATZA was successfully applied 

in reversed-phased liquid chromatography (RPLC) with the addition of trifluoroacetic 

acid (TFA) in the mobile phase for ion-paring and the optimization of peak-shape 

[28,30,33]. Nonetheless, the application of ATZA with the combination of TFA in the 

mobile phase was difficult and problematic for LC analysis when a normal-phased 

column was used [24]. ATCA – 13C, 15N was used as an alternative to couple with the use 

of a HILIC (hydrophilic interaction liquid chromatography) column during 

chromatography analysis [24,27,31].  
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Table 1. Optimized MRM conditions for QQQ and QTrap analysis reported from previous studiesa 

Note: a MRM: multiple-reaction monitoring; QQQ: tandem mass spectrometer (triple quadrupole); QTrap: tandem mass spectrometer 

(quadrupole ion trap); ATCA: 2-aminothiazoline-4-carboxylic acid; ATZA: 2-aminothiazole-4-carboxylic acid; DP: declustering 

potential; EP: entrance potential; CE: collision energy; CXP: collision cell exit potential. 

 

 

 

 

 

 

 

 

 [M+H]+ Quantitation ion Qualification ion  
Analyte m/z DP (V) EP (V) m/z CE (V) CXP (V) m/z CE (V) CXP (V) Ref. 
ATCA 147 56 10 101 23 6 59 49 10 [24,27,31] 

ATCA – 13C, 15N 150 31 10 104 25 6 59 51 10 [24,27,31] 
ATZA 145 51 10 127 17 10 59 25 10 [24,27,31] 
ATCA 147 26 9.5 101 14 4 101 14 4 [25,28,30,33] 
ATZA 145 26 9.5 127 14 4 127 14 4 [25,28,30,33] 
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Table 2. GC-MS and LC-MS/MS analysisa 

 Methodology Parameter (ng/mL)  
Matrix Extraction Analysis LOD LOQ Ref. 

Human urine & plasma SPE GC-MS 25 50 [20] 
Rat, rabbit, & swine plasma SPE GC-MS ~25b — [22] 

Rat plasma SPE LC-MS/MS 12 15 [24] 
Human post-mortem blood SPE LC-MS/MS 5.5 18 [30] 
Human post-mortem blood LLE LC-MS/MS 0.43 1.5 [24,31] 
Human post-mortem blood MIP LC-MS/MS 3.5 12 [27] 

Note: a SPE: solid-phase extraction; LLE: liquid-liquid extraction; MIP: molecularly imprinted polymer; LOD: limit of detection; 

LOQ: limit of quantification. b Concentration was subjected to unit conversion calculations from the original data in μM to ng/mL 

using the molecular weight of ATCA of 146.164 g/mol. Since sensitivity of the instrument is unknown, the concentration calculated is 

rounded to the same decimal places as reported in the original data. 
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Table 3. Concentration of ATCA reported in different human biological matrices 

Matrix Test parameter Gender (n) Conc. (ng/mL)a Detection Ref. 

Urine Nonsmokers M (15); F (6) 
Average (21) 

87±46; 80±53 
85±47 GC-MS [20] 

 Smokers M (8); F (11) 
Average (19) 

115±36; 319±284 
233±237   

Urineb Nonsmokers M (11); F (39) 
Average (50) 

114.0±190.0; 115.5±114.0 
115.5±135.9 GC-MS [32] 

 Smokers M (13); F (37) 
Average (50) 

109.6±83.3; 138.9±128.6 
131.6±119.9   

Urineb High cyanide-
exposure diet N/A (22) 584.6±350.8 HPLC/fluorometry [29] 

Salivab Nonsmokers M (11); F (39) 
Average (50) 

26.3±12.0; 30.7±26.3 
29.2±23.4 GC-MS [32] 

 Smokers M (13); F (37) 
Average (50) 

43.9±57.0; 57.0±43.9 
49.7±48.2   

Plasma Nonsmokers M (3) 11.8±0.88 GC-MS [20] 
 Smokers M (3) 17.2±1.0   

Plasmab Nonsmokers M (11); F (39) 
Average (50) 

30.7±3.8; 30.7±3.5 
30.7±4.5 GC-MS [32] 

 Smokers M (13); F (37) 
Average (50) 

42.2±8.8; 38.0±6.0 
38.0±7.3   

Bloodc 
(postmortem) 

Random samples 
Putrid samples 

CN-poisoned victims 

M (30); F (3) 
M (6)/; F (1) 

M (1) 

134±79 
142±84 

530 
LC-MS/MS [24] 

Blood 
(postmortem; fire 

victim) 

CN: <1 µg/mL 
CN: 1–3 µg/mL 

CN-poisoned victims 

N/A (27) 
N/A (5) 
N/A (3) 

100±50 
191±78 

1430±640 
LC-MS/MS [31] 

(continued) 
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Note: a Concentration data were reported as mean±standard deviation. b Concentration was subjected to unit conversion calculations 

from the original data in μM to ng/mL using the molecular weight of ATCA of 146.164 g/mol. Since sensitivity of the instrument is 

unknown, the concentration calculated is rounded to the same decimal places as reported in the original data. c Standard deviation was 

subjected to conversion calculations from the original data in %CV to standard deviation using the corresponding mean values. Since 

sensitivity of the instrument is unknown, the concentration calculated is rounded to the same decimal places as reported in the original 

data.
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                        ATCA                            ATZA                     ATCA – 13C, 15N 

Fig. 10. The structure of ATCA and two of the internal standards: 2-aminothiazole-4-

carboxylic acid (ATZA) and ATCA – 13C, 15N  

6. Studies Focusing on ATCA Analysis 

In contrast to studies conducted for CN analysis or other toxicological substances, 

research regarding ATCA is relatively limited. Current published ATCA studies focus on 

different groups of targets: animal models [22,28,30,33,29], dietary CN exposure (food 

and cigarette smokers) [20,26,32], and fire and CN-poisoned victims [24,31]. 

6.1. Animal models. In toxicological studies, animals are frequently used to 

determine the toxicokinetics of a substance. For ATCA analysis, the main goal of 

establishing different animal models is to determine the correlation between CN exposure 

and ATCA concentration. As previously discussed, ATCA has not yet been linked to 

other metabolic pathways except for CN. A direct correlation between CN exposure and 

the increase in ATCA concentration in the system will demonstrate the potential use of 

ATCA as a biomarker for the confirmation of CN exposure. Animal models that were 

used in ATCA studies include mice, rats, rabbits, and swine, and biological matrices, 

including plasma and organ homogenates (brain, heart, lungs, kidneys, and liver), were 

analyzed [22,28,30,33,29].  
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One of the early animal models involved exposing two female Wistar rats to CN 

through feeding of water containing 40 μM and 80 μM of acetonitrile for 4 weeks in their 

daily controlled diet respectively [29]. Urine samples of the rats were collected at the end 

of the test period and the concentration of ATCA was significantly higher than that in the 

controlled group, in which no detectable ATCA was observed (Table 4). Lundquist et al. 

suggested that the detection of ATCA might be a good indicator for the detection of 

chronic CN exposure from urine samples due to the significant difference observed under 

controlled diet and exposure [29]. One of the important factors to consider whether a 

metabolite is a suitable alternative for confirmation of the toxic parent substance is its 

metabolic stability in biological matrices. In other words, if the metabolite will be further 

broken down or quickly eliminated from the system, it is not a good candidate for 

exposure confirmation. Another rat model was established to determine the in vivo 

behavior and persistence of ATCA in plasma after direct intravenous injection of ATCA 

in rats [30]. ATCA (100 mg/kg body weight) was injected into the rats through the tail 

veins and blood samples were collected at 5, 15, 30, 60 min and 2, 4, 6, 12, 24, and 48 h 

after ATCA injection and plasma was separated for analysis. After the injection of 

ATCA, its concentration rapidly decreased, and then stayed stabilized from 2–48 h, with 

a concentration at least five times significantly higher than the endogenous level (Table 

4). This indicated that ATCA is stable and metabolically inert for at least 48 h in vivo. 

The detection of ATCA from plasma samples might be satisfying for the confirmation of 

CN exposure. Petrikovics et al. established another rat model to determine the use of 

ATCA for CN exposure in rat plasma samples [28]. A sub-lethal dosage (4 mg/kg body 

weight) of potassium cyanide (KCN) was injected subcutaneously to the rats but no 
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significant increase of ATCA was observed when compared to the controlled group. To 

determine whether the phenomenon is matrix-dependent, different organs (brain, heart, 

lungs, kidneys, and liver) were tested after administering the same dose of KCN 

subcutaneously to another group of rats. Significant increase in ATCA level was 

observed in all organs after CN exposure, with the highest in liver samples. The results 

provided good evidence that ATCA is an inert biomarker for CN exposure in post-

mortem organ samples in rats. It is possible that plasma might not be a good matrix for 

ATCA analysis to confirm sub-lethal CN exposure in rats. Petrikovics et al. suggested 

that the distribution of ATCA found in different organs might give an indicator of the 

capacity of CN detoxification in the studied organs, i.e., liver might have the highest 

capacity for the metabolism of CN while that of the brain might be the lowest. Other 

factors, such as the lack of rhodanese in the brain, might also contribute to the low 

detoxification capacity of the organs. A similar study was performed on mice to 

determine the effect of ATCA concentration in plasma after injecting three sub-lethal 

dosages (6, 8, 10 mg/kg body weight) of KCN subcutaneously to different groups [33]. A 

proportional increase in ATCA concentration was noted with the increase of KCN 

dosage. The contradicting results demonstrated that the application of ATCA for CN 

exposure confirmation might be species-specific, in which mice plasma samples is more 

suitable for in vivo analysis than that of rats. Endogenous ATCA level in the organs of 

the mice model was also reported in the study (Table 5) [33].  
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Table 4. Concentrations of ATCA reported in different animal biological matrices. 

    Concentration found in  

Animal Agent 
(dosage) 

Method of 
exposure Matrix Test 

group 
Control 
group Ref 

Rat KCN  
(4 mg/kg) 

Subcutaneous 
injection 

Plasma 
Liver 

20.3±26a 
33±7b 

222±19a 
0.85±0.4b [28] 

Mice KCN 
(10 mg/kg) 

Subcutaneous 
injection Plasma 413±66a 189±28a [33] 

Rat ATCA  
(100 mg/kg) 

Intravenous 
injection Plasma 718±78a 141±26a [30] 

Note: a Concentration in ng/mL. b Concentration in µg/g. 

Table 5. Endogenous ATCA level reported in various animal models. 

Animal Matrix Control group Ref. 
Mice Kidney 12±0.1 µg/g [33] 

 Brain 1.6±0.1 µg/g  
 Lung 1.8±0.2 µg/g  
 Heart 2.9±0.1 µg/g  
 Liver 3.6±0.9 µg/g  

Rabbit Plasmaa 33.6 ng/mL [22] 
Swine Plasmaa 220.7 ng/mL  

Note: a  Concentration was subjected to unit conversion calculations from the original 

data in μM to ng/mL using the molecular weight of ATCA of 146.164 g/mol. Since 

sensitivity of the instrument is unknown, the concentration calculated is rounded to the 

same decimal places as reported in the original data. 

 
A more intensive toxicokinetic study was conducted by Bhandari et al. on 

multiple animal models, including rats, rabbits, and swine, to obtain a more 

comprehensive set of toxicokinetic data and to compare the behaviors among CN, SCN-, 

and ATCA in the blood and/or plasma after subcutaneous injection of CN, and to 

determine the species-dependence for ATCA analysis [22]. Due to the large variation and 

the low concentration, toxicokinetic data of ATCA in rats were not able to be determined. 

The behavior of ATCA in rabbit and swine generally followed that of CN; however, the 
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increase in ATCA concentration in rabbit was significantly higher (40-fold from 

endogenous level) than that in swine (4-fold) after the exposure. Such a huge increase 

was associated with the lower concentration of rhodanese in rabbits, and thus more CN is 

metabolized through the production of ATCA. Bhandari et al. proposed that the similarity 

of the rhodanese level in kidney and the endogenous concentrations of CN, SCN-, and 

ATCA in rabbit and human might allow the extrapolation of the behavior of ATCA in the 

rabbit model to that in human, which demonstrated strong evidence in using ATCA as a 

marker for verification of CN exposure from plasma [22].  

The seemingly contradicting conclusions in determining whether ATCA is 

suitable as an alternative biomarker for CN exposure in different biological matrices 

should be carefully interpreted. These results might indicate that the use of ATCA as a 

biomarker for CN exposure is matrix- and species-dependent in the animal models. At the 

current state of knowledge, ATCA is shown to be a good indicator for the confirmation of 

CN in post-mortem organ samples [28]. The rat model, in which ATCA was 

intravenously injected to the rats showed that ATCA is metabolically stable in plasma 

[30]; however, due to the huge variabilities among samples and low concentrations 

obtained from the rat plasma samples after exposure [22,28], rat models using plasma 

samples might not be the best for further metabolism or toxicokinetic studies. Despite the 

mice, rabbits, and swine models all showed a direct dose-response to the increase dosage 

of CN when the plasma samples were analyzed, the degree of increase in ATCA was 

different [22,33]. This difference might be contributed to the slightly different 

metabolizing enzyme system and rate of metabolism in the species. For example, the 

higher concentration of sequestrating agents in the rat system will capture CN and thus 
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decrease the availability of free CN for metabolism, leading to a lower concentration of 

metabolites [22]. 

6.2. Dietary exposure of CN. Some of the plants containing cyanogenic 

glycosides, such as cassava, are commonly found in the regular diet of certain 

populations [3,64,29]. Continuous consumption of cyanogenic food might mimic the 

condition of chronic sub-lethal exposure to CN. Due to the weak acidity of HCN, prolong 

exposure to CN can cause acidosis of the system. The acidic condition of the body might 

promote the formation ATCA instead of SCN- due to the unfavorable pH value for 

rhodanese [21]. Lundquist et al. studied the effect of regular dietary exposure of CN to 

the concentration of ATCA in biological samples [29]. Urine samples from a population 

in Mozambique who consumes cassava roots in their regular diets were collected to 

determine the ATCA concentration. When compared to the endogenous ATCA level in 

urine samples from other studies, the concentration of ATCA found in the Mozambique 

population was a lot higher (Table 3) [20,29,32]. ATCA might have the potential for 

confirming sub-lethal chronic exposure of CN in urine samples.  

In addition to food consumption, chronic CN exposure can also occur from 

habitual smoking due to the inhalation of CN in cigarette smoke [18]. Urine, plasma, and 

saliva samples were collected from smokers and non-smokers to determine the difference 

in ATCA level between the two groups and to determine the feasibility of using ATCA 

for sub-lethal CN exposure [20,26,32]. A significant increase in ATCA concentration was 

observed in the plasma and saliva samples from smokers (Table 3) [26,32]. ATCA levels 

from both studies showed good consistency over time in the plasma samples from both 

smokers and non-smokers and was proposed to be an excellent biomarker for sub-lethal 
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chronic exposure to CN when plasma samples were analyzed. However, results obtained 

from urine samples revealed diverted conclusions. In their earlier study, Logue et al. 

demonstrated that the ATCA level in urine samples of smokers was significantly higher 

than that in non-smoker, but the results from Vinnakota et al. showed the otherwise 

[26,32]. Factors, such as dilution, diet, and smoking habits, will affect the consistency of 

urine samples, which contributed to the varying results obtained in ATCA analysis. As a 

result, urine samples might not be the most ideal matrix for ATCA analysis unless 

experimental designs are carefully planned to eliminate possible variables for inconsistent 

results.  

Direct comparison of biomarker concentrations in different matrices is not 

practical, and thus, Logue et al. proposed the use of biomarker concentration ratios 

(BCRs) to determine the correlation between the markers and to normalize the variables 

among different studies, including extraction method, sampling, storage conditions, etc. 

[20,26]. A similar BCR between the parent compound and the metabolite suggests a 

strong correlation between the two substances. From all the reported BCRs, the ratios are 

very similar between CN and ATCA, which further provided evidence that the formation 

of ATCA might be specifically from the metabolism of CN [20,26,32]. 

6.3. Fire and CN-poisoned victims. CN is present in various forms of household 

items, including fabrics made of nylon, silk, or wool, and man-made plastic materials that 

are composed of nitrogen-containing polymers [3,44]. Toxic levels of HCN can be 

produced through the combustion of these nitrogen-containing polymers in a fire and is 

contributed to one of the causes of death in fire victims [44,65–70]. From 2013 – 2015, 

over 900 civilian fire fatalities in the United States were caused by inhalation of toxic 
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gases in smoke, including carbon monoxide and HCN [68]. The analysis of ATCA from 

post-mortem biological samples might help to determine the cause of death in fire-

victims. The study conducted by Rużycka et al. was the first reported to determine the 

thermal stability of ATCA and its concentration in blood from post-mortem fire victims 

[31]. Samples were grouped according to the CN level in the blood (<1 μg/mL, 1 – 3 

μg/mL, and >3 μg/mL) and the concentrations of ATCA in the fire victims are shown in 

Table 3. No fire victims were found to contain a lethal concentration of CN (>3 μg/mL) 

in their blood samples. Endogenous level of CN in human blood samples ranged from ~3 

– 1500 ng/mL and its concentration range found in CN-poisoned victims was 0.65-30.6 

μg/mL [18,22,71,72].  Due to the overlapping between endogenous and sub-lethal CN 

concentrations, the large discrepancies observed in the ATCA level in the samples, and 

the unsatisfied linear regression, a conclusion could not be made to determine whether 

ATCA is a good indicator for sub-lethal CN exposure in post-mortem blood samples.  

ATCA level in the blood samples of CN-poisoned victims was also analyzed to 

determine the correlation between CN exposure and ATCA. The results from both 

Giebułtowicz et al. and Rużycka et al. showed that there was a significant elevation of 

ATCA level in the blood samples of the CN-poisoned victims [24,31]. Previously 

described animal models showed limitations in extrapolating results to human due to the 

potential difference in metabolizing enzyme systems [22]. Addressing the issue, Rużycka 

et al. established the distribution of ATCA level in different human organs (brain, lung, 

heart, liver, kidney, and spleen) to obtain more accurate information [31]. The 

distribution of ATCA level in unexposed human subjects, fire victims, and CN-poisoned 

victims was studied and the majority of ATCA was found in the spleen for unexposed 
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subjects and in the heart for both fire and CN-poisoned victims. When compared to the 

results obtained from the animal organ distribution study, in which liver was found to 

contain the highest portion of ATCA, the results from Rużycka et al. showed the 

limitations to extrapolate animal models to human [28,31]. Significant increase in ATCA 

concentration was observed in all organs of the CN-poisoned victims, ranged from about 

3-fold in the brain to more than 10-fold in the heart. The distribution of ATCA was 

relatively equal among the organs in fire victims. It was noteworthy that the portion of 

ATCA found in the lung of fire victims was higher than that in unexposed people and 

CN-poising victims. Significantly higher ATCA concentration was also found in the lung 

of victims with 1 – 3 μg/mL of CN than the group with < 1 μg/mL. The increase in 

ATCA level in the lung might provide evidence for inhalation of CN during the fire. In 

combination of the studies from Giebułtowicz et al. and Rużycka et al., there is evidence 

to show that ATCA is appropriate to serve as an indicator for lethal CN exposure in blood 

and organ samples.  

Based on the results obtained from animal models and the different studies 

regarding in vivo and post-mortem ATCA analysis in human, the decision of whether 

ATCA is an alternative biomarker for CN exposure greatly depends on the purpose of the 

study and the matrix for analysis. For further toxicokinetic animal models, rabbit might 

give the most accurate results when extrapolating to human, followed by mice and swine. 

Plasma samples should be collected for in vivo analysis instead of urine, and plasma 

and/or organ samples are both suitable if the animals will be terminated. Regarding in 

vivo studies concerning the collection of human samples, plasma might be a good matrix 

for chronic sub-lethal CN exposure studies. As previously discussed, the collection of 
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urine sample for in vivo studies requires comprehensive experimental designs. When 

analyzing human post-mortem samples concerning CN exposure, it is recommended to 

use organs that contain the higher portions of ATCA, i.e., the heart and liver.   

7. Future Studies 

Sensitive analytical methods have successfully been developed to extract, detect 

and analyze ATCA from various biological matrices. However, these methods require 

bench-top sample preparation steps in the laboratory before ATCA can be analyzed. 

Analytical methods that are suitable for on-site detection of ATCA from biological 

samples will be beneficial for efficient confirmation of CN exposure. Current published 

studies showed the promising use of ATCA as a biomarker for CN exposure. More 

research is needed to compare the absorption, distribution and elimination of ATCA in 

other biological systems. Human patients that are exposed to nitroprusside, which is a 

medicine commonly used to lower blood pressure and/or avoid bleeding during surgery, 

could be a good population for ATCA study since CN is released when the drug is 

metabolized. The behavior of ATCA can be monitored under controlled settings and 

compared to that in other animal models. The effects of chronic exposure of CN to the 

concentration of ATCA in smokers have been determined with some successes by Logue 

et al. With recent advances of improved sensitivity in analytical instrumentations, 

alternative matrices, especially hair and bones, might be considered for ATCA analysis to 

determine chronic CN exposure. Future studies for verifying CN exposure can also focus 

on high-risk industrial workers who are constantly exposure to sub-lethal concentration 

of CN or may have access to CN-containing products in their occupations. Moreover, CN 

is capable to continuously diffuse into the body.  Future research should also address the 
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possibility of ATCA production in biological samples due to post-mortem exposure of 

CN. While ATCA exhibits better stability than cyanide and some studies suggested that 

ATCA is stable for up to 24 hours, it is unclear how long this molecule is stable for in 

practice. These gaps of knowledge should be well studied to use ATCA as a reliable and 

validated marker for CN exposure in medicolegal death investigation. 
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CHAPTER IV 

DEVELOPMENT OF MAGNETIC CARBON NANOTUBES FOR DISPERSIVE 

SOLID PHASE EXTRACTION OF THE CYANIDE METABOLITE, 2-

AMINOTHIAZOLINE-4-CARBOXYLIC ACID, IN BIOLOGICAL SAMPLES2 
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Abstract 

2-aminothiazoline-4-carboxylic acid (ATCA) is a minor metabolite of cyanide 

and is suggested to be a promising biomarker for cyanide exposure due to its specificity 

to cyanide metabolism and its excellent short- and long-term stability during storage. In 

this study, magnetic carbon nanotubes, including magnetic multi-walled carbon 

nanotubes (Mag-MWCNTs) and magnetic single-walled carbon nanotubes (Mag-

SWCNTs) were synthesized as a novel sorbent for dispersive micro solid phase 

extraction (d-μSPE) method to extract ATCA from biological matrices. ATCA spiked 

deionized water samples with the addition of the isotopic internal standard (ATCA – 13C, 

15N) were subjected to Mag-CNTs/d-μSPE) to confirm extraction efficiency of this new 

technique. The extracted ATCA was derivatized and quantified using gas 

chromatography/mass spectrometry (GC-MS) analysis. The extraction parameters were 

optimized and a detection limits of 15 and 25 ng/mL was obtained for synthetic urine and 

bovine blood respectively with a linear dynamic range of 30 – 1000 ng/mL. The 

optimized Mag-CNTs/d-μSPE method facilitated efficient extraction of ATCA using 2 

mg of Mag-MWCNTs with a 10-minute extraction time. The current assay was also 

effective for the extraction of ATCA with average extraction efficiency of 97.7 ± 4.0% 

(n=9) and 96.5 ± 12.1% (n=9) from synthetic urine and bovine blood respectively. The 

approach of using Mag-CNTs to facilitate d-μSPE offered a novel alternative to extract 

ATCA from complex biological matrices.  

Keywords: Nanotechnology, Cyanide biomarker, 2-aminothiazoline-4-carboxylic acid, 

Magnetic carbon nanotubes facilitated dispersive micro solid phase extraction 
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1.  Introduction 

Cyanide is infamous for its swift and deadly effects attributed to its uses as a 

chemical warfare agent and the association of numerous accidental and intentional deaths 

[1–7].  In 2016, 198 cyanide exposure cases were reported in the United States, of which, 

nearly 70% were unintentionally exposed and more than 8% were due to intentional 

poisoning [8]. Although accidental exposure to cyanide is primarily caused by 

consumption of the seeds and roots of certain plants [4,9–11], it is commonly 

encountered in industrial workers who have access to cyanide salts [3,12] and in smokers 

and fire victims due to the inhalation of cyanide-containing smoke [13–15]. Confirmation 

of cyanide exposure is an important task for clinical diagnosis, workplace safety, 

environmental monitoring, and forensics.  

Two major approaches are currently adopted for the detection of cyanide 

exposure from biological samples: 1) direct detection of cyanide and 2) detection of its 

major metabolite, thiocyanate. Direct cyanide detection can be performed both at the field 

and in the laboratory [1,6,12,16–18]. However, the high volatility and short half-life (t1/2 

= 0.34 – 1.28 h) of cyanide narrow the detection window for successful analysis [19]. 

Previous studies also revealed that cyanide concentration fluctuates over time and at 

various temperatures upon storage [20,21]. These create a challenge for the confirmation 

of exposure due to the difficulty in interpreting the cyanide concentration. Confirmation 

of cyanide exposure by the detection of thiocyanate also faces similar problems. The 

concentration of thiocyanate also fluctuates in various biological matrices upon storage at 

different temperatures and over time [22–24]. Despite thiocyanate has a much longer 

half-life (t1/2 = 96 – 129 h), it is present endogenously at a high concentration [19,25].  
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Wood et al. suggested that such a high concentration might be due to the involvement of 

thiocyanate in other metabolic pathways, which makes its detection nonspecific to 

cyanide exposure [26].  

An alternative method that is proposed for confirming cyanide exposure is by the 

analysis of its minor metabolite: 2-aminothiazoline-4-carboxylic acid (ATCA). Unlike 

thiocyanate, ATCA does not metabolize further and is not associated with other 

endogenous pathways except for cyanide [19]. Moreover, ATCA has excellent short- and 

long-term stability at various storage conditions in working solutions and biological 

matrices, including post-mortem and putrid samples [21,23,27]. These suggest that 

ATCA may be a stable and specific biomarker for confirming cyanide intoxication.  

Sensitive analytical methods have been developed to extract and detect ATCA 

from a wide range of biological samples [21,23,27–32]. Majority of these established 

ATCA analytical methods focused on solid-phase extraction (SPE) and liquid-liquid 

extraction (LLE) [21,27,31–34]. Although proven sensitive, extractions using SPE or 

LLE may not be optimal. Commercially available SPE columns capable of extracting 

ATCA are expensive and the recovery could be inconsistent due to the interferences in 

complex matrices, such as whole blood [27]. As for LLE, a higher sample volume is 

usually required, which may not be always available in forensic casework. In 2003, 

Anastassiades et al. introduced dispersive SPE (d-SPE) as a new sample preparation 

technique to remove undesirable matrix interferences and coupled with a LLE for the 

detection of pesticide residues [35]. The solid sorbent in d-SPE method was directly 

added to the sample, dispersed by shaking, stirring, vortexing, or ultrasonicating, and was 

separated from the supernatant using centrifugation. The d-SPE method was suggested to 
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be a better technique that could avoid most of the drawbacks regarding conventional SPE 

and LLE methods, such as unequal flow rate in SPE columns and the uses of potentially 

toxic organic solvents in LLE procedures [30,36]. Since then, the method evolved and 

additional preparation steps were incorporated to facilitate the extraction of different 

analytes in different matrices [37,38]. In recent years, dispersive micro solid phase 

extraction (d-μSPE) was developed as a miniaturized d-SPE method to extract and pre-

concentrate the analyte from the samples in contrast to sample clean-up. In general, the 

amount of solid sorbent, sample volume, and organic solvent used in the d-μSPE method 

is greatly reduced to the μg and μL range respectively. Some of the developed d-μSPE 

methods [38–40] further facilitate more efficient and cost-effective extractions by 

eliminating the solvent wash step after extraction of the analytes when compared to 

conventional SPE methods. However, the reduction in scale of the extraction requires the 

selection of a highly efficient sorbent to maintain or even enhance the extraction 

efficiency in comparison to the conventional methods.    

In this study, magnetic carbon nanotubes (Mag-CNTs) were introduced as an 

alternative d-μSPE sorbent for the extraction of ATCA from biological matrices. The 

high surface area and sorption capacity of carbon nanotubes (CNTs) are suggested to be 

an appropriate sorbent to achieve an efficient d-μSPE. With the surface modification in 

form of magnetization of CNTs, it further provides separation convenience and high 

adsorption capacity contributed to the high surface area. In fact, Mag-CNTs facilitated d-

μSPE (Mag-CNTs/d-μSPE) has been widely applied to modern analytical protocols, 

including the extractions of heavy metal ions, pesticides, and chemical warfare agents 
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[41–43]. The purpose of this study is to develop a novel Mag-CNTs/d-μSPE technique to 

extract ATCA from biological samples for forensic applications. 

2. Material and Methods 

2.1. Chemical and reagents. 2-aminothiazoline-4-carboxylic acid (ATCA) was 

purchased from Chem-Impex International (Wood Dale, IL). The internal standard (IS), 

2-aminothiazoline-4-carboxylic acid – 13C, 15N (ATCA – 13C, 15N), was obtained from 

Toronto Research Chemical, Inc. (North York, Canada). N-methyl-N-trimethylsilyl-

trifluoroacetamide (MSTFA), single-walled carbon nanotubes (SWCNTs) (0.7 – 1.3 nm 

in diameter and 1 µm in length), multi-walled carbon nanotubes (MWCNTs) (110 – 170 

nm in diameter and 5 – 9 µm in length), carbon coated iron nanoparticles (25 nm average 

particle size), iron (III) chloride hexahydrate (FeCl3•6H2O), and iron (II) chloride 

tetrahydrate (FeCl2•4H2O) were purchased from Sigma-Aldrich (St. Louis, MO). 

Synthetic urine, Surine®, was obtained from Cerilliant (Round Rock, TX). Drug-free 

human urine was obtained commercially from UTAK Laboratories (Valencia, CA). 

Bovine blood was obtained from Quad Five (Ryegate, MT). The solvents, except for 

those used in the synthesis of Mag-CNTs, were at least LC-MS grade, and all the solvents 

were purchased from Sigma-Aldrich (St. Louis, MO) and Fisher Scientific (Hampton, 

NH). Deionized (DI) water was obtained from a Merck Millipore water purification 

system (Burlington, MA). 

2.2. Synthesis of Mag-CNTs. Mag-CNTs were prepared as described by 

Pardasani et al. [41] with modifications. The synthetic process was applied to both 

MWCNTs and SWCNTs, and was detailed in Section 2.2 in Ch. 2 of this work. The only 
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discrepancy in this phase was the use of a 3:1 ratio of concentrated nitric acid and 

concentrated sulfuric acid during the purification step of CNTs.   

2.3. Calibration and quantification. A stock solution of ATCA (60 μg/mL) was 

prepared in methanol with 2% (v/v) formic acid and was used throughout the entire 

study. Intermediate concentrations (150 and 3000 ng/mL) of the stock solution were 

prepared by dilution with methanol. DI water samples spiked with 1000 ng/mL of ATCA 

standard solution were used for the development and optimization of the extraction 

method. Calibration standards were prepared at the concentrations of 5, 10, 25, 30, 50, 

100, 250, 500, and 1000 ng/mL to determine the limit of detection (LOD) and limit of 

quantification (LOQ). A non-weighted regression was employed for all calibration 

curves, which were plotted with the response ratio of ATCA to IS against the 

concentration of ATCA in the calibration standards. The low, medium, and high quality 

control samples (n=3) were prepared at 90, 500, and 800 ng/mL respectively. LOD and 

LOQ were estimated statistically from the calibration curves by: 

LOD = 3.3 x 𝑠𝑠𝑦𝑦
𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚

; and 

LOQ = 10 x 𝑠𝑠𝑦𝑦
𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚

 

in which sy is the standard deviation of y-intercept, while Avgm is the average value of 

the slope. The LOD and LOQ values were then reported by analyzing the calibration 

standards closest to the corresponding estimated statistical values with the Signal to 

Noise function on the ChemStation software (Agilent, Santa Clara, CA) with a peak 

signal to peak noise ratio higher than 3.3 and 10 correspondingly for the standards. 

Calibration levels of 30, 50, 100, 250, 500, and 1000 ng/mL were used in method 
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development, optimization and method application to synthetic urine and bovine blood 

samples. 

2.4. GC-MS method. GC-MS analysis was performed on an Agilent GC-MS 

system, which consists of a 7890A series of gas chromatography, a 5975C series mass 

spectrometry, and a 7683B series auto-sampler (Agilent, Santa Clara, CA). The column 

used was a DB-5 bonded phase column (30 m x 0.25 mm x 0.25 μm) with helium as a 

carrier gas at the flow rate of 1 mL/min. The GC-MS program was adopted from Logue 

et al. with minor modifications. Briefly, the autosampler was set to inject 1 µL of sample 

into the injection port, which was held at 290°C and contained a Cyclosplitter liner 

(Restek, Bellefonte, PA). The total flow was set to be 54 mL/min with the septum purge 

flow 3 mL/min and a 10:1 split ratio. Using the described method, the ATCA – (TMS)3 

and the ATCA – 13C, 15N – (TMS)3 were eluted at approximately 8.76 min, with a total 

run time of 13 min. The ions selected were as follow: ATCA – (TMS)3 (245, 347, and 

362 m/z) and ATCA – 13C, 15N – (TMS)3 (248, 350, and 365 m/z) under selected ion 

monitoring (SIM) mode. The dwell time was set to 50 ms. 

2.5. Mag-CNTs/d-µSPE development and optimization. A simplified flow 

diagram for the Mag-CNTs/d-μSPE development is shown in Fig. 11A. Typically, 2 mg 

of Mag-MWCNTs were added to 100 µL water samples spiked with 1000 ng/mL of 

ATCA in triplicates. The samples were then vortexed and extracted at 50°C for 10 min 

with sonication. After the d-μSPE process, the samples were then centrifuged and the 

Mag-MWCNTs were isolated with a permanent Neodymium magnet while the 

supernatants were transferred to separate tubes. The extracted ATCA were desorbed with 

150 µL of deionized water with 5% (v/v) ammonium hydroxide. After desorption, the 



146 

 

Mag-MWCNTs were isolated with the permanent magnet and the desorbed extracts were 

transferred to separate tubes. After the addition of ATCA – 13C, 15N (833 ng/mL) as IS, 

each portion (the supernatants, desorbed extracts, and the Mag-CNTs after desorption) 

was dried at 65°C using the centrifugal evaporator. The dried samples were derivatized 

with 150 µL of 30% (v/v) MSTFA in hexane at 50°C for 10 min with sonication. The 

Mag-CNTs were isolated and the derivatized products were transferred to GC-MS vials 

fitted with inserts (Microliter, New Jersey, NJ) and subjected to GC-MS analysis. 

Extraction efficiency was determined by the percentage of the ATCA concentrations in 

each portion divided by the expected concentration, and they were expressed as ATCA 

distribution (%) in each portion.  

 

 

Fig. 11. (A) Workflow for the development of Mag-CNTs/d-μSPE, and (B) the optimized 

workflow for ATCA extraction using Mag-CNTs/d-μSPE. 

A 

B 
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At the initial stage of optimization, DI water was used as the matrix. Parameters 

included extraction time, amount of Mag-CNTs, types of magnetic nanoparticles, and the 

concentrations of acid used for pH modification were optimized. Different amount of 

Mag-MWCNTs (2, 3, 4, and 5 mg) and extraction time (10, 20 and 30 min) were 

evaluated according to the above-described Mag-CNTs/d-μSPE procedures. Different 

concentrations of 2% (v/v) formic acid (0.1, 1, and 26.5 M) were used to modify the pH 

value of deionized water prior to the addition of ATCA stock solution and Mag-CNTs. 

The extraction performance of Mag-MWCNTs, Mag-SWCNTs, and the carbon-coated 

iron nanoparticles was also evaluated with the same experimental procedures.  

2.6. Extraction performance of Mag-CNTs/d-μSPE for ATCA in biological 

matrices. The optimized Mag-CNTs/d-μSPE conditions were applied for the extraction 

of ATCA in synthetic urine and bovine blood samples. A simplified flow diagram for the 

optimized Mag-CNTs/d-μSPE method is shown in Fig. 11B. IS was added at the 

beginning of the extraction process. Quality control samples at low, medium, and high 

concentration levels were spiked with 90, 500, and 800 ng/mL of ATCA respectively and 

were conducted in triplicates. Protein precipitation was performed on bovine blood 

samples by adding 200 μL of ice-cold acetonitrile to the spiked samples while vortexing. 

The samples were then centrifuged, and the supernatant was transferred to separate tubes 

for extraction according to the optimized method described above. Only the desorbed 

extracts of the synthetic urine and bovine blood samples were derivatized. 

2.7. Assay selectivity. The selectivity of the assay was determined by extraction 

efficiency of ATCA from synthetic urine and bovine blood as well as the analysis of 

chromatographic profile of ATCA. To determine the extraction efficiency, ATCA was 
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spiked at 90, 500, and 800 ng/mL separately in the synthetic urine and bovine blood 

samples (n=3 at each level for each matrix). The ATCA concentration in the desorbed 

extract was determined using the linear regression obtained from the calibration curve. 

Extraction efficiency was determined as previously described in Section 2.5. For 

chromatographic profile analysis, replicates (n=3) of blank samples of the synthetic urine 

and bovine blood were subjected to extraction to determine if interference peaks co-

eluted at the peak of ATCA – (TMS)3. 

2.8. Data analysis. Precision and accuracy of the calibration models and the Mag-

CNTs/d-μSPE method were calculated from the quality control samples. Inter-assay 

precision was calculated as %CV by dividing the standard deviation of the calculated 

concentrations by the mean of the calculated concentrations, and the highest %CV was 

reported. Accuracy was calculated as a percentage by dividing the absolute error by the 

expected concentrations. The error involved in analyzing the concentrations of ATCA in 

the calibration standards and quality controls were reported in the format of mean ± 

standard deviation. Significant differences between extraction using different extraction 

time (10, 20, and 30 min), different amount of Mag-MWCNTs (3, 4, and 5 mg) were 

determined by using one-way ANOVA at α = 0.05. Two-tailed t-tests were performed to 

determine if a significant difference is observed between the 2 and 3 mg of Mag-

MWCNTs and between SWCNTs and MWCNTs at 95% confidence level. 

3. Results  

3.1. Capability of Mag-CNTs to extract ATCA. To test the capability of Mag-

CNTs in extracting ATCA, the distribution of ATCA throughout the extraction process 

was evaluated. The concentration of ATCA was determined in three main portions of the 
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extraction products: a) the supernatants, which were the ATCA spiked matrices remained 

after extracting with the Mag-CNTs, b) the desorbed extracts, and c) the Mag-CNTs 

isolated after desorption. The IS was added before drying under vacuum and the dried 

samples were derivatized and subjected to GC-MS analysis. The partition of ATCA 

during Mag-CNT/d-μSPE in the supernatants, desorbed extracts, and the Mag-CNT was 

28.4%, 61.1%, and 9.2%, respectively. 

3.2. Method sensitivity. The LOD and LOQ of the GC-MS method were 

estimated statistically from the results obtained from the calibration models and the signal 

to noise ratio of the closest calibration standard was confirmed using the ChemStation 

software. Calibration standards with the concentrations of 5, 10, 25, 30, 50, 100, 250, 

500, and 1000 ng/mL were used to construct the calibration curves over three separate 

days. The data were best fitted with a non-weighted linear model with a dynamic range of 

30–1000 ng/mL. The average coefficient of determination (R2) values for synthetic urine 

and bovine blood were 0.9985 and 0.9919 respectively. The statistical estimations of 

LOD and LOQ were 13.1 and 30.7 ng/mL for synthetic urine and 24.1 and 33.6 ng/mL 

for bovine blood respectively. After the calculation and analysis of the Signal to Noise 

ratio from the ChemStation software, the LOD and LOQ for synthetic urine and bovine 

blood were reported as 15 and 30 ng/mL, and 25 and 30 ng/mL respectively. 

3.3. Assay selectivity. Assay selectivity was demonstrated by the calculated 

extraction efficiency values at three different concentration levels in synthetic urine and 

bovine blood samples. The values at each level and the average value for each matrix are 

shown in Table 6. An absence of interfering peaks in the extracted ion chromatograms 

(EIC) was observed at the ATCA peak from the blank matrices. The overlaid EIC of 
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blank synthetic urine, synthetic urine spiked with 1000 ng/mL ATCA, and blank human 

urine are shown in Fig. 12A and that of a blank bovine blood sample and a spiked bovine 

blood sample (1000 ng/mL ATCA) are illustrated in Fig. 12B. As shown in Fig. 12A, the 

peak of ATCA – (TMS)3 eluted at around 8.76 min in synthetic urine and no interference 

peak was observed in either the blank synthetic urine or the blank human urine samples. 

No other interference peak was observed to elute at the same retention time as the ATCA 

– (TMS)3 peak in both the synthetic urine and human urine samples. In previous studies, 

endogenous ATCA was found in human urine from non-smokers. The human urine that 

was tested in this study was purchased from a commercial vendor and no ATCA peak 

was observed using the optimized GC-MS method. Similarly in the blank bovine blood 

samples, no peak was observed at the retention time of the ATCA – (TMS)3 peak (Fig. 

12B). Therefore, the selectivity of the method was adequate for both urine and bovine 

blood. Each matrix was analyzed in triplicates and no interference peaks were observed 

in all samples. 

3.4. Optimized Mag-CNTs/d-µSPE method. Different extraction parameters, 

such as extraction time, amount of Mag-CNTs, types of magnetic nanoparticles, and 

different concentrations of acid used for sample preparation, were optimized for the 

proposed Mag-CNTs/d-μSPE for ATCA extraction. The optimal parameter was chosen 

for the maximum mean ATCA distribution in the desorbed extract and the most efficient 

for the extraction process. 
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Table 6. Extraction Performance of Mag-CNTs/d-μSPE.  

Note: Average extraction efficiency, bias, and precision of ATCA in the desorbed extract 

of low, medium, and high quality control samples in synthetic urine (n=9) and bovine 

blood (n=9). Error was expressed in percent relative uncertainty of the calculated 

extraction efficiency. 

3.4.1. Extraction time. Different extraction times (10, 20, and 30 min) were tested 

to determine whether the duration of extraction will affect the extraction efficiency of 

Mag-CNTs for ATCA. The average ATCA distribution (%) in Mag-CNTs, supernatants, 

and desorbed extracts for each extraction time is shown in Fig. 13A. No significant 

difference was found in all portions (i.e., Mag-CNTs, supernatant, and desorbed extract) 

among the extraction time of 10, 20, and 30 min at α = 0.05 (p = 0.427). As a result, 10 

min was chosen to facilitate a more efficient extraction process.  

 Synthetic Urine Bovine Blood 

QC Samples 
Extraction 
Efficiency 

(%) 

Bias 
(%) 

Precision 
(%) 

Extraction 
Efficiency 

(%) 

Bias 
(%) 

Precision 
(%) 

Low  
(90 ng/mL) 96.5±10.4 -0.7 8.0 84.9±2.8 -12.0 1.2 

Medium  
(500 ng/mL) 97.9±4.4 2.1 2.8 97.0±7.0 -2.2 6.9 

High  
(800 ng/mL) 98.6±4.5 -0.4 3.7 107.7±8.5 -5.4 8,0 

Average 97.7±4.0 0.3 4.8 96.5±12.1 -6.5 5.4 
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Fig. 12. Extraction ion chromatograms (EIC) of ATCA – (TMS)3 at 245, 347, and 362 

m/z in (A) a blank synthetic urine, synthetic urine spiked with 1000 ng/mL ATCA, and a 

human urine sample, and (B) a blank bovine blood and bovine blood sample spiked with 

1000 ng/mL ATCA. No interference peak was observed in blank human, synthetic urine, 

and bovine blood at the retention time of ATCA – (TMS)3. 

A 

B 
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Fig. 13. Average ATCA distribution (%) Mag-CNTs, supernatant, and in desorbed 

extract portions. Note: (A) optimizing extraction time of 10, 20, and 30 min (n=3); (B) 2, 

3, 4, and 5 mg of Mag-CNTs (n=3); (C) different concentration of formic acid (0.1 M, 1 

M, and 26.5 M) were used to acidify the sample before extraction (n=3); (D) MWCNTs, 

C 

D 
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SWCNTs, and commercially available carbon-coated iron nanoparticles. Error bars were 

expressed in ± 1 standard deviation. 

3.4.2. Amount of Mag-CNTs. Extraction capacity of Mag-CNTs was evaluated 

with different amount of Mag-MWCNTs (2, 3, 4, and 5 mg). The average ATCA 

distribution in each extraction portion with different amount of Mag-CNTs is shown in 

Fig. 13B. By visual examination of the data, the average ATCA distribution in the 

desorbed extracts with 2 mg of Mag-CNTs was slightly lower than the other groups. 

Upon statistical analysis using one-way ANOVA (α = 0.05), no significant difference 

was found in the average distribution in the desorbed extracts, in which 3, 4, and 5 mg of 

Mag-CNTs were used (p = 0.698). Since no significant difference was observed among 3, 

4, and 5 mg of Mag-CNTs, the data obtained from 3 mg Mag-CNTs was used to compare 

to that of 2 mg of Mag-CNTs to determine whether a significant difference was present. 

The result from two-tailed t-test showed that the average ATCA distribution in the 

desorbed extracts in the 2 mg of Mag-CNTs extraction was not significantly different 

than that when using 3 mg of Mag-CNTs at a 95% confidence interval. A possible reason 

for the slightly lower distribution when extracting with 2 mg of Mag-MWCNTs might be 

due to human errors in consistently weighing a small amount of Mag-CNTs. During 

optimization process, caution was taken to accurately and precisely measure Mag-CNTs. 

Based on the bias and precision data obtained from the quality control samples, the 

method demonstrated good accuracy and precision within 20% of the expected value with 

the use of 2 mg of Mag-CNTs. As a result, 2 mg of Mag-CNTs were adopted for the 

Mag-CNTs/d-μSPE method for a cost-effective purpose. 
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3.4.3. Concentrations of acid for sample preparation. The performance of 

different concentrations of formic acid was evaluated for the acidification of sample 

before extraction. To facilitate an efficient extraction based on the Henderson-

Hasselbalch equation, the pH value of the sample is usually modified to two pH values 

below the pKa of an acidic analyte, or two pH values above the pKa value of a basic 

analyte. The pKa values of the moieties on ATCA are shown in Fig. 9. Different 

concentrations of formic acid were tested to determine the optimal condition for 

extracting ATCA. Over 69% and 90% of the ATCA was measured in the supernatant 

when 2% (v/v) 1 M and 26.5 M of the acid was used to adjust the pH of the samples 

respectively (Fig. 13C). A much higher distribution (64%) in the desorbed extracts was 

observed when 2% (v/v) 0.1 M formic acid was added to the samples, and thus was used 

in subsequent extractions. 

3.4.4. Comparison among Mag-MWCNTs, Mag-SWCNTs, and carbon-coated 

iron nanoparticles. The performances of Mag-MWCNTs, Mag-SWCNTs, and the 

commercial product (carbon-coated iron nanoparticles) were compared to determine 

which product would yield higher ATCA distribution in the desorbed extracts. As shown 

in Fig. 13D, less than 35% of ATCA was extracted by the carbon coated nanoparticles 

and approximately 85% of the ATCA was retained in the supernatant. As a result, the 

carbon-coated iron nanoparticle was eliminated as a choice of the d-μSPE sorbent for 

ATCA extraction. When Mag-SWCNTs and Mag-MWCNTs were considered, no 

significant difference was observed in the average distribution of ATCA in the desorbed 

extracts using a two-tailed t-test at a 95% confidence interval. Mag-MWCNTs were 
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chosen to be the sorbent for extraction due to a lower variation in the average distribution 

in the desorbed extracts and lower cost.  

3.4.5. Optimized extraction procedure. The optimized extraction procedures are 

summarized as the following: For urine analysis, internal standard and 2% (v/v) 0.1 M 

formic acid was first added to100 μL of samples, followed by 2 mg of Mag-MWCNTs 

for d-μSPE. The samples were then vortexed and extracted at 50°C for 10 min with 

sonication. After the d-μSPE process, the samples were centrifuged first. The 

supernatants were decanted and discarded while the Mag-CNTs were retained inside the 

vial by a permanent magnet. ATCA was then desorbed from the Mag-CNTs with 150 μL 

of 5% (v/v) ammonium hydroxide in water at 50°C for 10 min with sonication. The Mag-

CNTs were separated by centrifugation and the permanent magnet. The desorbed extracts 

were transferred to separate tubes and dried at 65°C in the centrifugal evaporator. The 

dried samples were derivatized with 150 μL 30% (v/v) MSTFA in hexane at 50°C for 10 

min and were then transferred to GC-MS vials fitted with glass inserts for analysis. For 

blood analysis, internal standard and 2% (v/v) 0.1 M formic acid was first added to 100 

μL of samples and vortexed. Ice-cold acetonitrile (200 μL) was added to the samples 

while vortexing and the samples were centrifuged. The supernatants were transferred to 

separate tubes after centrifugation and 2 mg of Mag-CNTs were added for d-μSPE. The 

rest of the extraction process was identical to that of urine samples as described above. 

3.5. Application of the optimized Mag-CNTs/d-μSPE in synthetic urine and 

bovine blood. The optimized Mag-CNTs/d-μSPE method was applied in synthetic urine 

and bovine blood samples at three different concentration levels. Internal standard was 

added at the beginning of the extraction and only the desorbed extracts were derivatized 
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and analyzed. The concentrations of ATCA in the desorbed extracts using the optimized 

method in both matrices were determined. The extraction efficiency, bias, and precision 

of the experimental results are shown in Table 6. It should be noted that the extraction 

efficiency of ATCA in human urine and whole blood might be different when Mag-

CNTs/d-μSPE is applied since surrogates of synthetic urine and bovine blood was used in 

this study. The average extraction efficiency can only be approximated to that of human 

urine and whole blood in extracting ATCA. 

4. Discussion 

ATCA is an amphoteric molecule, which contains both an acidic carboxylic acid 

moiety and a basic amine moiety (Fig. 9). Based on the pKa information and the nature of 

the amine and carboxylic groups, at least one of the moieties, or both, is charged at all pH 

values in aqueous solutions. Earlier studies in ATCA showed that its ring structure will 

be opened under heat and strongly basic condition [31,44]; as a result, the Mag-CNTs/d-

μSPE method was designed to be at an acidic range to avoid the potential degradation of 

ATCA. The addition of concentrated sulfuric acid during purification of CNTs has been 

demonstrated to provide stronger oxidizing power [45], in which more carbon atom on 

the surface of the CNTs can be oxidized into hydroxyl and/or carboxyl groups. Under 

acidic conditions, both the carboxylic acid moiety on ATCA, and the hydroxyl and 

carboxyl groups on the Mag-CNTs are protonated, which facilitate the interaction 

between ATCA and the Mag-CNTs through hydrogen bonding (Fig. 14). The acidic 

extraction condition not only prevented the degradation of ATCA, but more importantly, 

it also promoted a higher affinity between Mag-CNTs and ATCA. 
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Fig. 14. Proposed molecular interaction between ATCA and Mag-CNTs under acidic 

condition. 

Different concentration of formic acid was tested to determine the effects on the 

interaction of ATCA and Mag-CNTs sorbent in the biological matrix. A decreased 

ATCA distribution was noticed in the desorbed extracts when a high concentration of 

formic acid (2% (v/v) 26.5M) was used during the d-μSPE process. Such decreased might 

be due to the disturbance of hydrophobic interaction. Under high acid concentration, both 

amine moieties on ATCA were protonated and its hydrophilicity increased. This hindered 

the hydrophobic interaction between the ATCA and the Mag-CNTs and thus less ATCA 

could be extracted. Another possibility was the competition between formic acid and 

ATCA to the Mag-CNTs. Due to the high concentration of the formic acid, ATCA might 

have less chance to interact with Mag-CNTs. A lower concentration of formic acid was 

found mediating the pH and enhances the interaction between ATCA and the Mag-CNTs. 

Other choices of acids pH modifiers could be investigated in future work. 

During method development, the capability of Mag-CNTs to extract ATCA was 

determined by the addition of the internal standard at the end of the d-μSPE process. 
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With this approach, we would evaluate the interaction between ATCA and the Mag-

CNTs sorbent. During the optimization process, the internal standard was added before 

the d-μSPE and only the desorbed extracts were analyzed by GC-MS. The concentration 

of ATCA was determined from internal standard calibration model, which was plotted 

with the response ratio between internal standard and ATCA against the ATCA 

concentration of the calibration standards. The addition of internal standard improved the 

precision of the method and the possible variations during the d-μSPE process.  

To couple with GC-MS analysis, derivatization is needed because ATCA is non-

volatile. The derivatization agent, MSTFA, reacts with the active hydrogens on both 

carboxylic and amine moiety on ATCA with replacements of TMS groups. Due to the 

high reactivity of MSTFA towards active hydrogen on hydroxyl, carboxyl, and amino 

groups, the solvent used for the dilution of MSTFA must be non-polar and does not 

contain any active hydrogens. As a result, a basic desorption using deionized water with 

5% (v/v) ammonium hydroxide was applied to elute ATCA from the Mag-CNTs, and the 

desorbed extracts were then dried and derivatized using hexane as the solvent.  

To date, the application of d-μSPE in ATCA extraction is limited. ATCA-specific 

molecularly imprinted polymer (MIP) has been developed to extract ATCA by Jackson et 

al. and Lulinski et al. [30,36]. Jackson et al. further integrated the MIP and coated them 

on stir-bars to selectively extract ATCA from urine; however, the limited binding 

capacity led to low recoveries and limited reproducibility [30]. The optimized d-μSPE 

method by Lulinski et al. extracted ATCA by using MIP alone and showed better 

recovery of 81–89% of ATCA from post-mortem whole blood samples [36]. However, 

the synthesis process of the MIP involved lengthy and complicated manufacturing steps, 
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as well as numerous chemicals to achieve the high selectively of the d-μSPE sorbent 

[30,36]. In our study, different magnetic nanoparticles were studied to determine the most 

cost-effective and efficient d-μSPE sorbent for the extraction of ATCA. At the time when 

this phase was conducted, Mag-CNTs were not commercially available. A close product, 

carbon coated iron nanoparticles were studied to determine the potential for their 

application in the extraction process to avoid the need for in-house synthesis of magnetic 

nanoparticles. Unfortunately, limited ATCA was extracted and detected using the 

commercial magnetic nanoparticles. Once hydroxyl or carboxyl CNTs are commercially 

available, their applications for ATCA extraction after magnetization can be further 

compared. Furthermore, the commercially available products might offer a more efficient 

and cost-effective sorbent synthesis process.  The use of Mag-CNTs for d-μSPE involved 

fewer chemicals in the d-μSPE sorbent synthesis and offered a new extraction process 

that simplified the extraction procedures.  

d-μSPE methods are frequently used to pre-concentrate the analytes to facilitate 

the detection of trace level components [38–40]. In this work, we focused on the 

determination of the capability of Mag-CNTs to extract ATCA, therefore, pre-

concentration was not yet tested.  Note that the Mag-CNTs/d-μSPE was optimized using 

the highest concentration (1000 ng/mL) of the calibration model. The use of the lowest 

concentration for the optimization could be tested in the future to confirm that the signals 

variation is because of the effect of the variable itself instead of an error in the 

quantification.  

The Mag-CNTs/d-μSPE method coupled with GC-MS analysis provided a 

quantitative analysis of ATCA from synthetic urine and bovine blood samples with good 
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accuracy, precision, and sensitivity. An average extraction efficiency of 97.7 ± 4.0% and 

96.5 ± 12.1% of ATCA was obtained from synthetic urine and bovine blood samples 

respectively using the optimized Mag-CNTs/d-μSPE method. A slightly lower extraction 

efficiency was obtained for bovine blood at the low concentration quality control 

samples, which suggested a higher interference from the complex blood matrix at the 

lower concentration. Although direct comparison to the methods from Lulinski et al. and 

Jackson et al. is not possible due to the difference in matrices, the optimized Mag-

CNTs/d-μSPE/GC-MS method offered a relatively good extraction efficiency of ATCA 

from biological samples. Moreover, previous studies showed that the average endogenous 

ATCA level in human urine from non-smokers and that in post-mortem blood was 87 ± 

12 ng/mL and 134 ng/mL ± 59%CV respectively [21,28]. The Mag-CNTs/d-μSPE/GC-

MS method in this study offered a LOD and a proper linear dynamic range for further 

implementation to quantify ATCA from biological samples. 

5. Conclusions 

Mag-CNTs were synthesized as a novel sorbent for d-μSPE to extract ATCA 

from biological matrices. Compared to the commercial carbon-coated iron nanoparticles, 

carbon nanotubes offered a better extraction efficiency of ATCA from aqueous solutions. 

The optimized Mag-CNTs/d-μSPE process showed that Mag-CNTs were capable of 

extracting ATCA from synthetic urine and bovine blood. The application of the Mag-

CNTs/d-μSPE process coupled with GC-MS analysis for the detection of ATCA 

demonstrated good accuracy and precision and provided the sensitivity to detect 

endogenous level of ATCA in urine and blood. The application of Mag-CNTs/d-μSPE is 

promising for the extraction of ATCA from human biological fluid to assist in the 



163 

 

confirmation of cyanide exposure. Future study may focus on the improvement of the 

method, such as the choice of desorption solvents, optimal pH for ATCA extraction in 

biological samples, and sample volumes. Further development of direct derivatization of 

adsorbed ATCA on Mag-CNTs will potentially assist its complete desorption in one-step. 

By doing so, better overall extraction efficiency with avoidance of desorption step can be 

an additional advantage of the method. To streamline the quantitative analysis of ATCA, 

Mag-CNTs/d-μSPE can be coupled with liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) to eliminate the use of derivatization. 
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CHAPTER V 

PERFORMANCE COMPARISON BETWEEN SOLID PHASE EXTRACTION AND 

MAGNETIC CARBON NANOTUBES FACILITATED DISPERSIVE-MICRO SOLID 

PHASE EXTRACTIONS (MAG-CNTS/D-µSPE) OF A CYANIDE METABOLITE IN 

BIOLOGICAL SAMPLES USING GC-MS3 
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Abstract 

Dispersive-micro solid phase extraction (d-µSPE) has gained increasing attention 

due to its convenience, effectiveness, and flexibility for sorbent selection. Magnetic 

carbon nanotubes (Mag-CNTs) is suggested to be a promising d-µSPE sorbent with 

excellent separation efficiency in addition to its high surface area and adsorption 

capability.  In this work, a solid phase extraction (SPE) and two different surface-

modified Mag-CNTs (Mag-CNTs-COOH and Mag-CNTs-SO3H) facilitate d-µSPE 

(Mag-CNTs/d-µSPE) were developed and compared. The cyanide metabolite, 2-

aminothiazoline-4-carboxylic acid (ATCA), was selected to evaluate their extraction 

performances using gas chromatography-mass spectrometry (GC-MS) analysis. The 

Mag-CNTs-COOH enabled a one-step derivatization/desorption approach; therefore, a 

better overall performance was achieved. Compared to the Mag-CNTs-SO3H/d-µSPE and 

SPE workflow, the one-step desorption/derivatization approach improved the overall 

extraction efficiency and reduced solvent consumption and waste production. Both Mag-

CNTs/d-µSPE workflows were validated according to ANSI/ASB 036 guidelines and 

showed excellent analytical performances. The Mag-CNTs/d-µSPE methods enhanced 

the limit of detection (LOD) and limit of quantification (LOQ) of ATCA in synthetic 

urine to the range of 5 and 10 ng/mL. The LOD and LOQ values in bovine blood were 

achieved at 10 and 60 ng/mL. The SPE method’s LOD and LOQ were also determined at 

1 and 25 ng/mL in bovine blood samples. The Mag-CNTs/d-µSPE methods demonstrated 

great potential to extract polar and ionic metabolites from biological matrices. The easier-

to-adopt SPE workflow was also provided in this work for potential routine forensic 
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testing of the stable biomarker in cyanide poisoning cases, particularly for those cases 

where the cyanide detection window has passed. 

Keywords: Magnetic carbon nanotubes (Mag-CNTs), Dispersive-micro solid phase 

extraction, Surface functionalization, Solid phase extraction, 2-aminothiazoline-4-

carboxylic acid (ATCA), Death investigation. 
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1. Introduction 

Sample preparation plays a vital role in the successful and accurate determination 

of trace-level analytes, especially from complex biological matrices in analytical 

chemistry. Conventional sample preparation methods, including solid phase extraction 

(SPE) or liquid-liquid extraction (LLE), are widely utilized to isolate analytes from 

different biological samples [1–6]. Despite the extensive and successful applications, SPE 

suffers from drawbacks such as limited sorbent capacity and unequal flow rates. As for 

LLE, the process is usually time-consuming, labor-intensive, and consumes a higher 

amount of organic solvents. In the past decade, microextraction has increasingly been 

applied to different disciplines, aiming to overcome disadvantages of the conventional 

methods [7–11]. The miniaturization of the extraction method dramatically reduces the 

use of organic solvents, making it a greener sample preparation approach. Among the 

different microextraction methods, dispersive-micro solid phase extraction (d-µSPE) is 

gaining popularity as an alternative approach due to its effectiveness, applicability for 

automation, and flexibility for sorbent selection [12–18]. A wide variety of novel 

sorbents have been developed for d-µSPE, including molecular recognition sorbents, 

such as molecularly imprinted polymers (MIPs), immune-affinity sorbents, and 

nanoparticles [19–21]. In recent years, magnetized carbon-based nanoparticles, e.g., 

graphene and carbon nanotubes (CNTs), have become one of the most popular sorbents 

due to their high surface area, adsorption capability, and the increased convenience for 

separation of sorbents [22–24]. The potential for surface enhancement and 

functionalization further enhances their flexibility, selectivity, and applicability for 

different biochemical analyses.  
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In the past decade, studies have demonstrated the use of 2-aminothiazoline-4-

carboxylic acid (ATCA) as a stable biomarker for the diagnosis of cyanide exposure [25–

29]. Li et al. recently reviewed the potential use of ATCA as a forensic marker in a 

cyanide-related death investigation [30]. Briefly, the detection window of cyanide in 

human biological samples is short (t1/2 = 0.34 – 1.28 h) [26,30–33], which could lead to 

possible false-negative results in a death investigation involving cyanide exposure. 

Alternative testing for stable biomarkers for cyanide exposure should be established in 

forensic analysis of biological evidence, especially when the cyanide detection window 

has passed. In the practice of forensic toxicology, when the “parent” molecule is rapidly 

metabolized in the body, the detection of stable metabolites of the parent molecules can 

be used as evidence to build a case. For example, the co-detection of morphine and 6-

monoacetylmorphine are specific metabolites used for the confirmation of heroin use due 

to its rapid metabolism in the body [34]. In cyanide metabolism, ATCA was specific to 

cyanide metabolism and was stable at a wide range of storage conditions, including post-

mortem conditions [26–28,35–37]. Successful SPE and LLE methods have been 

developed to isolate ATCA from biological samples. However, the detection of ATCA 

was predominately achieved using liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) due to its high polarity [27,29,38]. At present, such analytical workflow 

might not be quickly adopted in all forensic laboratories due to factors related to budget 

and human resources. Because gas chromatography-mass spectrometry (GC-MS) is the 

most common instrument in a forensic laboratory, an effective extraction protocol that 

allows the quantitative measurement of ATCA in biological samples using the GC-MS 

platform is desirable. 
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In this work, a conventional SPE method and two magnetic carbon nanotubes 

(Mag-CNTs) facilitated d-µSPE (Mag-CNTs/d-µSPE) methods were developed for 

ATCA analysis using GC-MS. Two Mag-CNTs/d-µSPE workflows were developed 

using two types of Mag-CNTs with different surface modified functional groups, i.e., 

carboxyl Mag-CNTs (Mag-CNTs-COOH) and sulfonyl Mag-CNTs (Mag-CNTs-SO3H). 

The Mag-CNTs-COOH/d-µSPE method was evolved based on the previously published 

method [25] by aiming to exclude the elution step and achieve a one-step 

desorption/derivatization approach for efficient extraction. Another goal in this study was 

to develop the Mag-CNTs-SO3H/d-µSPE workflow to facilitate ionic extraction between 

the negatively charged sulfonyl groups on the Mag-CNTs and the positively charged 

amino moieties on ATCA. The sensitivity and extraction efficiency of the new workflows 

were compared to the previously published model [25], and a SPE method was developed 

for comparison purposes. Ultimately, the successful improvement of the new Mag-

CNTs/d-µSPE approaches could provide broader applicability in forensic laboratories, 

especially for polar and ionic targets that are usually presented to be challenging using 

the GC-MS platform. The repeatability and robustness of the Mag-CNTs/d-µSPE 

methods were further evaluated according to the guidelines suggested in the approved 

American National Standard Institute/AAFS Standards Board (ANSI/ASB) Standard 036 

for method validation in forensic toxicology [39]. 

2. Material and Methods 

2.1. Chemicals, reagents, and standard. 2-aminothiazoline-4-carboxylic acid 

(ATCA) was purchased from Chem-Impex International (Wood Dale, IL), and the 

internal standard (IS), 2-aminothiazoline-4-carboxylic acid – 13C, 15N (ATCA – 13C, 15N), 
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was purchased from Toronto Research Chemical, Inc. (North York, Canada). Multi-

walled carbon nanotubes (110 – 170 nm in diameter, 5 – 9 µm in length), iron (II) 

chloride hexahydrate (FeCl3 • 6H2O), iron (III) chloride tetrahydrate (FeCl2 • 4H2O), N-

methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA), and ammonium sulfate were 

obtained from Sigma-Aldrich (St. Louis, MO). All solvents used in the study were at 

least HPLC grade. Hydrochloric acid (12.1 M), nitric acid (15.9 M), methanol, acetone, 

dichloromethane (DCM), isopropyl alcohol (IPA), pyridine, ethanol, and ammonium 

hydroxide (NH4OH, 14.5 M), were obtained from J.T. Baker (Avantor, Allentown, PA). 

Sulfuric acid was purchased from Macron Chemicals (Avantor, Allentown, PA), and 

acetonitrile and hexane were obtained from Fisher Scientific (Hampton, NH). Formic 

acid (23.6 M) was purchased from Millipore (Billerica, MA), and the deionized (DI) 

water was obtained through a Merck Millipore water purification system (Burlington, 

MA). The Cerex Polycrom CLIN II SPE columns (3 mL, 35 mg) were obtained from 

Tecan (Baldwin Park, CA). The synthetic urine, Sucrine®, was obtained from Cerilliant 

(Round Rock, TX), and the defibrinated bovine blood was purchased from Quad Five 

(Ryegate, MT). 

2.2. Synthesis of Mag-CNTs. Two surface-functionalized Mag-CNTs were 

developed in this study: Mag-CNTs-COOH and Mag-CNTs-SO3H. The Mag-CNTs-

COOH were prepared according to Li et al. with a slight modification [25]. The synthesis 

process for both Mag-CNTs were described in great detail in Section 2.2 of Ch.2 in this 

work. 

2.3. Preparation of internal standard, calibrators, and controls. The stock 

solutions of ATCA (100 mg/L) and ATCA – 13C, 15N (1250 mg/L) were prepared by 
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accurately weighing the appropriate amounts of the chemicals and dissolved in methanol 

with 2% (v/v) formic acid. The ATCA – 13C, 15N working solution (3125 ng/mL) was 

prepared by dilution with methanol, and 40 µL of this solution was spiked in every 

sample to yield a concentration of 250 and 62.5 ng/mL for Mag-CNTs-COOH and Mag-

CNTs-SO3H, respectively. Working solutions of ATCA at intermediate concentrations 

were prepared from the stock solution by dilutions with methanol: 500 and 5000 ng/mL 

for SPE and Mag-CNTs-COOH in both matrices, 1000 and 10,000 ng/mL for Mag-

CNTs-SO3H in synthetic urine, and 400 and 4000 ng/mL for Mag-CNTs-SO3H in bovine 

blood. The working solutions were used in both the development and validation phases. 

The lower concentration ATCA working solutions were used to prepare calibrators at 

concentrations of 10, 25, 30, 50, 60, and 100 ng/mL and the low concentration quality 

controls (QC) samples at 30 and 75 ng/mL. As for the higher concentration working 

solution, they were used to prepared calibrators at 200, 400, 800, and 1000 ng/mL and 

QC samples at both low (180 ng/mL), medium (500 ng/mL), and high (800 ng/mL) 

concentrations. The stock and the working solutions of ATCA and ATCA – 13C, 15N were 

stored at 4oC and used throughout the entire study. 

2.4. Optimized Mag-CNTs/d-µSPE procedures. The optimized Mag-CNTs/d-

µSPE methods for the two Mag-CNTs followed the general experimental design with 

slightly different extraction parameters. The extraction processes for the biological 

matrices were described in texts with the detailed extraction parameters are summarized 

in Table 7. 

2.4.1. Synthetic urine samples. ATCA spiked known samples were prepared by 

adding appropriate concentrations of ATCA and the IS, ATCA – 13C, 15N, to separate 
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Eppendorf tubes. The mixture was then vortexed, dried at 65°C, and reconstituted in 

synthetic urine. The ATCA spiked synthetic urine samples were then vortexed, and 0.1M 

HCl and Mag-CNTs were added. The samples were thoroughly vortexed and were 

subjected to Mag-CNTs/d-µSPE by sonication at room temperature for the corresponding 

extraction time. After Mag-CNTs/d-µSPE, the samples were briefly centrifuged to 

acceleration the subsequent separation of Mag-CNTs with the aid of a strong neodymium 

magnet. For Mag-CNTs-COOH, after the Mag-CNTs were dried at 65°C under 

centrifugal evaporation, the ATCA retained on the Mag-CNTs was desorbed and 

derivatized with 30% (v/v) MSTFA in acetone at 50°C. After brief centrifugation, the 

Mag-CNTs were separated by a permanent magnet, and the supernatant was transferred 

to GC-MS vials fitted with glass inserts for analysis. As for Mag-CNTs-SO3H, the 

extracted ATCA was first desorbed in an elution system consisting of 78/20/2% (v/v) 

DCM/IPA/NH4OH. The eluates were then dried at 50°C under centrifugal evaporation 

and derivatized with 30% (v/v) MSTFA in hexane. The derivatized samples were then 

transferred to separate vials fitted with inserts for GC-MS analysis. 

2.4.2. Bovine blood samples. For bovine blood samples, additional protein 

precipitation was performed before Mag-CNTs/d-µSPE. Briefly, the appropriate 

concentrations of ATCA and IS were added in conical tubes and dried at 50°C with a 

nitrogen gas stream. Bovine blood was then added for reconstitution and to make known 

ATCA spiked samples. Afterward, methanol (100 µL for Mag-CNTs-COOH and 40 µL 

for Mag-CNTs-SO3H) was added and vortexed, followed by the addition of ice-cold 

acetonitrile (1 mL for Mag-CNTs-COOH and 400 µL for Mag-CNTs-SO3H) with 

vortexing, the samples were then centrifuged.
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Table 7. Extraction parameters for the two Mag-CNTs/d-µSPE methods and the SPE methods. 

 Mag-CNTs-COOH/d-µSPEa 
[25] Mag-CNTs-COOH/d-µSPE Mag-CNTs-SO3H/d-µSPE SPE 

Extraction 
Parameters 

Synthetic 
Urine 

Bovine 
Blood 

Synthetic 
Urine Bovine Blood Synthetic 

Urine Bovine Blood Bovine 
Blood 

Sample Volume 
(µL) 100 100 500 500 1000 200 500 

Amount of 0.1 
M HCl 2% (v/v)b 2% (v/v)b 5% (v/v) 5% (v/v) 5% (v/v) 2.5% (v/v) 1 mL 

Amount of 
sorbent (mg) 2 2 5 5 10 5 35 

Extraction 
Time (min) 10 10 20 20 10 20 N/A 

Elution Solvent 
5% (v/v) 

NH4OH in 
water 

5% (v/v) 
NH4OH in 

water 
N/A N/A 

DCM/IPA/ 
NH4OH 

(78/20/2) 

DCM/IPA/ 
NH4OH 
(78/20/2) 

5% (v/v) 
NH4OH 
MeOH 

Elution volume 150 µL 150 µL N/A N/A 1 mL 1 mL 1 mL 

Derivatization 
solvent 

30% (v/v) 
MSTFA in 

hexane 

30% (v/v) 
MSTFA in 

hexane 

30% (v/v) 
MSTFA in 

acetone 

30% (v/v) 
MSTFA in 

acetone 

30% (v/v) 
MSTFA in 

hexane 

30% (v/v) 
MSTFA in 

hexane 

30% (v/v) 
MSTFA in 

hexane 
Derivatization 
Volume (µL) 150 150 50 50 50 50 50 

Derivatization 
Time (min) 10 10 10 10 10 10 10 

Solvent usedc 
(µL) 152 352 25 1150 1050 1440 6100 

Note: a Mag-CNTs-COOH/d-µSPE method published by Li et al. [25], b In this method, 2% (v/v) 0.1 M formic acid was used instead 

of HCl, c The amount of solvent used did not include derivatization volume.  
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The supernatant portions were transferred to separate Eppendorf tubes, followed by the 

addition of 0.1M HCl and the Mag-CNTs. The remaining workflow of the Mag-CNTs/d-

µSPE was as described in the synthetic urine samples. For Mag-CNTs-COOH, the one-

step derivation/desorption approach was performed. For Mag-CNTs-SO3H, the multi-

stepped elution and derivatization process was performed as described in the previous 

section. 

2.5. SPE procedures. The SPE method was performed in bovine blood samples. 

In this method, appropriate concentrations of ATCA were dried with the IS (200 ng/mL) 

in conical tubes and dried at 50°C under a stream of nitrogen gas. The samples were then 

reconstituted in bovine blood with vortexing. Methanol (100 µL) was added to the blood, 

vortexed, and 1 mL of ice-cold acetonitrile was added as the samples were vortexing. The 

samples were centrifuged, and 1 mL of the supernatant layers were transferred to separate 

disposable culture tubes, and 1 mL of 0.1 M HCl was added and vortexed thoroughly. 

The samples were transferred to the Cerex Polycrom Clin II SPE columns seated on the 

SPEware System 48 Positive Pressure Processor. The samples were passed through the 

column with positive pressure and were then washed with 1 mL of 0.1 M HCl, methanol, 

and hexane. The columns were then dried with the flow of nitrogen under positive 

pressure for 5 min and were then eluted with 1 mL 5% (v/v) NH4OH in methanol. The 

eluates were dried under a nitrogen stream and derivatized with 30% (v/v) MSTFA in 

hexane. The derivatized samples were transferred to vials fitted with inserts and subjected 

to GC-MS analysis.  
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2.6. Method performance. The optimized methods were evaluated following the 

ANSI/ASB standard for method validation in forensic toxicology [39]. The limit of 

detection (LOD) and limit of quantification (LOQ) were determined by calculating the 

signal-to-noise (S/N) ratio of samples with descending concentrations. The 

concentrations with a minimum S/N value of 3 and 10 were selected as the LOD and 

LOQ, respectively. The LOQ concentration was used as the lowest calibrator 

concentration. Once established, the LOD and LOQ were analyzed in triplicates over 

three separate runs. The calibration models were evaluated over five runs for both 

methods. Linearity was obtained using the least square model with an acceptable 

coefficient of determination (R2) value of > 0.99.  

The bias (percentage, %) and precision (percent coefficient of variance, %CV) of 

the method between runs were determined using QC samples at low, medium, and high 

concentrations (30, 500, and 800 ng/mL for synthetic urine, 180, 500, and 800 ng/mL for 

bovine blood) in triplicates over five runs. Additional within-run precision was also 

evaluated based on the same QC samples. Bias and precision were considered acceptable 

within ±20%. Carryover was assessed over three runs by analyzing extracted blank 

samples in triplicates immediately after testing the highest concentration calibrator. 

Carryover was deemed to be negligible when the S/N ratio of the analyte was below 

LOD.  

Interference from 34 common drugs of abuse was evaluated in both matrices by 

spiking the drug mixes to low concentration QC samples to yield a 200 ng/mL 

concentration. The list of common drugs of abuse is showed in Table 8. Endogenous 

matrix interference from the bovine blood samples was evaluated by extracting ten 
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different sources of bovine blood spiked with low concentration QC levels. These results 

were dimmed negligible with the % bias fell within ±20%. Interference between ATCA 

and IS was also evaluated by extracting blank matrices only with the addition of the IS 

and extracting a high concentration QC sample without the addition of the IS. The effect 

was considered negligible if the ATCA or the IS peaks were below the LOD value with 

the absence of the other molecule. Extraction efficiency was not a requirement in the 

validation parameters, but it was determined for comparison purposes. It was determined 

by the percentage of the experimental value divided by the expected value. A fit-for-

purpose validation for the SPE workflow was performed for comparison purposes. The 

LOD and LOQ values were determined based on the same criteria as described above. 

The calibration model was evaluated at 25, 50, 100, 200, 400, 800, and 1000 ng/mL over 

three runs alongside the bias and precision studies at low (75 ng/mL), medium (500 

ng/mL), and high concentrations (800 ng/mL). Extraction efficiency was also evaluated.  

2.7. Gas chromatography-mass spectrometry. Instrumental analysis was 

performed using the Agilent GC-MS system that consists of a 7890A series gas 

chromatograph, a 5975C series mass spectrometer, and a 7683B series auto-sampler 

(Agilent, Santa Clara, CA). Chromatographic separation was achieved with a DB-5 

bonded phase column (30 m x 0.25 mm x 0.25 µm, Agilent, Santa Clara, CA) with 

helium as a carrier gas at a flow rate of 1 mL/min. The mass-selective detector was 

programmed under selected ion monitoring (SIM) mode for the detection of ATCA – 

(TMS)3 (245, 347, 362 m/z) and ATCA – 13C, 15N – (TMS)3 (248, 350, 365 m/z). The 

other GC-MS parameters can be found in a previous report [25]. 
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Table 8. 34 common drugs of abuse used in drug interference study. 

Basic Drug Barbiturates Cannabinoids Neutral 
Drugs 

Endogenous 
Compounds 

Alprazolam 
Amitriptyline 

Caffeine 
Cocaine 
Codeine 
Cotinine 

Cyclobenzaprine 
Dextromethorphan 

Diazepam 
Diphenhydramine 

Hydrocodone 
Ketamine 

Methadone 
Morphine 
Nicotine 

Nordiazepam 
Oxazepam 
Oxycodone 

Phencyclidine 
Propoxyphene 

Tramadol 
Zolpidem 

Lorazepam 

Phenobarbital 
Butalbital 

Secobarbital 
Amobarbital 
Pentobarbital 

Δ9-tetrahydrocannabinol 
Tetrahydrocannabinolic acid 

Carbamazepine 
Carisoprodol 
Meprobamate 

β-Hydroxybutyric acid 
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3. Results 

3.1. Performance of the optimized Mag-CNTs/d-µSPE method. The optimized 

Mag-CNTs/d-µSPE methods were evaluated according to the ANSI/ASB guidelines [39], 

and the extraction performances for each method are summarized in Table 9. When 

comparing the two Mag-CNTs/d-µSPE methods, the major difference between the 

extraction performances was that Mag-CNTs-COOH/d-µSPE followed a non-weighted 

simple linear regression for the calibration model while Mag-CNTs-SO3H/d-µSPE 

followed a quadratic model. The LOD and LOQ values for both methods were 

determined to be 5 and 10 ng/mL for synthetic urine and 10 and 60 ng/mL for bovine 

blood, respectively. The working ranges for the respective matrices were established at 

10 – 1000 ng/mL and 60 – 1000 ng/mL, with the coefficient of determination (R2) values 

all greater than 0.998. The mean percent bias (% bias) and the between-run and within-

run precision (%CV) were determined at low, medium, and high concentrations and are 

reported in Table 10. The % bias values were within the acceptable ±20% range, and the 

%CV of the between- and within-run precision were lower than 20% as per the 

ANSI/ASB guidelines. The extraction efficiency was all above 91%. 
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Table 9. Extraction performance of the two Mag-CNTs/d-µSPE methods and the SPE methods.  

Note: a Data was obtained from Li et al. [25]. 
 

  

 Mag-CNTs-COOH/d-µSPE 
(multi-stepped)a 

Mag-CNTs-COOH/d-µSPE 
(one-step) Mag-CNTs-SO3H/d-µSPE SPE 

Performance Synthetic 
Urine Bovine Blood Synthetic 

Urine Bovine Blood Synthetic 
Urine Bovine Blood Bovine Blood 

LOD (ng/mL) 15 25 5 10 5 10 1 
LOQ (ng/mL) 30 30 10 60 10 60 25 

Level of 
Calibrators 7 6 7 6 7 6 7 

Regression 
Model 

Non-weighted 
linear 

Non-weighted 
linear 

Non-weighted 
linear 

Non-weighted 
linear Quadratic Quadratic Non-weighted 

linear 
R2 value 0.9985 0.9919 0.9982 0.9983 0.9982 0.9982 0.9980 

Linear range 30 – 1000 30 – 1000 10 – 1000 60 – 1000 10 – 1000 60 – 1000 25 – 1000 
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Table 10. Extraction Performance of the SPE and two Mag-CNTs/d-µSPE methods.  

Note: For the two Mag-CNTs/d-µSPE methods, the mean bias (%), and the between-run and within-run precision (%CV), and 

extraction efficiency (%) of the QC samples were determined at low (30 ng/mL for synthetic urine, 180 ng/mL for bovine blood), 

medium (500 ng/mL), and high concentration (800 ng/mL) of synthetic urine and bovine blood samples over five separate sets (n=3). 

For SPE method, the parameters were determined at low (75 ng/mL), medium (500 ng/mL), and high (800 ng/mL) concentration in 

bovine blood samples over three sets (n=3).

Methods Matrices QC 
Samples 

Mean Bias (%, 
n=15; n=9 for 

SPE) 

Between-Run 
Precision (%CV, n=15; 

n=9 for SPE) 

Max Within-Run 
Precision (%CV, 

n=3) 

Extraction Efficiency 
(%, n=15; n=9 for 

SPE) 

M
ag

-C
N

T
s-

C
O

O
H

/d
-µ

SP
E

 

Synthetic 
Urine 

Low -8.3 10.6 12.7 91.7 
Medium 3.1 4.6 4.2 103.1 

High 1.7 2.6 3.5 101.7 

Bovine 
Blood 

Low 3.7 3.3 4.2 103.7 
Medium 1.8 6.3 9.4 101.8 

High 0.7 3.0 5.5 100.7 

M
ag

-C
N

T
s-

SO
3H

/d
-µ

SP
E

 

Synthetic 
Urine 

Low -8.6 9.2 7.4 91.4 
Medium -4.6 7.5 7.8 95.4 

High -2.6 10.2 10.4 97.4 

Bovine 
Blood 

Low 2.6 8.0 16.5 102.6 
Medium 3.0 8.3 10.3 103.0 

High 2.1 10.4 9.2 102.1 

SP
E

 

Bovine 
Blood 

Low -5.9 3.1 4.3 94.1 
Medium 5.2 7.7 9.4 105.2 

High 0.9 3.0 5.4 100.9 



188 
 

 

Endogenous interference from the bovine blood was evaluated from ten different 

bovine blood samples, and the % bias results fell within the required ±20% range. The 

interference from 34 common drugs of abuse was considered negligible based on the 

acceptable % bias of ±20% when the drug mixes were spiked at low concentration QC 

samples. The interference between ATCA and its stable isotopic IS was also determined 

to be insignificant. No peaks of ATCA higher than the LOD value were detected when 

blank samples were extracted only with the IS. Similar results for IS peaks were obtained 

when extracting at a high concentration QC sample without the addition of the IS.  

3.2. Performance of the SPE method. The calibration model, the LOD and LOQ 

values, and the bias and precision study were conducted in bovine blood samples only for 

the SPE method. Seven non-zero calibrators were involved in constructing the calibration 

model with a non-weighted simple linear regression with an average R2 value of 0.998. 

The LOD and LOQ values were 1 and 25 ng/mL, respectively, and the working range of 

25 – 1000 ng/mL was established for the SPE method. The bias, precision, and extraction 

efficiency studies were conducted at low, medium, and high concentrations (three sets, 

n=3 each), and the results are shown in Table 10. The % bias was within the ±20% range, 

and the within-run and between-run %CV were less than 20%.  

4. Discussion 

In 2019, the National Academies of Sciences, Engineering, Medicine published a 

research agenda calling for the transformation and advancement of separation science 

[40]. The proposal urged for increased scientific research addressing gaps and challenges 

in selectivity, capacity, and throughput of separation methods. The research and 

development of using Mag-CNTs/d-µSPE for ATCA extraction closely reflected the 
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proposed agenda. The extraction of ATCA from biological matrices has gradually 

advanced from conventional SPE and LLE methods to more selective techniques. With 

the use of LC-MS/MS, Jackson et al. proposed a highly selective molecularly imprinted 

polymer stir bar sorption extraction (MISBSE) method for ATCA extraction [41]. 

Giebułtowicz et al. compared the performance of different MIPs to a commercially 

available d-µSPE sorbent [42]. Satisfactory recoveries and sensitivities were obtained 

from the commercially available d-µSPE sorbent and in some MIPs. And with the rapid 

advancement in ambient ionization technique, ATCA was detected almost in real-time 

from sample collection to analysis with minimal sample preparation and consumption 

[43]. However, the limited access to tandem mass spectrometry instrumentation due to 

the high cost might restrict the applications of these methods to most regional forensic 

laboratories. In this current study, two new Mag-CNTs/d-µSPE methods were proposed 

to be alternative sample preparation methods for ATCA analysis using the GC-MS 

platform. The methods were developed, optimized, and validated based on two surface-

functionalized Mag-CNTs: Mag-CNTs-COOH and Mag-CNTs-SO3H. An SPE method 

was also developed, and a fit-for-purpose validation was conducted to compare the 

performance against the Mag-CNTs/d-µSPE methods. 

4.1. Assay efficiency. The development of the Mag-CNTs-COOH/d-µSPE 

method in this study aimed to enhance the overall throughput and efficiency of the 

previously published method [25] by testing the possibility of performing derivatization 

and desorption in a single step. The choice of desorption solvent was critical in achieving 

the one-step derivatization/desorption approach to improve the workflow's efficiency. 

Since the derivatization was performed by MSTFA, the coupling desorption solvent 



190 
 

 

cannot contain any hydroxyl, carboxyl, or amino functional groups. Otherwise, the 

desorption solvent could be preferentially derivatized due to the high abundance 

compared to the target analyte. Different solvents were tested during a preliminary study 

to determine a suitable solvent to pair with the derivatization agent. The 

desorption/derivatization system using MFTFA/acetone yielded reproducible signals with 

sufficient polarity to desorb the ATCA from Mag-CNTs-COOH and demonstrated 

suitable sensitivity. Since the desorption/derivatization process was conducted in a closed 

Eppendorf tube, no significantly high volumetric loss of the acetone/MSTFA system was 

observed when the process was conducted at 50°C, which is close to the boiling point of 

acetone (56°C) [44]. It is worth mentioning that the polarity of the coupling solvent 

played an essential role in the proposed desorption/derivatization approach. Hexane was 

previously used in the multi-stepped approach to couple with MSTFA for derivatization 

[25], and it was among the tested as possible desorption solvent. As expected, no ATCA 

and the IS above the detectable level were obtained. This result provided additional 

support to Li et al. that the significant interaction between ATCA and Mag-CNTs-COOH 

was through hydrogen bonding (Fig. 15A) [25]. This is because hexane is too non-polar 

to interrupt the interaction and desorb the charged ATCA or the IS from the Mag-CNTs. 

The one-step desorption/derivatization approach could not be successful applied to the 

Mag-CNT-SO3H/d-µSPE method with the tested solvent systems. As proposed in Ch.2, 

the major mechanism for the ATCA extraction by Mag-CNTs-SO3H is based on the ionic 

interactions between the –SO3- groups on the Mag-CNTs-SO3H and the charged amino 

moieties on ATCA (Fig. 15B). The charged ATCA could not be desorbed merely by the 

difference in polarity of the desorption solvents. As a result, the optimized Mag-CNTs-
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SO3H/d-µSPE method has to follow a multi-stepped extraction approach similar to the 

one previously published using Mag-CNTs-COOH by Li et al. [25].   

 

 

Fig. 15. Proposed extraction mechanism Note: A) Proposed hydrogen bonding between 

ATCA and Mag-CNTs-COOH under acidic condition. B) Proposed ionic interactions 

between ATCA and Mag-CNTs-SO3H under acidic condition. The surface of the Mag-

CNTs was shown on the bottom with functional groups. 

The optimized Mag-CNTs-COOH/d-µSPE eliminated the elution step required 

before derivatization. This “shortcut” improved the efficiency of the Mag-CNTs/d-µSPE 

process and reduced solvent consumption and waste simultaneously. In the previously 

published multi-step approach with Mag-CNTs-COOH, 5% (v/v) NH4OH in DI water 

was used to first desorb the ATCA from Mag-CNTs, followed by derivatization. Besides, 

to prevent potential ring-opening of ATCA under heat and basic conditions [45,46], the 

desorbed extracts were evaporated at a relatively low temperature (65°C) with centrifugal 

evaporation before derivatization. The high boiling point of DI water required an average 

of 120 min of evaporation time for the 150 µL desorbed extracts due to the relatively 

A B 
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low-temperature setting. To improve efficiency in the multi-stepped desorption approach, 

an organic solvent system consisting of DCM/IPA/NH4OH was used in the Mag-CNTs-

SO3H/d-µSPE method to reduce evaporation time to about 25 – 30 min for both matrices. 

As for the advanced Mag-CNTs-COOH/d-µSPE, the evaporation time was also 

significantly reduced. It took approximately 30 min in bovine blood samples and 50 min 

in synthetic urine samples to dry the Mag-CNTs-COOH. The main reason for such 

drastic reduction was that most supernatants were removed from the Mag-CNTs before 

the derivatization/desorption step. The evaporation is especially efficient in bovine blood 

samples because the supernatant portion mainly consists of organic solvent (acetonitrile) 

from the protein precipitation steps. It has a lower boiling point than synthetic urine, 

which consists primarily of water. The combination of derivatization and desorption steps 

eliminates the need for additional elution solvents and shortens the time required for 

solvent evaporation in a multi-stepped extraction process. Although a slightly higher 

amount of Mag-CNTs-COOH and extraction time were needed in the one-step 

derivatization/desorption approach compared to the previously published procedure, the 

new approach provided an improved extraction efficiency.  

However, since the Mag-CNTs/d-µSPE processes were not automated, efforts had 

to be invested in ensuring well dispersion of the Mag-CNTs in all extraction, desorption, 

and derivatization steps. Taken a sample size of thirty as an example, each dispersion 

process for the Mag-CNTs takes 25 – 30 min in addition to the extraction or desorption 

time. This might show why conventional SPE methods are preferred and widely applied 

in forensic laboratories. With the aid of the automated SPE platform, the extraction time 

from loading samples to the columns to elute the analytes was under 30 min with the 
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same sample size of thirty. Although the use of solvents in the SPE method was at least 

four times higher than the two other blood methods using Mag-CNTs (Table 7), the high 

throughput of sample extraction might offset the drawbacks regarding the high solvent 

consumption and waste handling in a lot of forensic laboratories. 

4.2. Assay sensitivity. Another objective of our study was to determine if the one-

step derivatization/desorption approach and surface modification of the Mag-CNTs could 

enhance the detection limits of the overall assays. In the two proposed Mag-CNTs/d-

µSPE methods, the end derivatization volume was reduced to 50 µL to improve the pre-

concentration factor. The pre-concentration factor is the analyte’s concentration ratio in 

the initial solution to the final extract that is ready to be analyzed. Among factors 

affecting the pre-concentration, initial sample volume and the final extract volume are the 

most critical parameters to consider since the assay's sensitivity will be directly impacted. 

The higher the folds of difference between the initial and final extract volume, the higher 

the pre-concentration factor. Different sample and derivatization volumes were among 

the optimized extraction parameters in the preliminary study, and the sensitivity was 

significantly improved with the final derivatization volume of 50 µL (Table 9). Both the 

one-step derivatization/desorption approach using Mag-CNTs-COOH and Mag-CNTs-

SO3H/d-µSPE method greatly enhanced the sensitivity for ATCA analysis. The LOD and 

LOQ values for synthetic urine samples improved from 15 and 30 ng/mL in the multi-

step approach [25] to 5 and 10 ng/mL, respectively. As for the bovine blood samples, 

only the LOD value was improved from 25 ng/mL to 10 ng/mL, and a slightly higher 

LOQ value (60 ng/mL) was obtained when compared to the 30 ng/mL in the previously 

published method. It is interesting to note that the LOD and LOQ values of the Mag-
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CNTs-SO3H/d-µSPE method were identical to the Mag-CNTs-COOH/d-µSPE method 

despite the differences in some optimized extraction parameters (Table 7). At first glance, 

it is believed that the equivalent sensitivity might be due to instrumental limitation from 

the GC-MS; however, much lower LOD and LOQ values were obtained after the 

sensitivity of the SPE method was tested (Table 9). Upon closer examination of the 

extraction parameters, it was worth noticing that the sorbent to extraction volume ratios 

in the Mag-CNTs/d-µSPE methods (0.5 – 1.25%) were much lower than that in the SPE 

method (3.5%). In this study, the highest amount of Mag-CNTs tested during 

optimization was 10 mg. The optimization results showed no significant difference to that 

conducted with 5 mg of Mag-CNTs. It is possible that the sensitivity of the Mag-CNTs/d-

µSPE methods could further be enhanced when performed at a higher sorbent to 

extraction volume ratio similar to the SPE method. A higher amount of Mag-CNTs was 

not tested due to cost-efficiency and the established sensitivity for ATCA can be justified 

for forensic postmortem toxicology analysis. 

It is most ideal for developing assays to cover the analyte’s concentration range 

when applied to authentic samples. From previously published studies, the endogenous 

ATCA level in human urine (non-smokers) and blood samples ranged from 38 – 251 

ng/mL and 55 – 213 ng/mL, respectively [28,30,47]. Elevated ATCA concentration, 

ranging from 790 – 2070 ng/mL, was found in the blood samples of cyanide-intoxicated 

victims [27,30,38]. No ATCA concentration associated with cyanide-intoxicated in urine 

samples were published, but an elevated ATCA concentration (234 – 935 ng/mL) was 

found in people consuming a high cyanide-exposure diet [30,45]. The SPE method 

developed in this comparison study provided accurate and precise detection and 
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quantification of ATCA at the endogenous and slightly elevated level. As for the 

proposed Mag-CNTs/d-µSPE assays, the working concentration range of ATCA for 

synthetic urine (10 – 1000 ng/mL) covers both the endogenous and elevated levels of 

ATCA. The improved approach for analyzing blood samples (60 – 1000 ng/mL) might 

not provide accurate and precise quantification at the lower end of the endogenous ATCA 

level; however, the limit of detection of 10 ng/mL is sufficient for the detection of 

endogenous ATCA to avoid false-negative scenarios. As for elevated concentrations 

above the upper limit of the calibration model, samples could be diluted within the 

calibration range for accurate quantification.  

The optimized one-step derivatization/desorption method using Mag-CNTs-

COOH and the Mag-CNTs-SO3H/d-µSPE method were evaluated according to the 

ANSI/ASB guidelines. The analytical performances of the Mag-CNTs/d-µSPE/GC-MS 

methods for ATCA analysis showed excellent accuracy, precision, extraction efficiency, 

and sensitivity. For the interference study, the effects from the IS, 34 other common 

drugs of abuse, and different sources of bovine blood matrix were insignificant. Synthetic 

urine samples were used in the optimization and validation studies because endogenous 

ATCA is present in human urine and blood sample and can vary based on smoking habits 

and dietary consumption [28,30,47]. The endogenous ATCA might significantly affect 

the determination of LOD, LOQ, and potential interference with the bias and precision of 

the assay. Thus, human urine was not considered to be a suitable matrix in this study. 

And since the variations in enzyme and protein levels are accounted for in synthetic 

urine, different sources of matrix interference were not examined. The fit-for-purpose 

validation for the SPE method also demonstrated good precision, accuracy, sensitivity, 
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and extraction efficiency on the limited tested parameters. These successful results from 

the SPE method provide an easier-to-adapt tool for forensic laboratories to establish 

ATCA analysis as potential routine testing for cyanide intoxication in post-mortem blood 

samples.  

Regarding ATCA studies from post-mortem forensic samples, one research team 

has reported an elevated ATCA concentration in confirmed cyanide poisoned victims 

[27,38,48]. The majority of the post-mortem ATCA analyses focused on measuring 

endogenous ATCA levels in autopsy blood samples collected from non-cyanide-related 

cases and fire victims. These data confirmed an elevated ATCA concentration could be 

detected from the autopsy blood due to the potential exposure of cyanide produced in fire 

scenes [27,43,48]. The promising results of the Mag-CNTs/d-µSPE/GC-MS assays in 

synthetic urine and bovine blood samples could encourage inter-agency research to 

accelerate the groundwork for the use of ATCA as forensic evidence in death 

investigation related to cyanide exposure. In addition, the development of Mag-CNTs-

SO3H/d-µSPE further expanded the application of Mag-CNTs/d-µSPE to facilitate ionic 

extraction in forensic toxicology analysis. Method development and validation for the 

ionic extraction of common basic controlled substances using Mag-CNTs-SO3H/d-µSPE 

are underway when this article is prepared.  

5. Conclusions 

The one-step derivatization/desorption approach of the Mag-CNTs-COOH/d-

µSPE significantly decreased the solvent requirement, waste, and overall extraction time 

from the previous multi-step procedure. A higher sensitivity was also obtained through 

the one-step derivatization/desorption workflow. The Mag-CNTs-SO3H/d-µSPE method 
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showed comparable sensitivity and performance to the Mag-CNTs-COOH/d-µSPE and 

expanded the possibilities for ionic extraction in forensic toxicology analysis. Excellent 

robustness and repeatability were demonstrated by both Mag-CNTs/d-µSPE methods by 

fulfilling the ANSI/ASB validation requirements. The Mag-CNTs/d-µSPE methods 

coupled with GC-MS analysis have shown excellent potential as an alternative sample 

preparation technique applied to forensic toxicology and drug chemistry for polar and 

ionic analytes analysis using standard GC-MS instrumentation. The partially validated 

SPE method provided an additional tool for a higher throughput adaptation for ATCA 

analysis. ATCA has not yet been accepted as forensic evidence in medical-legal settings 

in the United States. The novel workflow reported in this work will assist accredited 

forensic laboratories in quantifying ATCA in biological samples. More inter-laboratory 

studies of measuring ATCA levels in forensic samples of urine and blood will provide 

more data to verify the use of ATCA as forensic evidence in cyanide death investigation 

when the cyanide detection window has passed. Moreover, the Mag-CNTs/d-µSPE 

methods showed great potential to extract polar or ionic metabolites from biological 

matrices. Applications of magnetic nanomaterials for in vivo and in vitro studies in 

analytical chemistry and medicinal science are expected.  
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DETERMINATION OF MORPHINE, CODEINE, THEBAINE CONCENTRATIONS 

FROM POPPY SEED TEA USING MAGNETIC CARBON NANOTUBES 

FACILITATED DISPERSIVE MICRO-SOLID PHASE EXTRACTION AND GC-MS 
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Abstract 

With tightening enforcement and restrictions amid the opioid epidemic, poppy 

seed tea is consumed as an alternative to mitigate the withdrawal symptoms or as a home 

remedy to relieve pain and stress. Previously published studies suggested the potential 

danger of consuming tea brewed with a moderate to a large amount of poppy seed. In this 

study, the effects of small quantity and repeat brewing on opiate concentrations were 

evaluated. A dispersive-micro solid phase extraction facilitated by magnetic carbon 

nanotubes (Mag-CNTs/d-µSPE) was developed, optimized, successfully validated, and 

applied to ten poppy seed tea samples using gas chromatography-mass spectrometry 

(GC-MS) analysis. A total of ten poppy seed samples were evaluated in this work. Two 

grams of bulk poppy seeds were brewed with 6 mL of heated and acidified DI water three 

times. The brewed tea samples were subjected to the validated Mag-CNTs/d-µSPE/GC-

MS analysis. The total mean opiate concentrations obtained from three brews were 1.1 – 

1926, 20.2 – 311, and 9.0 – 100 mg/kg for morphine, codeine, and thebaine, respectively. 

The total opiate yields obtained from the small quantity brewing, i.e., 6 g seed in 18 mL 

tea, in this study may provide minimal analgesic and euphoric effects. Over 80% of the 

total opiate yield was extracted in the first brew with acidified deionized water from the 

10 min brewing period, and opiate yields from the second and third brew were minimal. 

However, potential overdose could occur for some tea samples when scaled up to the 

starter quantity of seed suggested for new users. 

Keywords: Poppy seed tea, Poppy seed wash, Opiates, Magnetic carbon nanotubes, 

Dispersive micro-solid phase extraction, GC-MS 
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1. Introduction 

Since 2013, the United States has struggled with the third wave of opioid overdose 

deaths since the late 1990s, particularly from the compounding effects of prescription 

opioids and illicitly manufactured synthetic opioids, such as fentanyl. In 2017, this opioid 

crisis, also known as the “opioid epidemic,” was officially declared a public health 

emergency [1]. Nation-wide efforts have been invested in combating the epidemic, 

including monitoring, tracking, and surveilling opioid overdose cases and trends with law 

enforcement agencies, implementing public health programs for prevention and 

rehabilitation, and decreasing the recommended safety prescription daily dosage, to name 

but a few [1]. Regarding the stricter enforcement and prescription regulations, drug users 

started to turn to the internet for alternative sources for their illicit and prescription drugs 

[2–4]. One of these alternatives that caught the attention was home-brewed poppy seed tea. 

First-hand experience, recipes, and different brewing techniques and methods can be found 

ubiquitously on online forums, discussion boards, and vendor websites [5]. The 

“unwashed” or “unprocessed” poppy seed batches were even marketed as the “legal high,” 

“medicinal beverages,” or “the best home remedy” to manage pain and stress. In a study 

conducted by Braye et al. at a drug rehabilitation center, some opioid-addicted patients 

reported using home-brewed poppy seed tea as the primary source of opioids and some had 

used it to manage their withdrawal symptoms [6]. Ironically, similar to methadone, case 

studies showed that consumption of poppy seed tea could also develop dependence and 

exerts opioid-like withdrawal symptoms [5]. To make matters worse, a recent incident of 

neonatal abstinence syndrome was reported by Garcia et al., in which the mother consumed 

poppy seed tea daily over seven months of her pregnancy [7]. 
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Technically, the poppy seed does not contain any opium alkaloids and cannot 

provide any analgesic or euphoric effects. However, as the opium poppies mature, the 

natural opiates, including morphine, codeine, and thebaine, concentrate in the latex and are 

inevitably transferred onto the poppy seeds’ surface during the harvesting process [8]. Prior 

to 2019, the U.S. Department of Enforcement Administration (DEA) listed all parts of the 

natural poppy plants as Scheduled II controlled substances, except the poppy seeds [9]. In 

general, poppy seeds sold for baking or cooking are “washed” or processed vendors to 

minimize the opiates coated on the surface of the seeds [10]. Additionally, the quantity of 

seed used in food items is typically small (averagely 3 g in a poppy seed bun) [11], and 

thus, poppy seeds have long been considered safe for human consumption by the U.S. Food 

and Drug Administration (FDA) [12].  

However, it was suggested that some poppy seeds available in the market might not 

be thoroughly processed or processed at all [13]. These seeds were explicitly sold as 

“unwashed” or “unprocessed,” and the tea brewed from these seeds were marketed as 

“medicinal beverages” with soothing or pain management properties. Based on data 

obtained from the American Association of Poison Control Centers' National Poison Data 

System (NPDS) (2000–2018), U.S. Food and Drug Administration (FDA) Center for Food 

Safety and Applied Nutrition's Adverse Event Reporting System (CAERS) (2004–2018), 

and the FDA Adverse Event Reporting System (FAERS) (1968–2018), the rate of 

intentional poppy exposure increased among the age group of 13 years or older between 

the years of 2000–2018 [14]. Among the published dependence, overdose, and death cases, 

at least 19 deaths in the U.S. were associated with poppy seeds [14–20]. The majority of 

the overdoses and deaths were reported in 2016-2018 during the outbreak of the opioid 
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epidemic in the U.S., in which 94.4% were through ingestions, including the consumption 

of poppy seed tea.  

The association of poppy seeds to natural opiates is not a new concept. The 

infamous “poppy seed defense” was used in legal settings, in which the defense contributed 

the source of the opium alkaloids to the consumption of food containing poppy seeds 

[10,21,22]. In preliminary testing, morphine, codeine, and thebaine were detectable in urine 

samples collected after consuming one serving of poppy seed muffin. Still, the 

concentration was at least 50 times lower than the legal cutoff (2000 ng/mL for morphine 

and codeine) for workplace drug testing posed by the US Department of Transportation 

[23].  However, unlike the small quantity used in baked goods, recipes for poppy seed tea 

usually call for a large quantity of seeds, and some users have reported the use of up to 3 

kg of seed per day [6]. A previous study suggested that a potentially lethal level of opioids 

could be obtained by consuming unwashed poppy seed tea if a moderate amount of seeds 

was used [24]. One worth-noticing finding was that the opioid content among the tested 

samples was variable among batches from different harvest dates sold by the same vendor. 

Since the consumers have no way to know the opioid content in the seeds they purchased, 

the potential risk of overdose or death might occur even if the same quantity of seeds from 

the same vendor were used. With urges from families of victims and various agencies to 

address the issue, the DEA clarified in December 2019 that any opioid alkaloid-

contaminated poppy seeds are also considered as Schedule II controlled substances, 

making their sales illegal [25].  

The change in regulation might have deterred the public sales of unwashed poppy 

seeds; however, the black market could still be an option and the active online forums and 
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discussion boards might just provide proof of that. Regarding the restricted supply, some 

internet users suggested to “stretch the high” by brewing a smaller quantity batch of seeds 

multiple times with less water. The small quantity of poppy seed tea is either consumed as 

“shots” on its own, or it can be mixed with other substances to create an “opium cocktail.” 

This study aimed to determine the effects of batch size and repeat brews on the opiate 

contents in the poppy seed tea. Magnetic carbon nanotubes facilitated dispersive micro-

solid phase extraction (Mag-CNTs/d-µSPE) was developed, validated, and applied to 

quantify the level of opiates found in the brewed poppy seed tea samples. 

2.  Material and Methods 

2.1. Chemicals, reagents, and standards. All chemicals and reagents, except for 

those used in the magnetic carbon nanotubes (Mag-CNTs) synthesis process, were at 

least HPLC grade. Multi-walled carbon nanotubes (>90% carbon basis, 110-170 nm x < 

5-9 µm), iron (II) chloride tetrahydrate (FeCl2•4H2O), iron (III) chloride hexahydrate 

(FeCl3•6H2O), ammonium sulfate, N-methyl-N-trimethylsilyl-trifluoroacetamide 

(MSTFA) were purchased from Sigma-Aldrich (St. Louis, MO). Methanol, 

dichloromethane, isopropyl alcohol, hexanes, ammonium hydroxide (14.5 M), 

hydrochloric acid (12.1 M), sulfuric acid (18.0 M), and nitric acid (15.9 M) were 

purchased from J.T. Baker (Avantor, Allentown, PA). Deionized (DI) water was 

generated from a Merck Millipore water purification system (Burlington, MA). Certified 

reference materials of morphine, morphine-D3, codeine, codeine-D3, and thebaine (1 

mg/mL in methanol) were purchased from Cerilliant Corporation (Round Rock, TX). 

Lemon juice was obtained from fresh lemons purchased from a local grocery store. 
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2.2. Calibration and quantification. A stock solution (100,000 ng/mL) of 

morphine, codeine, and thebaine was used to prepare the working solutions of 750 and 

7500 ng/mL by dilution in methanol. The internal standard solution of morphine-D3 and 

codeine-D3 was prepared at 7500 ng/mL in methanol. These working solutions were used 

throughout the entire study and were stored under refrigeration. Calibration standards 

were prepared by pipetting appropriate working solutions with 300 ng/mL of the internal 

standards. For morphine and codeine, calibration levels were prepared at 10, 50, 100, 

200, 400, 800, and 1000 ng/mL; while calibration levels at 50, 100, 200, 400, 800, and 

1000 ng/mL was prepared for thebaine. Codeine-D3 was used as the internal standard for 

quantification of codeine, and morphine-D3 was used to quantitate both morphine and 

thebaine in the samples. Calibration curves for the opiates were plotted with the peak area 

ratio of each opiate to that of the corresponding internal standard against the different 

concentrations. The calibration curves of morphine and codeine were fitted with a non-

weighted linear regression, while that of thebaine was fitted with a quadratic regression. 

The concentrations of the opiates found in each brew were converted from ng/mL 

in the calibration curves to mg/kg (mg of opiate per kg of poppy seeds) with the appropriate 

dilution factor, the volume of water, and the weight of seeds used in the brewing process. 

The mean concentrations of each sample (in mg/kg, n=3) from the three brews were then 

summed to determine the total mean opiate concentration from repeat brews. The 

uncertainty (e total) of the total mean concentrations were determined by 

                             𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �𝜎𝜎1𝑠𝑠𝑡𝑡2 + 𝜎𝜎2𝑛𝑛𝑛𝑛2+ 𝜎𝜎3𝑟𝑟𝑛𝑛2                             (Equation 1) 

, in which σ 1st, σ 2nd, and σ 3rd are the standard deviations of the mean opiate concentrations 

(n=3) of each sample in the 1st, 2nd, and 3rd brew, respectively. Percent distribution (%) of 
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the opiates in each brew of the samples was determined by the percentage after dividing 

the yield of the individual opiate of each brew (mg) from the total mean yield of that opiate 

(mg). The uncertainty of the percent distribution in each brew of each sample (%ey) was 

determined by  

                                      %𝑒𝑒 𝑦𝑦 = �%𝑒𝑒𝑥𝑥2 + %𝑒𝑒𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡2                             (Equation 2) 

, in which %ex was the percent error of the opiate yield of each sample in each brew, and 

%etotal was the percent error of the total opiate yield from all brews. Percent error was 

calculated by the percentage of the standard deviation of the corresponding yield divided 

by the average yield.  The significant difference of opiate concentrations among three 

harvest dates from the same vendor was determined using one-way ANOVA at α = 0.05 

and two-tailed t-test at a 95% confidence interval.  

2.3. Brewing of poppy seed tea and sample preparation. In total, ten poppy 

seed samples were purchased from online sources before the 2019 DEA clarification was 

announced (Table S1). Three samples were obtained from the same vendor with different 

harvest dates to determine inter-harvest variation. The effect of the small quantity of 

seeds on the opiate content was evaluated by scaling down the recipe obtained online. For 

each sample, 2 g of poppy seeds were portioned out and placed in 10 mL glass tubes 

threaded with screw caps. Deionized water acidified with 5% (v/v) of lemon juice was 

heated to 90°C as the brewing medium. Aliquots of 6 mL of the heated, acidified solution 

were transferred to the glass tubes containing poppy seeds. The mixtures were allowed to 

sit for 10 min and were then vortexed for 1 min to mimic vigorous shaking, as suggested 

in the online recipe. The caps of the glass tubes were partially unscrewed to create a 

small opening to drain the tea portions to separate glass tubes. Then, the same seed 



214 
 

 

samples were subjected to a second and third brewing under the same procedures after 

the seeds were let cool to room temperature. Based on the opiate concentrations from the 

preliminary testing, the poppy seed tea samples were analyzed either intact or diluted 

with deionized water at ratios of 1:10, 1:20, 1:100, 1:200, 1:400, or 1:800 if the 

concentration fell outside the calibration range. All poppy seed tea samples were 

analyzed in triplicates. 

2.4. Mag-CNTs synthesis. Sulfonated magnetic carbon nanotubes (Mag-CNTs-

SO3H) were used in this study. Since only one type of magnetic carbon nanotubes was 

used in this study, it will be abbreviated as Mag-CNTs for convenience purposes. The 

procedure for the synthesis was modified based on the method previously published by Li 

et al. [26]. Briefly, the multi-walled CNTs were purified in 1:1 (v/v) concentrated nitric 

and sulfuric acid at 60°C overnight. Then the samples were washed with a large amount 

of DI water, followed by ethanol and DI water again. The washed CNTs were then dried 

in the oven at 90°C overnight. Approximately 1.1 g of the dried CNTs were added with 1 

g of ammonium sulfate to 20 mL of DI water. The suspension was well vortexed and 

heated up to 235°C for a maximum of 30 min for sulfonation. It was then allowed to cool 

to room temperature. The supernatant was discarded and the CNTs were washed again 

with DI water and ethanol and dried as previously described. About 100 mg of dried 

CNTs were added with 180 mg of FeCl2•4H2O and 350 mg of FeCl3•6H2O in 20 mL of 

DI water for the magnetization process, which was described in great by Li et al. [26].   

2.5. Mag-CNTs/d-µSPE of poppy seed tea samples. For calibration standards, 

300 ng/mL of internal standard and various volumes of the working solution at 

appropriate concentrations were first dried under streams of nitrogen at 50°C in a 



215 
 

 

TurboVap® LV Concentration Workstation (Biotage, Uppsala, Sweden) and then 

reconstituted in 750 µL of deionized water with 5% (v/v) of 0.1M HCl. For poppy seed 

tea samples that did not require dilution before analysis, 750 µL of the brewed tea 

samples (n=3) were used to reconstitute the evaporated internal standard. As for samples 

with opiates contents outside the calibration range, they were diluted at appropriate 

dilution factors with deionized water to reach a final volume of 750 µL of the diluted tea 

samples (n=3) to reconstitute the evaporated internal standard. The samples were 

vortexed, followed by sonication for 5 min to ensure thorough reconstitution. In each tea 

sample, 5% (v/v) of 0.1M HCl was added, vortexed, and transferred to microcentrifuge 

tubes containing 5 mg of Mag-CNTs. The samples were vortexed and subjected to Mag-

CNTs/d-µSPE for 20 min with sonication. After extraction, the samples were centrifuged 

briefly to accelerate separation, and the Mag-CNTs were isolated with the aid of a 

neodymium magnet, and the supernatant portions were discarded. Elution solvent (1 mL) 

of dichloromethane/isopropyl alcohol/ammonium hydroxide (78/20/2) was added to the 

Mag-CNTs, vortexed, and sonicated for 10 min for elution. After brief centrifugation, the 

Mag-CNTs were isolated with a magnet, and the supernatant portions were transferred to 

disposable conical vials for evaporation under nitrogen as described previously. The 

evaporated samples were derivatized with 50 µL of 30% (v/v) MSTFA/hexane at 50°C 

for 10 min with sonication. The derivatized samples were transferred to GC vials fitted 

with inserts and subjected to GC-MS analysis. 

2.6. GC-MS method parameters. An Agilent (Santa Clara, CA) 7890A series 

gas chromatograph coupled with a 5975C series mass spectrometer and a 7683B series 

auto-sampler was used in this study. The GC was equipped with a DB-5 bonded phase 
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column (30 m x 0.25 mm x 0.25 µm), and helium gas was used as the carrier gas at a 

flow of 1.2 mL/min. The samples (1 µL) were introduced to the injection port at 250°C 

with splitless injection. The injection port contained a Cyclosplitter liner (Restek, 

Bellefonte, PA) and septum purge gas flow was set to 3 mL/min. The GC oven was 

programmed to start at 160°C for 1 min, then raised to 280°C at 25°C/min, and then held 

for 5 min with a total run time of 10.8 min. The MS source was set to 230°C and data 

were acquired select ion monitoring (SIM) mode for codeine-TMS (m/z 178, 196, 234, 

371), codeine-D3-TMS (m/z 181, 199, 237, 374), morphine-(TMS)2 (m/z 236, 287, 401, 

429), morphine-D3-(TMS)2 (m/z 239, 290, 403, 432), and thebaine (m/z 211, 242, 296, 

311). Codeine, morphine, and thebaine eluted at 7.26, 7.53, and 7.74 min, respectively.  

2.7. Method validation. The Mag-CNTs/d-µSPE method was validated 

according to the American National Standard Institute/AAFS Standards Board 

(ANSI/ASB) Standard 036 for Method Validation in Forensic Toxicology [27]. The limit 

of detection (LOD) and limited of quantification (LOQ) were determined in triplicates at 

concentrations of which the minimum signal to noise (S/N) ratio was higher than 3 and 

10, accordingly, on three separate runs. Bias and precision study was conducted at low 

(30 ng/mL for codeine and morphine, 180 ng/mL for thebaine), medium (500 ng/mL), 

and high (800 ng/mL) concentrations from 45 replicates (n=3 at each level per analyte, 

over five separate runs) in a total of 9 different sample batches. The results are considered 

acceptable when experimental concentration falls within ±20% of the expected value for 

bias studies and less than 20% of the percent coefficient of variation (%CV) in precision 

studies. The calibration models were evaluated with seven non-zero calibrators for 

codeine and morphine, and six non-zero calibrators for thebaine over six runs. The 
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possibility of analyte carryover (n=3) was determined by injecting blank matrix extracts 

right after the highest calibrator. The carryover effect is considered negligible when the 

S/N ratios of all analytes are lower than 3. Interference between the analytes and the 

stable-isotope internal standards was evaluated by extracting a forfeited DI water sample 

at 800 ng/mL without the addition of the internal standards and a separate sample 

forfeited with the internal standard only (300 ng/mL) without the analytes. Interferences 

below the LOD value of the assay are considered insignificant. Interference from 24 

common drugs of abuse was also evaluated. These drugs (200 ng/mL) were spiked in the 

forfeited DI water samples with opiates levels corresponding to the low QC samples. The 

complete list of interference drugs is shown in Table 1 1. Interference from other drugs is 

considered negligible if the percent bias fell within ±20% of the expected value. Dilution 

integrity was determined by diluting a stock solution containing all analytes (0.1 mg/mL) 

at dilution ratios of 1:200, 1:400, 1:500, and 1:800 by serial dilutions. Extractions of the 

diluted samples were performed in triplicates, and the dilutions are acceptable if the 

results satisfy the bias and precision criteria.  
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Table 11. 24 Common drugs of abuse used in drug interference study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Basic Drug Barbiturates Cannabinoids Neutral 
Drugs 

Endogenous 
Compounds 

Alprazolam 
Caffeine 
Cocaine 
Cotinine 

Dextromethorphan 
Ketamine 

Methadone 
Nicotine 

Nordiazepam 
Oxazepam 

Propoxyphene 
Zolpidem 

Lorazepam 

Phenobarbital 
Butalbital 

Secobarbital 
Amobarbital 
Pentobarbital 

Δ9-tetrahydrocannabinol 
Tetrahydrocannabinolic acid 

Carbamazepine 
Carisoprodol 
Meprobamate 

β-Hydroxybutyric acid 
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3. Results and Discussion 

3.1. Mag-CNTs/d-µSPE performance. The optimized Mag-CNTs/d-µSPE 

method was validated according to the ANSI/ASB 036 guidelines. All parameters met the 

required criteria for sample analysis, except for one of the dilution factors evaluated for 

thebaine. The LOD and LOQ values for morphine and codeine were 2.5 and 10 ng/mL, 

respectively, and 20 and 50 ng/mL for thebaine, respectively. A non-weighed linear 

regression was obtained for morphine and codeine from 10 – 1000 ng/mL with an 

average coefficient of determination (R2) value of 0.999 for codeine and 0.998 for 

morphine. A quadratic calibration model was established for thebaine from 50 – 1000 

ng/mL with an average R2 value of 0.994. For all three analytes, results obtained from the 

bias study fell within ±20% of the expected values at all QC levels, and the %CV of 

between-run precision and maximum within-run precision was less than 20%. The data 

from the bias and precision study are summarized in Table 12 with the corresponding 

extraction efficiency at each QC level. No signal of the analytes higher than S/N = 3 was 

detected in blank matrix extracts injected right after the highest calibrator, and thus, the 

carryover effect of the assay was considered negligible. Interference between the stable-

isotopes and the analytes was insignificant, with no signals higher than the LOD values 

were detected. The percent bias results obtained from the drug interference study fell 

within the ±20% range of the expected value for all three analytes. Thus, interference 

from the common drugs of abuse was considered negligible. 
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Table 12. Overall extraction performance of the Mag-CNTs/d-µSPE.  

 QC 
Samples 

Extraction 
Efficiency 
(%, n=15) 

Mean 
Bias 
(%, 

n=15) 

Between-
Run 

Precision 
(%CV, 
n=15) 

Max Within-
Run 

Precision 
(%CV, n=3) 

Morphine 
Low 97.6 ± 12.2 -0.8 12.4 8.0 

Medium 102.0 ± 6.0 2.0 5.9 10.0 

High 101.2 ± 5.3 1.2 5.2 8.2 

Codeine 

Low 100.1 ± 12.3 0.1 12.3 19.1 

Medium 100.8 ± 4.5 0.8 4.5 8.0 

High 100.7 ± 5.2 0.7 5.2 6.3 

Thebaine 

Low 97.4 ± 9.8 -2.6 10.1 12.8 

Medium 102.1 ± 10.7 2.1 10.5 12.9 

High 99.3 ± 9.8 -0.6 9.9 16.6 
Note: Extraction efficiency (%), mean percent bias (%), and the between-run and within-

run precision (%CV) of the QC samples at low (30 ng/mL for morphine and codeine, 180 

ng/mL for thebaine), medium (500 ng/mL), and high concentration (800 ng/mL). 

From the preliminary testing results, the opiate contents of some poppy seed tea 

samples in the first brew were higher than the upper limit of the calibration models. 

Regarding the issue, a dilution integrity study was performed to evaluate the impact of 

dilution on the bias and precision of the assay, particularly at high dilution ratios. The 

dilution integrity results at ratios of 1:200, 1:400, 1:500, and 1:800 are presented in Table 

13. For morphine and codeine, dilutions did not negatively impact the bias and precision 

in sample analysis. The mean percent bias at all dilution ratios were within ±20% of the 

expected concentrations, and the %CV of the within-run precision were less than 20%. 

Similar results were obtained in the dilution integrity studies for thebaine at the 1:200, 

1:400, and 1:500 dilutions; however, results obtained in the 1:800 dilutions did not meet 
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the bias and precision requirements. Insufficient vortexing or errors associated with 

pipetting was first suspected to be some of the causes for the unsatisfactory results; 

however, dilution integrity studies for morphine and codeine were performed in the same 

triplicates, and the corresponding results were acceptable. The expected thebaine 

concentration after the 1:800 dilution was at 125 ng/mL, which falls within the 

calibration model of the analyte. The bias and precision study of the QC samples at low 

(150 ng/mL) concentration also showed acceptable results. The unsatisfied results at the 

high dilution factor were possibly caused by the relatively low polarity of thebaine [28]. 

DI water was used as the diluent in the dilution study, in which a substantial amount of 

DI water was present in the 1:800 dilution in relation to the stock solution containing 

morphine, codeine, and thebaine. The polarity of thebaine might have hindered the even 

distribution of thebaine in the serial dilution solutions and thus caused the low thebaine 

content detected in the 1:800-dilution samples. The dilution ratio of 1:800 should be 

avoided when diluting samples containing thebaine with DI water. During the analysis of 

the poppy seed tea samples, the highest dilution ratio needed for the quantification of 

thebaine was 1:100. As a result, the unsatisfactory results obtained at 1:800 in the dilution 

result did not affect the integrity of the sample analysis. Modifications on solvents used 

for dilution study might improve thebaine’s affinity in dilution and could be a possible 

investigation direction in future studies.  
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Table 13. Extraction performance of dilution studies.  

 Dilution Factors Mean Bias (%, n=3) 
Within-Run 

Precision (%CV, 
n=3) 

Morphine 

1:200 15.6 1.9 
1:400 5.5 2.6 
1:500 6.3 2.9 
1:800 -6.7 1.8 

Codeine 

1:200 11.2 3.0 
1:400 2.7 1.2 
1:500 9.8 6.3 
1:800 -6.5 0.4 

Thebaine 

1:200 0.0 8.2 
1:400 -4.0 14.5 
1:500 5.3 6.6 
1:800 -27.7* 26.7* 

Note: * indicated that parameter did not meet the criteria for dilution integrity study for 

bias ±20 % and precision <20%. Mean percent bias (%) and within precision (%CV) of 

the dilution integrity samples at 1:200 (400 ng/mL), 1:400 (250 ng/mL), 1:500 (200 

ng/mL), and 1:800 (125 ng/mL) for morphine, codeine, and thebaine. 

3.2. Poppy seed tea samples analysis. Various recipes are available online to 

brew poppy seed tea with different potencies, depending on the needs of inexperienced 

users or habitual consumers. Regardless of the experience of poppy seed tea 

consumption, one mutual aspect in the online recipes is the relatively large quantity of 

poppy seeds needed for brewing. On average, it is suggested for new users to start with 2 

– 3 oz. of bulk poppy seeds and slowly increase the amount as needed. Some habitual 

consumers have reported using on average 1 – 2 lb. of seeds in a single brew. And the 

consumption of poppy seed tea brewed by such a large amount of seed was associated 
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with numerous lethal overdoses [14,20]. Since the DEA’s clarification in 2019, 

difficulties in obtaining these opiate-contaminated poppy seeds have increased. Various 

recommendations were posted online to prolong the desired effects amid the limited 

supply. One was to brew the smaller batch of seed (~2 oz.) multiple times, and the 

smaller quantity of tea samples were either consumed as “shots” or mixed in drinks with 

other substances.  

In this study, the effects of multiple brews with a small batch of seeds on opiate 

concentrations was evaluated. A total of 10 poppy seed tea samples (n=3 in each 

brewing) were analyzed using the validated Mag-CNTs/d-µSPE method. Due to limited 

supply, the online recipe was scaled down to 2 g (~0.07 oz.) of bulk poppy seeds and was 

successively brewed using 6 mL each of heated and acidified DI water three times. The 

total mean concentrations of morphine, codeine, and thebaine in the poppy seed tea 

varied among the ten samples (Fig. 16), ranging from 1.1 – 1926, 20.2 – 311, and 9.0 – 

100 mg/kg, respectively (Table S2A). In most of the samples, the proportion of the total 

mean opiates concentrations in the poppy seed samples followed the natural abundances, 

in which morphine has the highest abundance, followed by codeine and thebaine [29]. 

However, exceptions were observed in samples 1, 4, 6, and 7. The total mean codeine 

concentrations in samples 1 and 4 were significantly higher than that of morphine, and in 

samples 6 and 7, the total mean concentrations of morphine and thebaine were 

comparable (Fig. 16). This phenomenon observed in these four samples has also been 

reported in some poppy seed samples tested by Powers et al. [24], and was contributed to 

selective breeding of the opium poppy plants. In this process, farmers or cultivators alter 

the traits by selectively breeding plants only with the desirable characteristics so that the 
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selected traits would become dominant in that particular population after generations of 

breeding. The technique has long been used in the agricultural industry to enhance yield, 

increase disease resistance, and favor certain traits in fruits, such as weight or sweetness 

[30–34]. It is reasonable to believe such practice has also been applied to cultivate opium 

poppies to increase the codeine and thebaine content due to their pharmaceutical 

applications [8, 35], and was observed in the disproportionate opiate contents found in 

these tea samples. 

 

Fig. 16. The total mean concentrations of morphine, codeine, and thebaine determined 

from three sequential brews in ten samples (n=3 in each brewing). Note: Error bars are 

expressed in uncertainty propagated from standard deviations in each brewing (formula 

was shown in Section 2.2). 

The detailed total opiate yield (mg) and the opiate yield (mg) obtained in each 

brew are included in Table S3, and the results are expressed as the percent distribution of 
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the opiates in each brew (Fig. 17). As expected, most opiates were extracted in the first 

brew, contributing an average of 90.6 ± 10.6%, 92.0 ± 1.9%, and 89.1 ± 8.4% of the total 

morphine, codeine, and thebaine yield, respectively (Fig. 17A, Table S4). One sample, in 

particular, expressed different proportions of extracted morphine in the three brews. In 

sample 1, the percentage of morphine yielded in the first brew was significantly lower 

than that in the second and third brew compared to other samples (Fig. 17). This 

phenomenon was also observed in the percent distribution of thebaine in samples 2 and 8. 

These results might be caused by the correspondingly low morphine and thebaine 

concentrations presented in each brew (Table S2B & D), leading to the skewing of the 

proportion calculations.  

 

 

A 
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Fig. 17. Percent distribution of morphine, codeine, and thebaine in the (A) 1st, (B) 2nd, 

and (C) 3rd brew for the total opiates yield. Note: Uncertainties associated with the data 

were propagated from standard deviations in each brewing (Equation 2, Section 2.2) and 

are shown in Table S3. 

B 

C 
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In this study, 2 g of seed, approximately ½ teaspoon when measured in the 

laboratory, were brewed to yield 18 mL of tea, which is slightly more than a tablespoon 

(15 mL). If the three brews combined was considered as one serving, 2 g of seeds were 

able to produce a total mean yield of 0.0 – 3.8, 0.0 – 0.6, and 0.0 – 0.2 mg morphine, 

codeine, and thebaine, respectively in 18 mL of tea samples (Table S3A). To put things 

into perspective, the results were compared to the recommended prescription dosages 

from different agencies. American Pain Society recommended the general prescribed oral 

morphine dosage to treat acute pain in opioid-naïve patients is 10 mg every 4 hours, not 

exceeding 20 mg/day [36]. The opiates yielded from such a small quantity of seeds in all 

ten samples would provide little to no analgesic effects and support the claim that poppy 

seeds are generally considered safe to consume in baked goods or food items due to the 

relatively small average quantities per serving (~3 g in a poppy bun) [11,12]. However, 

this specific analgesic dosage could easily be achieved in two unwashed poppy seed 

samples (samples 2 & 8) tested in this study if the recipe were scaled up merely three 

times with ~1.5 teaspoons of seed (6 g or ~0.2 oz.) to yield slightly more than one “shot” 

of tea. These “shots” of tea brewed from such a small quantity of seed may be capable of 

providing analgesic effects to new users who do not have opioid tolerance. It is worth 

noticing that this amount of poppy seed used (6 g) is just about one-tenth of the average 

recommended usage for new users (2 oz.) from online recipes.  

Amid the opioid epidemic, CDC amended the recommended opioid prescription 

dosage in 2016, in which 50 morphine milligram equivalent per day (MME/day) is 

considered cautionary, and any prescription dosage higher than 90 MME/day is 

considered dangerous and should be avoided or justified [37]. If the total mean morphine 
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yields from three brews were scaled up accordingly to the 2 oz. usage, six out of ten tea 

samples would exceed the recommended prescription dosage for acute pain in opiate-

naïve patients (10 mg) in the first brew. The combined morphine and codeine yields 

(converted at 1 mg codeine = 0.15 MME) in 2 oz. seed usage showed that three samples 

(samples 2, 8, 10) would exceed the 50 MME/day cautionary prescription dosage. 

Particularly in samples 2 and 8, the morphine content alone in the first brew would 

exceed the 90 MME/day dangerous dosage, yielding 105 and 109 mg, respectively. 

Regarding prolonging the analgesic and euphoric effects by repeat brewing, no samples 

in the second or third brew, if brewed with 2 oz. of seeds, would exceed the 10 mg 

morphine prescription dosage for acute pain in opiate-naïve patients. These results 

showed that with the recommended 2 oz. of poppy seeds in the repeat brewing method, 

the opiates extracted from the same batch of seeds after the initial brew were not 

sufficient to provide significant analgesic effects, let alone to prolong the euphoric effects 

as claimed on online forums.  

However, the danger of consuming poppy seed tea cannot be denied, especially 

for new users who have not built up tolerance for opiates. The CDC’s new prescription 

guidelines warned that the cautionary prescription dosage of ≥50 MME/day at least 

doubles the risks of overdosing compared to the average medical dosages for non-chronic 

pain patients (≤20 MME/day) [37]. As for dosages ≥90 MME/day are particularly 

dangerous since patients who died from an opioid overdose from 2004–2009 were 

prescribed on an average of 98 MME/day [37]. The varying opiate content found in the 

ten samples could be a life or death gamble when consuming poppy seed tea. Even 

though the sample pool in this study is small, the total mean opiate yields (if scaled to 2 
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oz. of seed) in some samples could either produce no to moderate calming and analgesic 

effects with morphine content ranging from 0.1 – 10.6 mg. It could cause potentially 

adverse reactions such as seizure, delirium, or even death (38.3 – 108 mg). It is 

particularly concerning because inter-harvest variation for opiate concentrations was also 

observed. Samples 2, 8, and 10 were purchased from the same vendor with different 

harvest dates, in which samples 2 and 8 were harvested within a week according to the 

package labels. Statistical analysis of the opiate concentrations showed that except for the 

thebaine concentrations in samples 2 and 8, all opiate concentrations were significantly 

different among the three samples. Since there is no way consumers would know the 

potency of the poppy seeds they purchased, an accidental overdose could occur even if 

same quantity of seed was used but did not expect the higher opiates contents in the 

newly purchased batch of seed. Due to the unpredictability of opiate contents and the 

potential danger of purchasing opiate-contaminated poppy seeds, the tea products are not 

recommended to be consumed by the general public, especially if a large quantity of 

seeds is used.   

The hidden danger of poppy seed tea consumption is not limited to the general 

public or new users. If the seed quantity was scaled up to the average level of habitual 

consumers (2 lb. or ~0.9 kg per brew), eight out of the ten samples would yield morphine 

content that are close to or exceed the potentially dangerous prescription dose (ranging 

from 85.8 – 1727 mg). Even the total morphine yield in samples 1 (1.1 ± 0.8 mg) and 4 

(48.1 ± 1.8 mg) did not reach the potentially dangerous level when brewed in a large 

quantity. The potential danger could come from the codeine content present in the tea. 

The total codeine concentrations in samples 1 and 4 were significantly higher than in 
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other poppy seed samples (Fig. 16).  The total codeine yields for samples 1 and 4 were 

16.7 ± 1.0 and 7.2 ± 0.3 mg and 267 ± 15.7 and 234 ± 46.8 mg when calculated using 2 

oz. and 2 lb. of seeds, respectively. If a smaller quantity of seeds were used (e.g., 2 oz.), 

the consumption of the poppy seed tea brewed from both of the samples might not 

provide significant analgesic or any adverse effects considering the low yield of 

morphine and codeine. This explains why most poppy seed tea recipes call for a 

relatively large quantity of seeds for brewing. However, when considering tea brewed 

from a larger quantity of seed (e.g., 2 lb.), the total codeine yields alone in these two 

samples could cause adverse effects to the consumers, not to mention the escalated 

danger contributed to synergistic effects with the presence of morphine in the tea [38]. 

Animal models have shown that the intensity and persistence of morphine were increased 

even with the presence of codeine below the analgesic effective dosage [39].  Even 

though the morphine content in the two samples were not as high as the other eight 

samples, the synergistic effects associated with the particularly high codeine contents 

should not be dismissed.  

4. Conclusions 

The optimized Mag-CNTs/d-µSPE method demonstrated good sensitivity, 

precision, and bias, and the extraction parameters satisfied the validation requirements. 

The results demonstrated the capability of Mag-CNTs to perform ionic extraction of 

controlled substances in the forensic setting. The validated Mag-CNTs/d-µSPE method 

was applied to ten poppy seed tea samples brewed from the same batch of small quantity 

poppy seed multiple times. With the small quantity of seeds used in this study, the yield 

of opiates may provide little to no analgesic or euphoric effects in one serving of the final 
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tea samples. The method used to brew tea was capable of extracting most of the opiates 

in the first brew, and the opiate yields in the second and third brew would not provide the 

extended analgesic or euphoric effects as claimed from online sources. However, when 

the quantity of seed used is scaled up to average usage even for new users, the risk of 

adverse effects or overdosing by consuming these tea products might be significant. In 

general, poppy seed tea is not considered safe to consume since large quantity of poppy 

seed is usually required in many online recipes. If the poppy seed sample purchased was 

contaminated with opiates or was not properly processed, an accidental overdose could 

occur even if the tea was brewed using the amount suggested for new users. 
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CHAPTER VII 

ASSESSMENT OF REUSABILITY OF MAGNETIC CARBON NANOTUBES FOR 

DISPERSIVE-MICRO SOLID PHASE EXTRACTION5 
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Abstract 

The development of greener extraction protocols that reduce the use and waste of 

hazardous chemicals can lead to a more sustainable separation process. Magnetic carbon 

nanotubes facilitated dispersive-micro solid phase extraction (Mag-CNTs/d-µSPE) is one 

of the greener extraction techniques that reduce the consumption of harmful chemicals 

and solvents during an analytical extraction process. Yet, little research focused on their 

reusability as d-µSPE in forensic applications, and majority of the published regeneration 

methods involved harmful chemicals. This study aimed to assess a wash method and a 

hydrolysis method with water and ethanol only for the regeneration of two surface-

functionalized Mag-CNTs: Mag-CNTs-COOH and Mag-CNTs-SO3H. The two Mag-

CNTs were subjected to multiple cycles of extraction and regeneration. The reusability of 

the Mag-CNTs was evaluated by their quantitative extraction performance and carryover 

of the cyanide metabolite, 2-aminothiazoline-4-carboxylic acid (ATCA). Both the wash 

and hydrolysis methods provided effective regeneration efficiency to both Mag-CNTs 

types, and no detectable carryover issue was observed with both regeneration processes. 

The average extraction efficiency ranged from 96.8 ± 3.2% to 102.7 ± 2.2% for Mag-

CNTs-COOH over five regeneration cycles and 99.3 ± 8.7% to 108.4 ± 5.6% for Mag-

CNTs-SO3H over four regeneration cycles. No significant difference was observed 

among the extraction efficiencies between two types of surface-functionalized Mag-

CNTs and among the cycles for Mag-CNTs. The results demonstrated two effective 

regeneration processes for Mag-CNTs to reduce the consumption and waste of hazardous 

chemicals associated with Mag-CNTs synthesis. 
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1. Introduction 

With increasing awareness of the negative impacts that human activities have 

been bringing to the environment, communities have made efforts at various levels 

worldwide to reverse the harm. Among the scientific communities, particular attention is 

paid to develop renewable energies, materials, and greener analytical processes [1–4]. 

Especially in the past two decades, cutting-edge, high sensitivity instrumentations were 

developed to directly detect analytes of interest even from complex biological matrices 

without the need for extensive sample preparation procedures [5–8]. These new analytical 

approaches dramatically reduce the need for potentially hazardous solvents and non-

recyclable consumables during the sample preparation process. However, due to the 

concerns regarding costs, human resources, and other limitations, these instruments might 

not be applicable to every scientific field. It is particularly true in the forensic sciences, in 

which cutting-edge instrumentations or methods might not be readily adopted due to 

complex legal concerns or accreditation guidelines. As a result, it is desirable to develop 

alternative sample preparation methods with board applicability and to provide efficient 

and reliable extraction while reducing solvent consumption and waste production.  

To reduce the waste produced in an analytical process, one of the biggest areas of 

interest is the shift of focus from the conventional solid phase extraction (SPE) and 

liquid-liquid extraction (LLE) methods to the miniaturized sample preparation 

techniques, such as the dispersive-micro solid phase extraction (d-µSPE), pipette tip 

extraction, dispersive liquid-liquid micro extraction (DLLME), to name but a few [9–15]. 

Among these micro-scale extraction processes, d-µSPE gains high tractions due to the 

limitless sorbent choices applicable for extractions [16]. Carbon-based sorbents, 
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particularly carbon nanotubes (CNTs), are among the most adopted sorbents in d-µSPE 

due to their capability for physical and chemical modifications, such as magnetization 

and surface functionalization to attach different functional groups. Their uses in d-µSPE 

greatly enhance the versatility for applications across the fields and facilitate high 

extraction efficiency with the ease of removing the sorbent from the matrices [12,17–20]. 

Nonetheless, the process of synthesizing or surface functionalization the CNTs usually 

involves lengthy procedures with hazardous chemicals. Despite numerous efficient d-

µSPE methods that have been developed to isolate targets of interest using CNTs and 

their derivatives, little to no research has investigated their reusability as d-µSPE sorbents 

in forensic applications, and majority of the published methods involved the use of strong 

acids or bases to regenerate the used CNTs [21–23].  

This research aimed to develop regeneration processes to reduce the use of 

hazardous chemicals and to evaluate their effectiveness and reusability of magnetic CNTs 

(Mag-CNTs) as d-µSPE sorbents in forensic applications. In this study, two different 

methods for the regeneration of Mag-CNTs were evaluated only using water and ethanol. 

The possibility of analytes carryover was determined to assess the efficiency of the 

regeneration processes and the reusability of the Mag-CNTs. Two Mag-CNTs facilitated 

d-µSPE (Mag-CNTs/d-µSPE) methods were developed to extract a cyanide metabolite, 

4-aminothiazoline-4-carboxylic acid (ATCA), from biological matrices using two 

different functionalized Mag-CNTs: carboxyl Mag-CNTs (Mag-CNTs-COOH) and 

sulfonyl Mag-CNTs (Mag-CNTs-SO3H). The successful regeneration of Mag-CNTs can 

significantly reduce the usage and waste of hazardous chemicals and the need to 
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synthesize new Mag-CNTs and provide a breakthrough for a more cost-effective and 

efficient platform across various analytical chemistry fields. 

2. Material and Methods 

2.1. Chemicals and reagents. Except for the solvents used in the regeneration 

and synthesis processes, all solvents used in the Mag-CNTs/d-µSPE procedures were at 

least HPLC grade and purchased from J.T. Baker (Avantor, Allentown, PA) and Fisher 

Scientific (Hampton, NH) unless noted otherwise. Multi-walled CNTs (110 – 170 nm in 

diameter, 5 – 9 µm in length), ammonium sulfate, iron (II) chloride tetrahydrate 

(FeCl2•4H2O), and N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) were 

purchased from Sigma-Aldrich (St. Louis, MO). Iron (III) chloride hexahydrate 

(FeCl3•6H2O) and concentrated ammonium hydroxide were obtained from VWR 

Chemicals BDH (Radnor, PA). ATCA was purchased from Chem-Impex International 

(Wood Dale, IL), while the isotopic internal standard (ATCA – 13C, 15N) was obtained 

from Toronto Research Chemical, Inc. (North York, Canada). Concentrated sulfuric acid 

was obtained from Macron Chemicals (Hampton, NH). Preservative-free synthetic urine 

(Surine®) was purchased from Cerilliant (Round Rock, TX). Deionized (DI) water was 

generated from a Merck Millipore water purification system (Burlington, MA).  

2.2. Mag-CNTs synthesis. The reusability of the two surface-functionalized 

Mag-CNTs, i.e., Mag-CNTs-COOH and Mag-CNTs-SO3H, was assessed in this study. 

The synthesis method for Mag-CNTs-COOH was adopted from Li et al. with slight 

modification [24], in which the CNTs were purified in 1:1 (v/v) concentrated sulfuric 

acid and nitric acid. The rest of the procedures remained unchanged. As for Mag-CNTs-

SO3H, the method was developed from combined modifications from Xu et al. and Li et 
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al. [24,25]. Briefly, the CNTs were purified by the concentrated acids, washed, and dried 

as described in Li et al. to produce CNTs-COOH [24]. Around 1.1 g of CNTs-COOH and 

1 g of ammonium sulfate in 20 mL of DI water were then heated up to 235°C for 30 min 

maximum to synthesize CNTs-SO3H. The resulting solution was let return to room 

temperature, and the CNTs-SO3H were rinsed with DI water and ethanol and dried as 

described before. After drying, 100 mg of CNTs-SO3H, 180 mg of FeCl2•4H2O, and 350 

mg of FeCl3•6H2O were added in 20 mL of DI water. The mixture was sonicated at 50°C 

for even dispersion, then 2 mL of concentrated ammonium hydroxide were added slowly 

(pH were maintained at 10 – 11), and the temperature was raised to 80°C after addition. 

The reaction was held for at least 30 min. The resulting Mag-CNTs-SO3H were rinsed 

and dried as previously described.  

2.3. Regeneration procedures. Two methods of regeneration for the Mag-CNTs 

were tested: simple-wash and hydrolysis method. The methods were applied to both the 

Mag-CNTs-COOH and Mag-CNTs-SO3H. After the initial Mag-CNTs/d-µSPE was 

performed, each type of Mag-CNTs was collected, pooled, and transferred to the 

respective vials for regeneration processes. The simple-wash method involved washing 

the used Mag-CNTs with a copious amount of DI water, followed by ethanol and then 

with DI water again. The washed Mag-CNTs were dried under centrifugal evaporation at 

100°C for 6 h. For the hydrolysis method, after the Mag-CNTs were washed thoroughly 

as described in the simple-wash process, they were hydrolyzed in DI water at 220°C 

overnight, and the resulting Mag-CNTs were cleaned with the simple-wash method again 

and dried under the same conditions. 
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2.4. Characterization of Mag-CNTs. The non-magnetized, newly synthesized 

Mag-CNTs and the regenerated Mag-CNTs were characterized using scanning electron 

microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) analyses using a 

Hitachi SU3500 scanning electron microscope (Chiyoda City, Tokyo, Japan) coupled 

with a Bruker XFlash 6 | 30 detector (Billerica, MA). The samples were sputter-coated 

with gold before analysis, and any changes to the surface morphology and elemental 

composition were documented. 

2.5. Cleaning efficiency. The efficiency of the cleaning procedures was 

determined by assessing the potential carryover of ATCA remained on the Mag-CNTs. 

Mag-CNTs-COOH and Mag-CNTs-SO3H used in this assessment were separate sets of 

replicates from the groups used in determining reusability, but they were all synthesized 

in the same batch. Mag-CNTs/d-µSPE procedures were performed using the Mag-CNTs 

(n=3 for each cleaning procedure and each Mag-CNTs type) and were then subjected to 

the simple-wash and hydrolysis procedures separately. The cleaned and dried Mag-

CNTs-COOH (5 mg/replicate, n=3 for each cleaning method) and Mag-CNTs-SO3H (10 

mg/replicate, n=3 for each cleaning method) were then directly subjected to the 

desorption and derivatization procedures as described in the “Mag-CNTs/d-µSPE 

procedures” section for each Mag-CNTs type. The cleaning efficiency, or the potential 

carryover of ATCA, of the methods was determined by evaluating the signal-to-noise 

ratio (S/N) in the final derivatized products with the build-in Signal-to-Noise function in 

the ChemStation software (Agilent, Santa Clara, CA). The cleaning method that provided 

a lower S/N was used in the regeneration processes for determining the reusability of the 

Mag-CNTs. 
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2.6. Calibration and quantification. A stock solution of 100,000 ng/mL of 

ATCA was used to produce four working solutions at concentrations of 500 and 5000 

ng/mL for Mag-CNTs-COOH/d-µSPE, and at 1000 and 10,000 ng/mL for Mag-CNTs-

SO3H/d-µSPE. These working solutions were used throughout the entire study. 

Calibration levels at 10, 50, 100, 400, 800, 1000 ng/mL were prepared with the working 

solutions with the internal standard (ATCA – 13C, 15N) concentration of 250 ng/mL and 

62.5 ng/mL for Mag-CNTs-COOH/d-µSPE and Mag-CNTs-SO3H/d-µSPE, respectively. 

The calibration curves were constructed with the ratio of the response of ATCA to that of 

the internal standard against the calibration concentrations of ATCA. The calibration 

curves of Mag-CNTs-COOH/d-µSPE were fitted with a non-weighted linear regression, 

while that of Mag-CNTs-SO3H/d-µSPE were fitted with a quadratic regression. At each 

cycle, the extraction efficiency was determined by obtaining the percentage after dividing 

the concentration of ATCA by the expected value. One-way ANOVA tests at α = 0.05 

were performed to determine if a significant difference was obtained among the 

regeneration cycles of each type of Mag-CNTs. A two-tailed t-test at 95% confident 

interval was used to evaluate if a significant difference was present between the overall 

average extraction efficiency.  

2.7. Mag-CNTs/d-µSPE procedures. Mag-CNTs/d-µSPE methods respective to 

Mag-CNTs-COOH and Mag-CNTs-SO3H were applied to extract ATCA from synthetic 

urine samples during the initial extraction and after each cycle of Mag-CNTs 

regeneration. The Mag-CNTs-COOH/d-µSPE and Mag-CNTs-SO3H/d-µSPE method 

was adopted from Li et al. with modifications [24]. For Mag-CNTs-COOH/d-µSPE, the 

extraction in each cycle was performed in replicates of five (n=5), in which 800 ng/mL of 
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ATCA and 250 ng/mL of ATCA–13C, 15N were added to the Eppendorf tubes, vortexed, 

and dried at 65°C. Afterward, 500 µL of synthetic urine and 5% (v/v) 0.1 M HCl were 

added to the tubes and vortexed. 5 mg of Mag-CNTs-COOH were added to the matrix, 

vortexed, and sonicated for 20 min to perform Mag-CNTs-COOH/d-µSPE. The samples 

were then centrifuged briefly to accelerate separation, and then the Mag-CNTs-COOH 

were isolated with the aid of a permanent magnet, and the supernatant was discarded. The 

Mag-CNTs-COOH were dried at 65°C with centrifugal evaporation. Afterward, the target 

analytes were desorbed and derivatized in a single step using 50 µL of 30% (v/v) MSTFA 

in acetone. The derivatized products were transferred to vials fitted with inserts for GC-

MS analysis. 

The Mag-CNTs-SO3H/d-µSPE procedures differed in some optimized extraction 

parameters, and desorption and derivatization steps were performed separately. Namely, 

for pre-extraction samples (n=5), 800 ng/mL of ATCA were dried with an internal 

standard concentration of 62.5 ng/mL. A sample volume of 1000 µL was used to 

reconstitute the dried standards with 5% (v/v) 0.1 M HCl, and they were then thoroughly 

vortexed. A quantity of 10 mg of Mag-CNTs-SO3H was added in each sample, vortexed 

and then sonicated for 10 min to facilitate Mag-CNTs-SO3H/d-µSPE. The samples were 

briefly centrifuged, and the Mag-CNTs-SO3H were separated with the aid of the 

permanent magnet, and the supernatant was discarded. The desorption was performed by 

adding 1 mL of 5% (v/v) NH4OH in methanol to the Mag-CNTs-SO3H. The samples 

were vortexed, sonicated for 10 min, and centrifuged. The supernatant was separated 

from the Mag-CNTs-SO3H with the aid of the permanent magnet and transferred to a 

separate Eppendorf tube for drying under centrifugal evaporation at 65°C. The dried 
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samples were derivatized with 50 µL of 30% (v/v) MSTFA in hexane at 50°C for 10 min 

with sonication. The derivatized products were then subjected to GC-MS analysis.  

2.8. GC-MS method. The GC-MS method used in this study was previously 

published by Li et al. [24]. Briefly, an Agilent 7890A series of gas chromatography 

coupled with a 5975 series mass spectrometry and a 7683B series auto-sampler was 

employed throughout this work (Agilent, Santa Clara, CA). The GC system was equipped 

with a DB-5 bonded phase column (30 m x 0.25 mm x 0.25 µm), and helium gas was 

used as the carrier gas at a flow rate of 1 mL/min with a total flow of 54 mL/min. 

Samples (1 µL) were set to be injected into the injection port held at 290°C with a septum 

purge flow of 3 mL/min at a split ratio of 10:1. The mass analyzer was performed under 

select ion monitoring (SIM) mode for detecting ATCA – (TMS)3 (m/z 245, 347, and 362) 

and ATCA – 13C, 15N – (TMS)3 (m/z 248, 350, 365).  

3. Results and Discussion 

3.1. Characterization of the Mag-CNTs. SEM-EDX analysis was performed to 

the regenerated Mag-CNTs and the SEM micrographs are shown in Fig. 18. After the 

regeneration cycles, no extensive breaking or structural abnormality was observed in the 

regenerated Mag-CNTs when compared to newly synthesized Mag-CNTs (Fig. 5C & D). 

The iron nanoparticles were still observable on the surface of both Mag-CNTs (Fig. 18). 

In addition, no visible density decrease of the iron nanoparticles could be observed in the 

SEM micrographs. As seen previously in Ch. 2, sulfur was also not detected in the 

regenerated Mag-CNTs (Fig. 19).  
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(A) Regenerated Mag-CNTs-COOH                   (B) Regenerated Mag-CNTs-SO3H 

   

Fig. 18. SEM micrographs of regenerated Mag-CNTs. 
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Fig. 19. EDX analysis of regenerated the two Mag-CNTs: Note: A) Mag-CNTs-COOH 

and B) Mag-CNTs-SO3H. 

          Besides, EDX analyses showed that iron was present on both regenerated Mag-

CNTs (Fig. 19). Statistically analysis was performed to compare the normalized iron 

concentrations (%) before and after the regeneration process for each Mag-CNTs. A 37% 

decrease in iron concentration was found in the Mag-CNTs-COOH after five 

regeneration cycles, while no significant decrease was determined in Mag-CNTs-SO3H 

after four cycles. Despite the significant decrease in the iron concentration in Mag-CNTs-

COOH, changes in magnetic strength of the Mag-CNTs-COOH was not noticeable 

throughout the regeneration experimental procedures. Since all Mag-CNTs were depleted 

as replicates after each regeneration process, EDX analysis was not performed after each 

cycle. The lack of result after each cycle made it difficult to conclude if the loss of iron 

B 



251 
 

 

 

concentration in the Mag-CNTs-COOH was gradual, or if there is a threshold number of 

regeneration cycle before the significant loss occurred. It is also hard to predict for the 

subsequent loss of magnetic strength or properties of the Mag-CNTs if the regeneration 

process were to be continued. As a result, direct comparison of the regeneration 

performance between Mag-CNTs-COOH and Mag-CNTs-SO3H based on the iron 

concentration loss was not plausible in this study.  

3.2. Cleaning efficiency. One of the biggest concerns in the exploration of 

reusable sorbent materials is the problem of carryover. Regarding the context of this 

study, it is not the carryover issues that resulted from the high concentration of analytes 

lingering in the instrument, but the residual analytes that are trapped in the sorbent 

materials from previous assays, which are later detected in subsequent samples. This 

concern has long been observed in assays that incorporate reusable extraction sorbents, 

such as the solid phase microextraction (SPME) [26], and it is necessary to be addressed 

and evaluated during assay development [27,28]. In this study, the carryover of ATCA 

from the initial extraction was addressed after the regeneration processes. The ATCA 

concentration used in the initial extraction (800 ng/mL) was relatively high in the 

calibration range to mimic the potential carryover event. The efficiency of the two 

regeneration methods was determined by evaluating the residual ATCA on the Mag-

CNTs after the cleaning procedures. After the initial extraction of ATCA with the Mag-

CNTs, they were cleaned either with the simple-wash or the hydrolysis method and were 

then dried. The cleaned Mag-CNTs were directly desorbed and derivatized for any 

potential residual ATCA still present on the Mag-CNTs. For both the Mag-CNTs-COOH 

and Mag-CNTs-SO3H, the S/N obtained in the simple-wash and hydrolysis methods 
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ranged from 0.1 – 0.4 and 0.3 – 0.6, respectively. The extracted ion chromatograms (EIC) 

of both Mag-CNTs using the two methods are shown in Fig. 20 with comparison to the 

EIC obtained at the detection limits. A two-tailed t-test was performed on the S/N at 95% 

confident interval, and no significant difference was found between the two methods for 

each Mag-CNTs type. Generally, a signal is considered detectable if the S/N is equal to 

or higher than the value of three. With the S/N values smaller than one for both methods, 

it is confident to suggest that they were efficient in eliminating potential ATCA residues, 

if any, remained on the Mag-CNTs after the initial extraction. From the statistical, 

economic, and efficiency standpoints, the simple-wash method is favorable due to its 

simplicity. However, the hydrolysis method was finally chosen for the later reusability 

assessment stage because this particular Mag-CNTs/d-µSPE assays were developed for 

forensic death investigations in the analysis of ATCA. For this purpose, all findings and 

parameters must be justified in the court of law if the assay were to be applied in 

casework analysis. The application of the hydrolysis method provided an extra level of 

certainty to ensure the absence of carryover events with a slightly lower S/N value. For 

Mag-CNTs/d-µSPE workflows targeting other analytes of interest, such stringent 

certainty might not be required. Then, the simple-wash method would be a greener and 

more economically efficient approach if carryover is established to be negligible.  
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Fig. 20. Extracted ion chromatograms of A) Mag-CNTs-COOH and B) Mag-CNTs-

SO3H. Ion of m/z 362 was extracted. Note: ATCA-(TMS)3 were eluted at 8.75 and 8.74 

min in A and B, respectively. LOD samples with S/N = 3 were shown on the top for 

comparison. Abundance of the regeneration curves were adjusted with a set value for 

better representation. 

A 

B 
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3.3. Reusability. The hydrolysis method was used in determining the reusability 

of the Mag-CNTs after each cycle of extraction and regeneration. The extraction 

efficiency in each regeneration cycle was determined to evaluate the potential reusability 

of both Mag-CNTs. To account for the inevitable loss of the Mag-CNTs during the 

regeneration process, the initial extractions were performed with ten replicates for both 

Mag-CNTs. Only the first five replicates were used to determine the extraction 

efficiency, bias, and precision, and were reported here. The regeneration and extraction 

cycles were stopped when the amount of the cleaned Mag-CNTs was not sufficient to 

allocate for five replicates each for the subsequent extraction procedures.  

Based on the number of cycles each type of Mag-CNTs had successfully gone 

through, the hydrolysis method created a more significant sample loss for Mag-CNTs-

SO3H. Five extraction and regeneration cycles were performed on Mag-CNTs-COOH 

before the amount of Mag-CNTs was no longer sufficient to produce the five replicates 

for another extraction cycle. However, only four cycles were conducted for Mag-CNTs-

SO3H. Based on experimental observation and the chemical properties of the functional 

groups, it is not surprising that fewer regeneration cycles were performed using Mag-

CNTs-SO3H. In general, the sulfonyl group (-SO3H) is more polar than the carboxyl 

group (-COOH) due to the resonance stabilization, thus facilitating the dispersion of the 

Mag-CNTs-SO3H in aqueous media [26]. This property created a drawback in this study 

because polar systems (DI water and ethanol) were used during the washing steps. From 

the experimental observations, a more extended period of time was needed to gather the 

dispersed Mag-CNTs-SO3H from the DI water and ethanol during the washing steps by 

the strong magnet. A brownish hue, which is believed to be the reminiscence of the 
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dispersed Mag-CNTs-SO3H, was observed in the supernatant compared to the translucent 

supernatant when the Mag-CNTs-COOH were washed by DI water and ethanol. This 

contributed to a more significant loss of the Mag-CNTs-SO3H in each cycle, especially 

additional washing steps were performed in the hydrolysis method than the simple-wash 

process.  

As for the extraction efficiency, the results of each regeneration cycle for both 

Mag-CNTs are illustrated in Fig. 21. The average extraction efficiency ranged from 96.8 

± 3.2% to 102.7 ± 2.2% for Mag-CNTs-COOH over five cycles (Fig. 21A), and 99.3 ± 

8.7% to 108.4 ± 5.6% for Mag-CNTs-SO3H over four cycles (Fig. 21B). No significant 

difference was observed in the extraction efficiency among the regeneration cycles when 

extracting with Mag-CNTs-SO3H after performing a one-way ANOVA test at α = 0.05. 

Slightly higher extraction efficiency was obtained at the 3rd cycle of extraction with Mag-

CNTs-COOH compared to the other four cycles. The concern for carryover was 

investigated by subjecting some of the remaining Mag-CNTs-COOH after the second 

complete cycle to direct derivatization and desorption. No detectable ATCA and IS signal 

above S/N of three was observed from the sample. The slightly higher extraction 

efficiency could contribute to human errors introduced during the extraction process, e.g., 

pipetting. Acceptable bias and precision results were obtained throughout the 

regeneration cycles for each Mag-CNTs and are shown in Table 14. 
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Fig. 21. Extraction efficiency of ATCA at each extraction cycle for A) Mag-CNTs-

COOH and B) Mag-CNTs-SO3H. 

 

 

 

A 
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Table 14. Extraction Performance of regenerated Mag-CNTs  

 Bias (%, n=25) 
Between-Run 

Precision (%CV, 
n=25) 

Max Within-run 
Precision (%CV, 

n=5) 
Mag-CNTs-COOH -0.8 4.8 8.7 
Mag-CNTs-SO3H 2.8 8.4 10.7 

Note: A) Mag-CNTs-COOH and B) Mag-CNTs-SO3H. 

To compare if a significant difference was observed regarding the extraction 

efficiency between the two Mag-CNTs, a t-test was performed between each of the first 

four cycles, and no significant difference was observed at the 95% confident interval. 

Although no significant difference was observed, it is noted that the extraction efficiency 

obtained using Mag-CNTs-SO3H in each cycle has a higher uncertainty than the Mag-

CNTs-COOH. As illustrated in Fig. 21B, the error bars (expressed in percent error) 

associated with the extraction efficiency at each cycle of Mag-CNTs-SO3H/d-µSPE was 

more extensive than that of Mag-CNTs-COOH/d-µSPE. Regarding the analysis of 

ATCA, the hydrolysis method produced a more efficient regeneration for Mag-CNTs-

COOH by enabling an extra extraction cycle with fewer losses of the Mag-CNTs and 

minor discrepancies concerning extraction efficiency. 

While the research was undergone to develop more sustainable CNTs synthesis 

methods at the front of the production line [30,31], this study explored the possibility of 

reusing CNTs to reduce waste production and increase the sustainability of the resources. 

The regeneration capability of the Mag-CNTs drastically reduces the frequencies for 

synthesizing new batches of Mag-CNTs and strong acids and bases are not required for 

effective regeneration. It thus significantly lowers the solvent consumption and waste 

associated with the synthesis process. Despite expected Mag-CNTs loss during the 

regeneration cycles, at least three more extraction cycles were performed for both Mag-
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CNTs before a new batch of Mag-CNTs is needed. Since only DI water, ethanol, and heat 

are required to regenerate functional Mag-CNTs, the amount of hazardous chemicals and 

waste associated with the synthesis process are significantly reduced.  

4. Conclusions 

Both the simple-wash and hydrolysis approaches have shown effectiveness in 

regenerating Mag-CNTs for d-µSPE. No morphological changes were observed after the 

regeneration process for both Mag-CNTs; however, iron content was found to have a 

significant decrease after five regeneration cycles in Mag-CNTs-COOH, while that was 

not observed after the regeneration of Mag-CNTs-SO3H. Despite the decrease in iron 

content, extraction performance is maintained throughout the regeneration cycles, and 

carryover issues are eliminated. The hydrolysis method was used to regenerate Mag-

CNTs after each cycle of Mag-CNTs/d-µSPE to provide additional certainty for forensic 

concerns. The Mag-CNTs-COOH and Mag-CNTs-SO3H both demonstrated excellent 

capability for regeneration with comparably high extraction efficiency in each subsequent 

cycle. Loss of Mag-CNTs was observed during the regeneration cycles; however, we 

believed that the regeneration of the Mag-CNTs offsets the loss of Mag-CNTs by 

significantly reducing the amount of solvent and waste associated with the synthesis of 

new batches of Mag-CNTs.   
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CHAPTER VIII 

CONCLUSIONS 

Two surface functionalized Mag-CNTs were synthesized in-house. SEM-EDX 

analyses showed magnetic iron nanoparticles successfully attached on the surface of both 

Mag-CNTs. Although elemental analysis was not capable to show the presence of sulfur 

on the Mag-CNTs-SO3H, the successful sulfonation was demonstrated during the 

chemical interaction of Mag-CNTs-SO3H with the charged basic analytes under acidic 

conditions. Mag-CNTs-SO3H were proposed to extract charged basic analytes through 

ionic interactions, while the mechanism of interaction for Mag-CNTs-COOH was 

suggested to be through polar interactions with polar functional groups on the analytes 

through hydrogen bonding. The capability of various surface functionalization expands 

the applications of Mag-CNTs for a wide range of target analytes.  

ATCA was used to demonstrate the successful development and applications of 

the Mag-CNTs/d-µSPE/GC-MS methods for polar analytes with both Mag-CNTs. 

Among the two developed Mag-CNTs-COOH/d-µSPE workflows, the one-step 

derivatization-desorption approach was able to enhance the sensitivity of the assay when 

applied in synthetic urine samples. The one-step approach further facilitates a more 

efficient extraction workflow by reducing the extraction time, solvent consumption, and 

waste production. Sensitivity was comparable between the one-step approach using Mag-

CNTs-COOH and the Mag-CNTs-SO3H/d-µSPE workflow. Other extraction parameters 

of both assays were successfully validated according to the ANSI/ASB 036 guidelines 

and showed acceptable extraction performances. To accelerate the adaptation of ATCA 

analysis as a potential routine assay in crime laboratories, a SPE method was developed, 
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and a fit-for-purpose validation was successfully performed. Since the Mag-CNTs-

COOH/d-µSPE method is more restricted to extract polar analytes, the successful results 

obtained using Mag-CNTs-SO3H widened the applications Mag-CNTs/d-µSPE for other 

commonly encountered basic drugs in forensic toxicology and drug chemistry analyses.  

A Mag-CNTs-SO3H/d-µSPE workflow was developed, optimized, validated, and 

applied to extract morphine, codeine, and thebaine from poppy seed tea samples. Tighter 

restrictions from DEA limited the supply of on opiate-contaminated poppy seed available 

in the market. Online recipes suggested to brew the same batch of small quantity of 

poppy seeds repeatedly to prolong the euphoric and analgesic effects regarding to the 

limited supply. These recipes were tested, and it was found that the opiate concentrations 

obtained from brewing small quantity of poppy seeds may provide little to no analgesic 

effects. Majority of the opiates were extracted in the first brew of the tea samples and that 

obtained from the two subsequent brews were comparatively minimal. Since there are no 

way that consumers can tell the potency of the poppy seed batches they purchased, 

accidental overdose could occur if brewed from some of the samples tested in this work, 

even the amount recommended for new users were used in brewing. As a result, it is not 

recommended for the public to consume poppy seed tea. 

The two Mag-CNTs were reusable as extraction sorbents. Both the simple wash 

and hydrolysis method could efficiently regenerate the used Mag-CNTs without causing 

any carryover issues. Due to the higher polarity of Mag-CNTs-SO3H than Mag-CNTs-

COOH, less cycles can be processed since more Mag-CNTs-SO3H were loss in the 

washing steps. The ability for regeneration provided a greener pathways for sample 

preparation using Mag-CNT. The consumption and production of potentially harmful 
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chemicals and solvents waste can be greatly reduced by minimizing the frequency of new 

batch Mag-CNTs synthesis.  

The successful development of Mag-CNTs-SO3H/d-µSPE workflow offered an 

alternative for sample preparation that can be applied to ionically extract wide range of 

basic controlled substances commonly encountered in forensic postmortem toxicology 

analyses. Mag-CNTs-COOH/d-µSPE provided a unique platform to extract highly polar 

substances. The successful development and application of Mag-CNTs-COOH/d-µSPE 

workflow could be a solution in extracting challenging polar analytes, such as carboxy 

tetrahydrocannabinol. In future research, the goal can be focused on the unexplored 

territories in various surface functionalized Mag-CNTs to target challenging analytes. 

The capability for custom-designed Mag-CNTs using MIPs can be used to separation 

chiral substances or specific analytes with unknown chemical properties.  This 

dissertation work has only exposed the surface of some possible Mag-CNTs applications 

in forensic analysis. The author hopes that future advancement in automated platforms 

for Mag-CNTs/d-µSPE will boost the acceptance and confidence for wide application of 

such assay in crime laboratories. 
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APPENDIX A 

Supplimentary Materials from Ch. 6 

Table S1: Sources and product information of the ten poppy seeds according to 

packaging. All samples were purchased before 2019 DEA clarification. 

Notes: * Information such as unwashed or unprocessed was provided based on the 

packaging or on their websites. 

 

 

 

 

 

 

 

 

 

Samples Brand Country of 
origin Use by Date Seed origin 

Classifications 

1 Medley Hills Farm Ohio, USA 5/29/2017 Blue Poppy 
2 Sincerely Nuts U.K. 2/16/17 N/A 
3 Food to Live England Dec 2018 N/A 
4 Anna and Sarah* Holland May 2018 Blue Poppy 
5 We Got Nuts N/A Jun 2017 N/A 

6 Tasmanian 
Connoisseurs* Tasmania N/A Tasmanian strain 

7 Nodding Turtle Afghanistan N/A Afghan Blue  P. 
somniferum 

8 Sincerely Nuts* U.K. 2/11/2017 N/A 
9 International Spice Spain 3/28/2018 N/A 
10 Sincerely Nuts* U.K. 8/2/2017 N/A 
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Table S2: (A) Total mean concentrations of morphine, codeine, and thebaine in 10 poppy 

seed samples from three brews (n=3 in each brew). Mean concentrations of morphine, 

codeine, and thebaine in 10 poppy seed samples (n=3) from the (B) first, (C) second, and 

(D) third brew. 

(A) Morphine (mg/kg) Codeine (mg/kg) Thebaine (mg/kg) 
Samples Average Uncertainty Average Uncertainty Average Uncertainty 

1 1.44 0.45 294.28 17.28 26.79 3.40 
2 1832.90 24.65 126.60 5.22 11.40 1.56 
3 771.84 16.91 44.87 23.11 13.00 6.39 
4 53.06 1.95 258.46 51.63 37.21 11.21 
5 675.75 6.30 45.79 0.53 10.79 0.55 
6 94.58 4.86 20.42 0.22 88.62 11.38 
7 102.19 4.42 22.16 0.18 88.48 8.59 
8 1904.44 21.63 143.77 3.17 10.00 1.01 
9 186.97 8.89 44.69 1.57 21.49 1.05 

10 1329.28 24.27 75.72 0.71 15.01 1.48 
Min 20.42  1.44  10.00  
Max 294.28  1904.44  88.62  

Median 60.76  431.36  18.25  
Mean 107.68  695.25  32.28  

 

(B) Morphine (mg/kg) Codeine (mg/kg) Thebaine (mg/kg) 

Samples Average Standard 
deviation Average Standard 

deviation Average Standard 
deviation 

1 0.99 0.45 278.08 17.24 23.54 3.39 
2 1629.99 21.28 114.02 5.19 8.04 1.49 
3 722.32 16.86 41.12 23.11 12.09 6.38 
4 52.43 1.95 245.45 51.62 35.93 11.20 
5 635.09 6.07 41.39 0.42 9.80 0.55 
6 93.93 4.85 19.23 0.20 86.09 11.38 
7 99.49 4.42 20.46 0.11 86.15 8.59 
8 1722.61 19.20 129.20 3.14 7.99 0.96 
9 175.54 8.88 41.18 1.46 19.16 0.85 

10 1148.71 24.17 67.90 0.37 13.35 1.45 
Min 0.99  19.23  7.99  
Max 1722.61  278.08  86.15  

Median 405.32  54.64  16.25  
Mean 628.11  99.80  30.21  
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(C) Morphine (mg/kg) Codeine (mg/kg) Thebaine (mg/kg) 

Samples Average Standard 
deviation Average Standard 

deviation Average Standard 
deviation 

1 0.33 0.02 11.05 1.17 1.93 0.18 
2 149.37 3.12 9.80 0.57 2.10 0.46 
3 33.26 1.23 2.48 0.12 0.67 0.29 
4 0.08 0.01 10.26 0.58 0.33 0.09 
5 27.56 1.50 2.89 0.16 0.59 0.01 
6 0.15 0.02 0.61 0.08 1.19 0.17 
7 0.15 0.03 0.56 0.12 0.81 0.17 
8 114.81 9.03 10.04 0.44 1.11 0.28 
9 7.90 0.54 2.70 0.59 0.80 0.16 

10 100.52 0.87 5.74 0.60 1.01 0.24 
Min 0.08  0.56  0.33  

Max 149.37  11.05  2.10  

Median 17.73  4.32  0.91  

Mean 43.41  5.61  1.05  

 

(D) Morphine (mg/kg) Codeine (mg/kg) Thebaine (mg/kg) 

Samples Average Standard 
deviation Average Standard 

deviation Average Standard 
deviation 

1 0.12 0.02 5.14 0.32 1.32 0.15 
2 53.54 12.05 2.79 0.23 1.26 0.02 
3 16.26 0.44 1.27 0.21 0.24 0.07 
4 0.55 0.05 2.75 0.16 0.95 0.31 
5 13.10 0.75 1.51 0.28 0.40 0.03 
6 0.50 0.12 0.57 0.03 1.33 0.22 
7 2.54 0.09 1.14 0.07 1.52 0.08 
8 67.02 4.19 4.52 0.04 0.90 0.10 
9 3.53 0.07 0.82 0.05 1.53 0.61 

10 80.05 1.95 2.08 0.06 0.66 0.10 
Min 0.12  0.57  0.24  
Max 80.05  5.14  1.53  

Median 8.32  1.80  1.11  
Mean 23.72  2.26  1.01  
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Table S3: (A) Total mean yield of morphine, codeine, and thebaine in 10 poppy seed 

samples from three brews (n=3 in each brew). Mean yield of morphine, codeine, and 

thebaine in 10 poppy seed samples (n=3) from the (B) first, (C) second, and (D) third 

brew. 

 

(B) Morphine (mg) Codeine (mg) Thebaine (mg) 

Samples Average Standard 
deviation Average Standard 

deviation Average Standard 
deviation 

1 0.0015 0.0002 0.5562 0.0345 0.0471 0.0068 
2 3.2600 0.0426 0.2280 0.0104 0.0161 0.0030 
3 1.4446 0.0337 0.0822 0.0018 0.0242 0.0015 
4 0.1049 0.0039 0.4909 0.1032 0.0719 0.0224 
5 1.2702 0.0121 0.0828 0.0008 0.0196 0.0011 
6 0.1879 0.0097 0.0385 0.0004 0.1722 0.0228 
7 0.1990 0.0088 0.0409 0.0002 0.1723 0.0172 
8 3.4452 0.0384 0.2584 0.0063 0.0160 0.0019 
9 0.3511 0.0178 0.0824 0.0029 0.0383 0.0017 

10 2.2974 0.0483 0.1186 0.0007 0.0267 0.0029 
Min 0.0015  0.0385  0.0160  
Max 3.4452  0.5562  0.1723  

Median 0.8106  0.1007  0.0325  
Mean 1.2562  0.1979  0.0604  

 

(A) Morphine (mg) Codeine (mg) Thebaine (mg) 

Samples Average Standard 
Deviation Average Standard 

Deviation Average Standard 
Deviation 

1 0.0024 0.0002 0.5886 0.0346 0.0536 0.0068 
2 3.6658 0.0493 0.2532 0.0104 0.0228 0.0031 
3 1.5437 0.0338 0.0897 0.0019 0.0260 0.0016 
4 0.1061 0.0039 0.5169 0.1032 0.0744 0.0224 
5 1.3515 0.0126 0.0916 0.0011 0.0216 0.0011 
6 0.1892 0.0097 0.0408 0.0004 0.1772 0.0228 
7 0.2044 0.0088 0.0443 0.0004 0.1770 0.0172 
8 3.8089 0.0432 0.2875 0.0063 0.0200 0.0020 
9 0.3739 0.0178 0.0894 0.0031 0.0430 0.0021 

10 2.6586 0.0485 0.1314 0.0014 0.0300 0.0030 
Min 0.0024  0.0408  0.0200  

Max 3.8089  0.5886  0.1772  

Median 0.8627  0.1115  0.0365  

Mean 1.3904  0.2133  0.0646  
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(C) Morphine (mg) Codeine (mg) Thebaine (mg) 

Samples Average Standard 
deviation Average Standard 

deviation Average Standard 
deviation 

1 0.0007 0.0000 0.0221 0.0023 0.0039 0.0004 
2 0.2987 0.0062 0.0196 0.0011 0.0042 0.0009 
3 0.0665 0.0025 0.0050 0.0002 0.0013 0.0006 
4 0.0002 0.0000 0.0205 0.0012 0.0007 0.0002 
5 0.0551 0.0030 0.0058 0.0003 0.0012 0.0000 
6 0.0003 0.0000 0.0012 0.0002 0.0024 0.0003 
7 0.0003 0.0001 0.0011 0.0002 0.0016 0.0003 
8 0.2296 0.0181 0.0201 0.0009 0.0022 0.0006 
9 0.0158 0.0011 0.0054 0.0012 0.0016 0.0003 

10 0.2010 0.0017 0.0095 0.0012 0.0020 0.0005 
Min 0.0002  0.0011  0.0007  

Max 0.2987  0.0221  0.0042  

`Median 0.0355  0.0076  0.0018  

Mean 0.0868  0.0110  0.0021  

 

(D) Morphine (mg) Codeine (mg) Thebaine (mg) 

Samples Average Standard 
deviation Average Standard 

deviation Average Standard 
deviation 

1 0.0002 0.0000 0.0103 0.0006 0.0026 0.0003 
2 0.1071 0.0241 0.0056 0.0005 0.0025 0.0000 
3 0.0325 0.0009 0.0025 0.0004 0.0005 0.0001 
4 0.0011 0.0001 0.0055 0.0003 0.0019 0.0006 
5 0.0262 0.0015 0.0030 0.0006 0.0008 0.0001 
6 0.0010 0.0002 0.0011 0.0001 0.0027 0.0004 
7 0.0051 0.0002 0.0023 0.0001 0.0030 0.0002 
8 0.1340 0.0084 0.0090 0.0001 0.0018 0.0002 
9 0.0071 0.0001 0.0016 0.0001 0.0031 0.0012 
10 0.1601 0.0039 0.0033 0.0001 0.0013 0.0002 

Min 0.0002  0.0011  0.0005  

Max 0.1601  0.0103  0.0031  

Median 0.0166  0.0032  0.0022  

Mean 0.0474  0.0044  0.0020  
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Table S4: Percent distribution of morphine, codeine, and thebaine in (A) the first brew, 

(B) second brew, and (C) third brew. Uncertainty was propagated by from standard 

deviations in each brew (formula was shown in Section 2.2). 

 

(B) Morphine (%) Codeine (%) Thebaine (%) 

Samples Average Standard 
deviation Average Standard 

deviation Average Standard 
deviation 

1 27.29 9.28 3.76 12.08 7.19 15.83 
2 8.15 2.49 7.74 7.17 18.45 25.81 
3 4.31 4.30 5.54 51.72 5.14 65.58 
4 0.16 18.11 3.97 20.77 2.91 40.95 
5 4.08 5.52 6.32 5.66 5.47 5.60 
6 0.16 15.06 3.00 12.61 1.34 19.50 
7 0.15 18.26 2.53 21.39 0.92 22.72 
8 6.03 7.95 89.87 4.87 11.11 27.25 
9 4.22 8.28 92.14 22.00 3.71 20.21 

10 7.56 2.02 7.58 10.54 6.73 25.65 
Min 0.15  2.53  0.92  

Max 27.29  92.14  18.45  

Median 4.27  5.93  5.30  

Mean 6.21  22.24  6.30  

 

(A) Morphine (%) Codeine (%) Thebaine (%) 
Samples Average Uncertainty Average Uncertainty Average Uncertainty 

1 62.92 13.50 94.50 8.54 87.89 19.21 
2 88.93 1.87 90.06 6.14 70.51 23.07 
3 93.58 3.20 91.63 76.23 93.00 72.07 
4 98.80 5.22 94.97 29.01 96.56 43.35 
5 93.98 1.33 90.39 1.55 90.84 7.63 
6 99.31 7.28 94.20 1.50 97.15 18.43 
7 97.36 6.20 92.32 0.96 97.36 13.92 
8 90.45 1.59 89.87 3.28 79.85 15.67 
9 93.89 6.94 92.14 4.99 89.16 6.59 

10 86.42 2.79 89.67 1.08 88.89 14.68 
Min 62.92  89.67  70.51  

Max 99.31  94.97  97.36  

Median 93.74  91.89  90.00  

Mean 90.56  91.97  89.12  
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(C) Morphine (%) Codeine (%) Thebaine (%) 

Samples Average Standard 
deviation Average Standard 

deviation Average Standard 
deviation 

1 9.78 17.03 1.75 8.51 4.92 17.04 
2 2.92 22.55 2.20 9.25 11.04 13.78 
3 2.11 3.46 2.83 54.11 1.86 57.44 
4 1.05 10.33 1.06 20.77 2.56 44.42 
5 1.94 5.78 3.30 18.79 3.70 8.89 
6 0.53 24.38 2.80 4.76 1.50 21.07 
7 2.49 5.47 5.15 5.98 1.72 11.12 
8 3.52 6.35 3.15 2.34 9.04 14.78 
9 1.89 5.14 1.83 6.96 7.13 39.88 
10 6.02 3.04 2.75 2.90 4.38 18.07 

Min 0.53  1.06  1.50  

Max 9.78  5.15  11.04  

Median 2.30  2.78  4.04  

Mean 3.22  2.68  4.78  
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