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Abstract 

Dispersive-micro solid phase extraction (d-µSPE) has gained increasing attention due to its convenience, effec-
tiveness, and flexibility for sorbent selection. Among a various selection of materials, magnetic carbon nanotubes 
(Mag-CNTs) is a promising d-µSPE sorbent with excellent separation efficiency in addition to its high surface area and 
adsorption capability. In this work, two different surface-modified Mag-CNTs, Mag-CNTs-COOH and Mag-CNTs-SO3H, 
were developed to facilitate d-µSPE (Mag-CNTs/d-µSPE). The cyanide metabolite, 2-aminothiazoline-4-carboxylic acid 
(ATCA), was selected to evaluate their extraction performance using gas chromatography–mass spectrometry (GC–
MS) analysis. The Mag-CNTs-COOH enabled a one-step derivatization/desorption approach in the workflow; 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 limit of detection (LOD) and limit of quantitation (LOQ) of ATCA in 
synthetic urine were 5 and 10 ng/mL, respectively, and that 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 extrac-
tion processes of ATCA described in this work can provide an easier-to-adopt procedure for potential routine forensic 
testing of the stable biomarker in cyanide poisoning cases, particularly for those cases where the cyanide detection 
window has passed.
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Introduction
Sample preparation plays a vital role in the successful and 
accurate determination of trace-level analytes, especially 
from complex biological matrices in analytical chemis-
try. Conventional sample preparation methods, including 
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solid phase extraction (SPE) or liquid–liquid extraction 
(LLE), are widely utilized to isolate analytes in different 
biological samples (Coopman et al. 2016; Glicksberg et al. 
2016; Palmquist and Swortwood 2019; Skillman and Ker-
rigan 2018; Smith et al. 2019; Truver et al. 2019). Despite 
the extensive and successful applications, SPE may suf-
fer 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 more 
considerable amount of organic solvents. In the past 
decade, microextraction has increasingly been applied 
to different disciplines, aiming to overcome some of the 
disadvantages of conventional methods (Shi et  al. 2019; 
Cruz Fernandes et al. 2020; Khezeli and Daneshfar 2017; 
Saito et al. 2014; Sun et al. 2020). The miniaturization of 
the extraction method dramatically reduces the use of 
organic solvents, making it a green approach in sample 
preparation. Among the different microextraction meth-
ods, 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 (Ahmadi et  al. 2017; Medina et  al. 
2018; Fikarová et  al. 2019; Mafra et  al. 2019; Płotka-
Wasylka et  al. 2016, 2015; Ghorbani et  al. 2019). 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 (Jiang et  al. 2006; 
Pichon et al. 1999; Wen et al. 2014). In recent years, mag-
netized carbon-based nanoparticles, for example, gra-
phene and carbon nanotubes (CNTs), have become one 
of the most popular sorbents due to their high surface 
area, adsorption capability, and the increased conveni-
ence for separation of sorbents (Abd Wahib et  al. 2018; 
Fernandes et  al. 2018; Jalilian et  al. 2017). The potential 
for surface enhancement and functionalization further 
enhances their flexibility, selectivity, and applicability for 
different biochemical analyses.

In the past few years, several studies have demon-
strated the use of 2-aminothiazoline-4-carboxylic acid 
(ATCA) as a stable biomarker for the diagnosis of cya-
nide exposure (Li et al. 2019a; Logue et al. 2010; Rużycka 
et al. 2017; Vinnakota et al. 2012; Yu et al. 2012). Li et al. 
recently reviewed the potential use of ATCA as a foren-
sic marker in a cyanide-related death investigation (Li 
et  al. 2019b). Briefly, the detection window of cyanide 
in human biological samples is short (t1/2 = 0.34–1.28 h) 
(Logue et  al. 2010; Li et  al. 2019b; Hartung et  al. 1982; 
Ansell and Lewis 1970; Gyamfi et al. 2019), which could 
lead to possible false-negative results in a death investi-
gation 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 (Got-
tas et al. 2013). In cyanide metabolism, ATCA was found 
to be specific to cyanide metabolism and was stable at a 
wide range of storage conditions, including post-mortem 
conditions (Logue et al. 2010, 2009; Rużycka et al. 2017; 
Vinnakota et al. 2012; Wood and Cooley 1956; Ballantyne 
1977). Successful SPE and LLE methods have been devel-
oped 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 (Rużycka et al. 2017; Yu 
et  al. 2012; Giebułtowicz et  al. 2016). 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 instru-
ment 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.

In 2019, the National Academies of Sciences, Engineer-
ing, Medicine published a research agenda calling for 
the transformation and advancement of separation sci-
ence (The National Academies of Sciences, Engineering, 
Medicine 2019). The proposal urged for increased sci-
entific research addressing gaps and challenges in selec-
tivity, capacity, and throughput of separation methods. 
The research and development of using Mag-CNTs/d-
µSPE for ATCA extraction closely reflected the proposed 
agenda. The extraction of ATCA from biological matri-
ces 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 extrac-
tion (MISBSE) method for ATCA extraction (Jackson 
et  al. 2010). Giebułtowicz et  al. compared the perfor-
mance of different MIPs to a commercially available 
d-µSPE sorbent (Giebułtowicz et  al. 2019). Satisfactory 
recoveries and sensitivities were obtained from the com-
mercially 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 prepa-
ration and consumption (Hisatsune et  al. 2020). How-
ever, the limited access to tandem mass spectrometry 
instrumentation due to the high cost might restrict the 
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applications of these methods to most regional forensic 
laboratories.

In this work, a conventional SPE method and two mag-
netic 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 work-
flows 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 (Li et al. 2019a) by aiming to exclude 
the elution step and achieve a one-step desorption/
derivatization approach for efficient extraction. The use 
of  phenylsulfonic  acid functionalized multi-walled car-
bon nanotubes (MWCNTs-Ph-SO3H)  has been  demon-
strated successful for the preconcentration of Ni(II) ions 
in petrochemical wastewater samples (Shirkhanloo et al. 
2019). Another goal in this study was to develop the Mag-
CNTs-SO3H/d-µSPE workflow to facilitate ionic extrac-
tion between the negatively charged sulfonyl groups on 
the Mag-CNTs and the positively charged amino moie-
ties on ATCA. The sensitivity and extraction efficiency 
of the new workflows were compared to the previously 
published model (Li et  al. 2019a), 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 foren-
sic 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 (ANSI, ASB 2019).

Methods and materials
Chemicals, reagents, and standards
2-aminothiazoline-4-carboxylic acid (ATCA) was pur-
chased from Chem-Impex International (Wood Dale, 
IL), and the internal standard, 2-aminothiazoline-
4-carboxylic acid-13C, 15N (ATCA-13C, 15N), was pur-
chased from Toronto Research Chemical, Inc. (North 
York, Canada). Multi-walled carbon nanotubes (MWC-
NTs) (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-tri-
methylsilyl-trifluoroacetamide (MSTFA), and ammo-
nium 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 ammo-
nium hydroxide  (NH4OH, 14.5 M), were obtained from 
J.T. Baker (Avantor, Allentown, PA). Sulfuric acid was 
purchased from Macron Chemicals (Avantor, Allen-
town, 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, Surine™, was obtained from Ceril-
liant (Round Rock, TX), and the defibrinated bovine 
blood was purchased from Quad Five (Ryegate, MT).

Synthesis of Mag‑CNTs
Two surface-functionalized Mag-CNTs were devel-
oped 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 (Li et al. 
2019a). Briefly, MWCNTs were first purified with a 1:1 
ratio of concentrated nitric acid and concentrated sul-
furic acid overnight at 60  °C with stirring to produce 
carboxy CNTs (CNTs-COOH). Next, the CNTs-COOH 
were washed in a sequence of a copious amount of 
(1) DI water, (2) ethanol, and (3) DI water. The rinsed 
CNTs-COOH were dried at 100  °C overnight. Subse-
quently, 50  mg of the dried CNTs-COOH were sus-
pended in 25  mL of DI water with 70  mg of  FeCl2 · 
 4H2O and 135 mg of  FeCl3 ·  6H2O. The suspension was 
sonicated for 30 min at 50 °C, followed by slow addition 
of 1  mL concentrated  NH4OH to reach the final pH 
value of 10–11. After addition, the system was raised to 
80  °C and held at the temperature for 30  min. Finally, 
the suspension was allowed to cool to room tempera-
ture, and the Mag-CNTs-COOH were isolated using a 
strong magnet, followed by washing and drying steps as 
described previously.

The method for Mag-CNTs-SO3H synthesis was 
based on that of the Mag-CNTs-COOH with additional 
steps. After the CNTs were purified with the concen-
trated acids and dried, the purified CNTs (~ 1.1 g) and 
ammonium sulfate (1  g) were added to 20  mL of DI 
water. The whole suspension was heated up 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 described in the Mag-CNTs-COOH method.
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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 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 inter-
mediate concentrations were prepared from the stock 
solution by dilutions with methanol: 500 and 5000 ng/mL 
for Mag-CNTs-COOH in both matrices and SPE, 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 con-
centration 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 con-
centration 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 4 °C.

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 extrac-
tion processes for the biological matrices were described 
in the text with the detailed extraction parameters sum-
marized in Table 1.

Synthetic urine samples
ATCA spiked known samples were prepared by adding 
appropriate concentrations of ATCA and the internal 
standard (IS), ATCA-13C, 15N, to separate 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 0.1  M 
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 corre-
sponding extraction time. After Mag-CNTs/d-µSPE, the 
samples were briefly centrifuged to acceleration the sub-
sequent separation of Mag-CNTs with the aid of a strong 
neodymium magnet. For Mag-CNTs-COOH, after the 

Table 1 Extraction parameters for the two Mag-CNTs/d-µSPE methods and the SPE methods

a Mag-CNTs-COOH/d-µSPE method published by Li et al. (2019a)
b In this method, 2% (v/v) of 0.1 M formic acid was used instead of HCl
c The amount of solvent used did not include derivatization volume

Mag‑CNTs‑
COOH/d‑µSPE 
(Li et al. 2019a)a

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 sorb-
ent (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 in 
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
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Mag-CNTs were dried at 65 °C under centrifugal evapo-
ration, the ATCA retained on the Mag-CNTs was des-
orbed 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 retained ATCA 
was first desorbed in an elution system consisting of 
DCM/IPA/NH4OH (78/20/2). The eluates were then 
dried at 50 °C under centrifugal evaporation and derivat-
ized with 30% (v/v) MSTFA in hexane. The derivatized 
samples were then transferred to separate vials fitted 
with inserts for GC–MS analysis.

Bovine blood samples
For bovine blood samples, additional protein precipita-
tion 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 nitro-
gen gas stream. Bovine blood was then added for recon-
stitution 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 ice-cold acetonitrile (1  mL for Mag-CNTs-
COOH and 400 µL for Mag-CNTs-SO3H) with vortex-
ing, the samples were then centrifuged. The supernatant 
portions were transferred to separate Eppendorf tubes, 
followed by the addition of 0.1  M 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/desorp-
tion approach was performed. For Mag-CNTs-SO3H, 
the multi-stepped elution and derivatization process was 
performed as described in the previous section.

SPE procedures
The SPE method was performed in bovine blood sam-
ples. In this method, appropriate concentrations of 
ATCA were dried with the internal standard (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 ace-
tonitrile 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 derivat-
ized with 30% (v/v) MSTFA in hexane. The derivatized 
samples were transferred to vials fitted with inserts and 
subjected to GC–MS analysis.

Method performance
The optimized methods were evaluated following the 
ANSI/ASB standard for method validation in foren-
sic toxicology (ANSI, ASB 2019). The limit of detection 
(LOD) and limit of quantitation (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 estab-
lished, 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 
R2 value of > 0.99.

The bias (percentage, %) and precision (percent coeffi-
cient 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 trip-
licates over five days. 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 days 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 eval-
uated in both matrices by spiking the drug mixes to low 
concentration QC samples to yield a 200 ng/mL concen-
tration. The list of common drugs of abuse was showed in 
Table 2. Endogenous matrix interference from the bovine 
blood samples was evaluated by extracting ten 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 concen-
tration 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 require-
ment in the validation parameters, but it was deter-
mined for comparison purposes. It was determined by 
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the percentage of the experimental value divided by the 
expected value by:

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 
days alongside the bias and precision study at low (75 ng/
mL), medium (500  ng/mL), and high concentrations 
(800 ng/mL). Extraction efficiency was also evaluated.

Gas chromatography‑mass spectrometry
Instrumental analysis was performed using the Agi-
lent 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 × 0.25 mm × 0.25 µm, Agi-
lent, Santa Clara, CA) with helium as a carrier gas at a 
flow rate of 1 mL/min. The autosampler was set for 1 µL 
injection, and the injection port was held at 290 °C, lined 
with a Cyclosplitter liner (Restek, Bellefonte, PA). The 

Extraction efficiency (%) =
experimental value

expected value
× 100%

total flow was set to 54 mL/min with a septum purge flow 
of 3 mL/min at a 10:1 split ratio. The GC oven was pro-
grammed as follows: initial held at 100 °C for 1 min, ele-
vated at 15 °C/min to 230 °C, then at 30 °C/min to 300 °C, 
and finally held at 300 °C for 1 min. Using the described 
method, ATCA-(TMS)3 and ATCA-13C, 15N-(TMS)3 
eluted at approximately 8.76  min, with a total run time 
of 13 min. The mass-selective detector was programmed 
under selected ion monitoring (SIM) mode for the detec-
tion of ATCA-(TMS)3 (245, 347, 362  m/z) and ATCA-
13C, 15N-(TMS)3 (248, 350, 365 m/z).

Results
Performance of the optimized Mag‑CNTs/d‑µSPE method
The optimized Mag-CNTs/d-µSPE methods were evalu-
ated according to the ANSI/ASB guidelines (ANSI, 
ASB 2019), and the extraction performances for each 
method were summarized in Table 3. After the residual 
plots of the calibration models were reviewed and ana-
lyzed, the Mag-CNTs-COOH/d-µSPE process followed 
a non-weighted simple linear regression while the Mag-
CNTs-SO3H/d-µSPE process followed a quadratic model. 
During the optimization phase and the later validation 
study, the quadratic calibration model was evaluated to 
produce minimal impacts on precision and accuracy, 

Table 2 A34 Common drugs of abuse used in drug interference study

Basic drug Barbiturates Cannabinoids Neutral drugs Endogenous compounds

Alprazolam Phenobarbital Δ9-tetrahydrocannabinol Carbamazepine β-Hydroxybutyric acid

Amitriptyline Butalbital Tetrahydrocannabinolic acid Carisoprodol

Caffeine Secobarbital Meprobamate

Cocaine Amobarbital

Codeine Pentobarbital

Cotinine

Cyclobenzaprine

Dextromethorphan

Diazepam

Diphenhydramine

Hydrocodone

Ketamine

Methadone

Morphine

Nicotine

Nordiazepam

Oxazepam

Oxycodone

Phencyclidine

Propoxyphene

Tramadol

Zolpidem

Lorazepam
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especially at the low concentration range. 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 R2 values all greater than 
0.998. The mean percent bias and the between-run and 
within-run precision were determined at low, medium, 
and high concentrations and were reported in Table  4. 
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%. For method 
development and validation, the use of bovine blood 
samples is an acceptable animal equivalent to human 
blood specimens in forensic toxicology research.

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 con-
centration QC samples. The interference between ATCA 
and its stable isotopic IS was also determined to be 

Table 3 Extraction performance of the two Mag-CNTs/d-µSPE methods and the SPE methods

a Data was obtained from Li et al. (2019a)

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 Calibra-
tors

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

Table 4 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)

Mag-CNTs-COOH/d-
µSPE

Synthetic Urine Low − 8.30 10.63 12.7 91.70

Medium 3.06 4.60 4.18 103.06

High 1.72 2.58 3.53 101.72

Bovine Blood Low 3.68 3.32 4.20 103.70

Medium 1.79 6.33 9.44 101.79

High 0.72 2.95 5.47 100.73

Mag-CNTs-SO3H/d-
µSPE

Synthetic Urine Low − 8.55 9.17 7.45 91.45

Medium − 4.61 7.50 7.80 95.39

High − 2.63 10.21 10.44 97.37

Bovine Blood Low 2.55 8.04 16.47 102.55

Medium 2.95 8.32 10.29 102.95

High 2.09 10.39 9.22 102.09

SPE Bovine Blood Low − 5.92 3.14 4.26 94.08

Medium 5.24 7.73 9.35 105.23

High 0.91 2.95 5.44 100.91
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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.

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), and the results were shown in Table 4. 
The mean % bias was within the ± 20% range, and the 
within-run and between-run %CV were less than 20%.

Discussion
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 (Li et al. 2019a) by testing the possibility of per-
forming derivatization and desorption in a single step. 
The choice of desorption solvent was critical in achiev-
ing the one-step derivatization/desorption approach to 
improve the workflow’s efficiency. Since the derivatiza-
tion was performed by MSTFA, the coupling desorption 
solvent cannot contain any hydroxyl, carboxyl, or amino 
functional groups. Otherwise, the desorption solvent 
could be preferentially derivatized due to the high abun-
dance 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 
desorbed the ATCA from Mag-CNTs-COOH and dem-
onstrated suitable sensitivity. Since the desorption/deri-
vatization process was conducted in a closed Eppendorf 
tube, no significantly high volumetric loss of the acetone/
MSTFA system was observed when the process was con-
ducted at 50  °C, which is close to the boiling point of 
acetone (56 °C) (O’Neil 2013). 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 (Li 
et  al. 2019a), and it was tested as a possible desorption 
solvent. As expected, no ATCA and the internal standard 

above the detectable level were obtained. This result 
might provide additional support to Li et  al. that the 
significant interaction between ATCA and Mag-CNTs-
COOH was through hydrogen bonding (Fig. 1A) (Li et al. 
2019a). Hexane is too non-polar to interrupt the interact 
and desorb the charged ATCA or the IS from the Mag-
CNTs. The one-step desorption/derivatization approach 
was not successful with the Mag-CNT-SO3H/d-µSPE 
method with the tested solvent systems. It is hypoth-
esized that the mechanism for the ATCA extraction by 
Mag-CNTs-SO3H was based on the ionic interactions 
between the –SO3

− groups on the Mag-CNTs-SO3H 
and the charged amino moieties on ATCA (Fig. 1b). The 
charged ATCA could not be desorbed merely by the dif-
ference in polarity of the desorption solvent. As a result, 
the optimized Mag-CNTs-SO3H/d-µSPE method fol-
lowed a multi-stepped extraction approach similar to the 
one previously published using Mag-CNTs-COOH by Li 
et al. (Li et al. 2019a).

The optimized Mag-CNTs-COOH/d-µSPE elimi-
nated 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) 

Fig. 1 Proposed extraction mechanism for ATCA in a 
Mag-CNTs-COOH/d-µSPE and b Mag-CNTs-SO3H/d-µSPE
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 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 (Lundquist et  al. 1995; Bradham et  al. 
1965), the desorbed extracts were evaporated at a rela-
tively low temperature (65  °C) with centrifugal evapora-
tion 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 
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 evapora-
tion time to about 25–30 min for both matrices. As for 
the advanced Mag-CNTs-COOH/d-µSPE, the evapora-
tion time was also significantly reduced. It took approx-
imately 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 was 
especially efficient in bovine blood samples because the 
supernatant portion mainly consists of organic solvent 
(acetonitrile) after protein precipitation. It has a lower 
boiling point than synthetic urine, which consists pri-
marily of water. The combination of derivatization and 
desorption steps eliminates the need for additional elu-
tion solvents and shortens the time required for solvent 
evaporation in a multi-stepped extraction process. The 
total time for performing the multi-stepped Mag-CNTs-
COOH/d-µSPE procedure could take up to 8 h to analyze 
a sample batch of 30, excluding the time of preparing cal-
ibrators and controls. With the improved one-step Mag-
CNTs-COOH/d-µSPE and Mag-CNTs-SO3H/d-µSPE 
approach, the extraction time was reduced to 5–6 h for 
the same amount of sample. Although a slightly higher 
amount of Mag-CNTs-COOH and ten extra minutes of 
extraction time were needed in the one-step derivatiza-
tion/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. Taking a sample size of 30 as an 
example, each dispersion process for the Mag-CNTs took 
25–30  min in addition to the extraction or desorption 
time. 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 same sam-
ple size. This might show why conventional SPE methods 
are preferred and widely applied in forensic laboratories. 
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 1), the high throughput of sam-
ple extraction might offset the drawbacks regarding the 
high solvent consumption and waste handling in most 
forensic laboratories.

Assay sensitivity
Another objective of our study was to determine if the 
one-step derivatization/desorption approach and sur-
face 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 vol-
ume was reduced to 50 µL to improve the pre-concentra-
tion 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 affect-
ing 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 param-
eters in the preliminary study, and the LOD values were 
improved with the final derivatization volume of 50 µL 
(Table 3). The LOD and LOQ values for synthetic urine 
samples improved from 15 and 30  ng/mL in the multi-
step approach (Li et al. 2019a) to 5 and 10 ng/mL, respec-
tively. Note that the lower LOD and LOQ were achieved 
because a larger sample volume could be adopted in the 
optimized new method. As for the bovine blood sam-
ples, 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. The one-step derivatiza-
tion/desorption approach using Mag-CNTs-COOH and 
Mag-CNTs-SO3H/d-µSPE method provided a simpler 
and more time-efficient way for ATCA analysis without 
losing the sensitivity of Mag-CNTs/d-µSPE.

It is interesting to note that the LOD and LOQ values 
of the Mag-CNTs-SO3H/d-µSPE method were identi-
cal to the Mag-CNTs-COOH/d-µSPE method despite 
the differences in some optimized extraction parameters 
(Table 1). 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 3). Upon closer examination of the extrac-
tion 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 
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optimization results showed no significant difference to 
that conducted with 5  mg of Mag-CNTs. Therefore, 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.

It is most ideal for developing assays to cover the ana-
lyte’s concentration range when applied to authentic sam-
ples. From previously published studies, the endogenous 
ATCA level in human urine (non-smokers) and blood 
samples ranged from 38–251.4  ng/mL and 55–213  ng/
mL, respectively (Vinnakota et  al. 2012; Li et  al. 2019b; 
Logue et al. 2005). Elevated ATCA concentration, rang-
ing from 790 to 2070  ng/mL, was found in the blood 
samples of cyanide-intoxicated victims (Rużycka et  al. 
2017; Li et al. 2019b; Giebułtowicz et al. 2016). No ATCA 
concentration associated with cyanide-intoxicated in 
urine samples were published, but an elevated ATCA 
concentration (233.8–935.4 ng/mL) was found in people 
consuming a high cyanide exposure diet (Li et al. 2019b; 
Lundquist et al. 1995). The SPE method developed in this 
comparison study provided accurate and precise detec-
tion and quantitation 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 quantitation 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 quantitation.

The optimized one-step derivatization/desorption 
method using Mag-CNTs-COOH and 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 found to 
be 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 consump-
tion (Vinnakota et  al. 2012; Li et  al. 2019b; Logue et  al. 
2005). The endogenous ATCA might significantly affect 
the determination of LOD, LOQ, and potential inter-
ference 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, dif-
ferent sources of matrix interference were not examined. 
The fit-for-purpose validation for the SPE method also 
demonstrated good precision, accuracy, sensitivity, 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 foren-
sic samples, one research team has reported an elevated 
ATCA concentration in confirmed cyanide poisoned 
victims (Rużycka et  al. 2017; Giebułtowicz et  al. 2016; 
Luliński et  al. 2015). 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 (Rużycka 
et  al. 2017; Hisatsune et  al. 2020; Luliński et  al. 2015). 
The promising results of the Mag-CNTs/d-µSPE/GC–
MS assay 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 addi-
tion, the development of Mag-CNTs-SO3H/d-µSPE fur-
ther expanded the application of Mag-CNTs/d-µSPE to 
facilitate ionic extraction in forensic toxicology analysis. 
Method development and validation for the ionic extrac-
tion of common basic controlled substances using Mag-
CNTs-SO3H/d-µSPE are underway when this article is 
prepared.

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 deri-
vatization/desorption workflow. The Mag-CNTs-SO3H/
d-µSPE method showed comparable sensitivity and 
performance to the Mag-CNTs-COOH/d-µSPE and 
expanded the possibilities for ionic extraction in foren-
sic toxicology analysis. Excellent robustness and repeat-
ability were demonstrated by both Mag-CNTs/d-µSPE 
methods by fulfilling the ANSI/ASB validation require-
ments. 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 
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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 foren-
sic samples of urine and blood will provide more data 
to verify the use of ATCA as forensic evidence in cya-
nide 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. Applica-
tions of magnetic nanomaterials for in vivo and in vitro 
studies in analytical chemistry and medicinal science 
are expected. Further research of using the new extrac-
tion process to other ionic analytes will further extend 
the application of Mag-CNTs-SO3H/d-µSPE to the 
ionic extraction system.
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