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a b s t r a c t

This study proposes a hypodermic needle (HN) as a sorbent holder and an electrospray (ESI) emitter, thus
combining extraction and analysis in a single device. A novel nylon 6-cellulose (N6-Cel) composite
sorbent is proposed to extract methadone from oral fluid samples. The cellulosic substrate provides the
composite with high porosity, permitting the flow-through of the sample, while the polyamide con-
tributes to the extraction of the analyte. The low price of the devices (considering the holder and the
sorbent) contributes to the affordability of the method, and their small size allows easy transportation,
opening the door to on-site extractions. Under the optimum conditions, the analyte can be determined
by high-resolution ambient ionization mass spectrometry at a limit of detection (LOD) as low as 0.3 mg/L
and precision (expressed as relative standard deviation, RSD) better than 9.3%. The trueness, expressed as
relative recovery (RR), ranged from 90% to 109%. As high-resolution mass spectrometers are not available
in many laboratories, the method was also adapted to low-resolution spectrometers. In this sense, the
direct infusion of the eluates in a triple quadrupole-mass spectrometry provided an LOD of 2.2 mg/L. The
RSD was better than 5.3%, and the RR ranged from 96% to 121%.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Opioids are a family of drugs used as anesthetics, painkillers,
sedatives, or palliative care. However, their extended ingestion can
lead to dependence, addiction, overdose, and even death. Rapid
treatment response to patients suspected of drug overdose or
intoxication is crucial to apply therapeutic protocols [1,2]. Mass
spectrometry (MS) is a powerful technique in bioanalysis due to its
high selectivity/sensitivity levels. Its combination with chromato-
graphic techniques is considered as one of the most reliable tools in
the toxicological field [3], and it has been widely used for deter-
mining drugs in biosamples [4,5]. However, chromatographic sepa-
ration, essential to reduce some matrix effects, slows down
information acquisition. Direct analysis of samples by ambient
ionization mass spectrometry (AIMS) is a faster analytical approach
but is more prone to ion suppression effects [6]. Combining sample
University.
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preparation andMS (bypassing chromatography) is interesting since
it unites a lower ion suppression effect with a faster analysis [7].

Although different ionization techniques can be applied, elec-
trospray (ESI) has been extensively used in these approaches for
drug analysis. A particular substrate, sometimes called ESI-emitter,
is used to create an electrospray containing the ionized analytes,
allowing their transference to the MS inlet. Different substrates
have been used in these developments, including paper [8,9],
wooden tips [10,11], coated blades [12,13], threads [14e16], probes
[17,18], solid phase microextraction (SPME) fibers [19], Teflon [20],
graphite rods [21], volumetric absorptive microsampling [22], and
needles [23,24].

Cotton is a natural, inexpensive, and versatile biopolymer that
can be used as a sorbent. It is composed of cellulose fibers that
confer it a hydrophilic character due to the superficial hydroxyl
groups. In the microextraction context, cotton has been used in
different formats, including cotton fibers [25], threads [15], swabs
[26], and gauzes [27]. Different authors have reported using un-
modified cotton fibers for microextraction purposes [28,29]. How-
ever, cellulose fibers are usually chemically modified to promote
interaction with the target analytes.
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The presence of superficial hydroxyl groups in raw cotton
also allows its modification with different groups, including
sulfhydryl moieties [30,31], graphene oxide composites
[32,33], ionic liquids [34], b-cyclodextrins [35], polydopamine
[25], and metal-organic frameworks [36]. Likewise, cotton can
be used as a substrate for the physical deposition of sorptive
polymers [37].

Cotton-based materials have been used in microextraction
techniques under different configurations [27,31,33,38,39].
Although cotton threads have been successfully coupled to AIMS
[14e16], the potential of cotton wool has been scarcely considered.
The complex fabrication of a stable and reproducible ESI substrate
made of cotton wool somewhat restricts this combination. This
article addresses this problem by placing the cottonwool sorbent in
the hub of a hypodermic needle (HN), which acts as a holder and a
reproducible ESI emitter. The determination of methadone in saliva
samples has been studied as proof of principle to evaluate the po-
tential of this new approach. Methadone is a synthetic opioid
suitable for opioid substitution therapies: it presents a pharmaco-
kinetic half-life of approximately 24 h, and plasmatic concentra-
tions of methadone accumulate for at least 5 days [40e42].
Polyamide-coated cotton composite has been selected as sorbent
in such a way that the normal-phase interactions of raw cotton are
complemented by hydrogen bonds and hydrophobic interactions
provided by the polyamide backbone. The composite is easily
packed into the HN, allowing the sample flow-through and
improving the extraction kinetics.

2. Materials and methods

2.1. Reagents and samples

All reagents were of analytical grade or better. Unless otherwise
indicated, they were purchased from Sigma Aldrich (Madrid,
Spain). A stock standard solution of methadone was prepared at a
concentration of 10 mg/L in methanol and stored at �20 �C.
Methadone-d3 was used as the internal standard (IS) in direct
infusion tandemmass spectrometry (DI-MS/MS) and AIMS. IS stock
standard solution was prepared at 20 mg/L in methanol and stored
at �20 �C. Working solutions were prepared by diluting the stock
solutions in Milli-Q water (Millipore Corp., Darmstadt, Germany) or
saliva as needed. Cotton wool was purchased in a local supermar-
ket. N6 pellets were dissolved in formic acid (�98%), and this so-
lution was used for coating the cotton fibers. Stainless-steel HNs
(Becton Dickinson, Huesca, Spain) were used to host the sorptive
phase and as ESI emitters. Methanol, Milli-Q water, and formic acid
were used as components of the carrier phase in DI-MS/MS ana-
lyses, while methanol and formic acid were used as the eluent and
ionizing agent in AIMS. 25% (V/V) ammonium hydroxide solution
was used to adjust the pH of the aqueous and saliva samples. NaCl
was used to study the effect of ionic strength on the extraction of
the analyte.

2.2. Oral fluid collection

Blank saliva samples were obtained using Salivette® collection
devices (Sarstedt, Nümbrecht, Germany) for the study of the vari-
ables and the validation of the proposed methods. The consump-
tion of any food or drink was prohibited 30 min before sampling.
The Salivette® cotton roll was introduced in the mouth until com-
plete permeation of the device. Then, the cotton roll was centri-
fuged at 3,000 rpm for 2 min. The obtained blank saliva was stored
at 4 �C until analysis.
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2.3. Preparation and characterization of the sorptive phase

A 0.1% (m/V) N6 solution was prepared by dissolving N6 pellets
in formic acid. Two milligrams of cotton was weighed and placed
with a tweezer in the Luer hub of each HN. Afterward, 20 mL of the
N6 solution was deposited on the cotton bead. Finally, the needles
were stored at room temperature overnight to evaporate the formic
acid.

The nylon 6-cellulose (N6-Cel) composites were characterized
by infrared (IR) spectroscopy (Bruker Tensor 37, Bruker Optik,
Ettlingen, Germany) using the attenuated total reflection (ATR)
mode.

2.4. Extraction procedure and analysis by high-resolution AIMS

2.4.1. Isolation of the target analyte from oral fluid samples
For the isolation of the target analyte, the HN hosting 2 mg of

N6-Cel composite was attached to a 2 mL syringe (Fig. 1A). The
porosity of the N6-Cel composite allows the flow-through of the
different solutions involved in the conditioning, sample loading,
and washing steps. The conditioning step consisted of 3 strokes
(loading and unloading process) of 1 mL of Milli-Q water to release
the formic acid that may eventually remain in the N6-Cel, followed
by 1 stroke of 1 mL of Milli-Q at pH 9.5. The sample loading step
entailed 3 strokes of 1.5 mL of diluted saliva (1:3 dilution factor) at
pH 9.5. Afterward, the washing step involved loading and unload-
ing 0.5 mL of Milli-Q water at pH 9.5 to reduce the interferences
provided by the matrix, followed by 3 strokes of air to release the
remaining drops of liquid in the microextraction device.

2.4.2. Elution online coupled to high-resolution AIMS
The online elution interface in AIMS analysis is schematically

presented in Fig. 1B. A 500 mL Hamilton syringe (Bonaduz,
Switzerland) was filled with methanol containing 0.1% (V/V) for-
mic acid, which acted as the eluent and ionizing medium. The
syringe pump installed in the MS pumped the methanolic solution
at 30 mL/min through a polyether ether ketone tube that was
already connected to the N6-Cel-HN by a precut 10 mL pipette tip
that acted as an adapter. An electric clamp was connected to the
HN, leaving 25 mm between the clamp and the tip of the needle to
ensure the mechanical stability of the ESI emitter. The distance
between the HN tip and the MS inlet was fixed at 10 mm to pre-
vent electric discharges. The eluent flowed through the N6-Cel
sorbent, eluting the analyte that was finally electrosprayed in
the tip of the HN.

High-resolution AIMS analyses were carried out in a Thermo
LTQ Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scien-
tific Inc., San Francisco, CA, USA), working with the Fourier-trans-
form mass spectrometry analyzer. The ionization parameters of the
proposed interface are presented in the Supplementary data.

2.5. Extraction procedure and analysis by DI-MS/MS

The extraction procedure is also compatible with conventional
mass spectrometers, including an offline elution step before the
final mass spectrometric analysis. To do so, the samples/standards
are extracted following the same procedure described in Section
2.4.1. The needles are offline eluted by flowing 200 mL of methanol
0.1% (V/V) formic acid using a 1000 mL pipette, as indicated in
Fig. S1. The eluate was transferred into a high-performance liquid
chromatography (HPLC) insert. Finally, 5 mL of the eluate was
analyzed by DI-MS/MS (as described in the Supplementary data
and Table S1).



Fig. 1. Schematic diagram of the (A) extraction and (B) ambient ionization mass spectrometry (AIMS) analysis using modified hypodermic needles. N6-Cel: nylon 6-cellulose; HN:
hypodermic needle; PEEK: polyether ether ketone; ESI: electrospray; MS: mass spectrometry.

Fig. 2. Electrospray ambient ionization mass spectrometry (ESI-AIMS) analysis of
saliva using (A) dilute-and-shot mode and (B) extraction and online elution.
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3. Results and discussion

Although saliva presents a simpler matrix than other bio-
samples (e.g., blood and urine), its inherent viscosity somewhat
restricts its direct analysis by ESI-AIMS. This negative effect is also
observed when the dilute-and-shot strategy is evaluated, as indi-
cated in Fig. 2A. The diluted saliva forms a drop in the tip of the
needle that is ejected without forming a stable electrospray. This
phenomenon, which hinders the potential sensitivity of the
approach, can be overcome by an extraction procedure. In this
sense, as indicated in Fig. 2B, the online elution of the needles forms
a stable spray, thus transferring the analytes efficiently to the MS
inlet.

The use of sorptive-coated HNs has been recently reported to
extract drugs from biosamples [24,43]. In these HNs, a polymer was
coated in the inner wall of the needles. However, the geometry of
the devices limits the extraction efficiency. On one hand, the
sorptive phase is limited to a thin layer of the polymer, reducing the
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extraction capacity. On the other hand, most of the sample flows
through the needle without interacting with the sorptive phase
since only the analytes passing close to the walls are efficiently
extracted. Using needles with a lower inner diameter may solve the
latter problem, but the sample processing would be complex, as
higher pressures should be required to pass the sample through the
needles. This article hypothesizes that using a fibrous sorbent
would solve both limitations since it can provide closer contact
with the sample, permitting its flow-through. Although there are
several reported techniques for synthesizing polymeric fibers (e.g.,
electrospinning), we preferred to use a fibrous material (cotton) as
the substrate to deposit the sorptive phase over the cellulose fibers.

Cellulose can interact with various compounds, including basic
drugs, in aqueous media. This sorption capacity can be improved,
both from the extraction capacity and selectivity point of view, by
coating cellulose with a polymer. Polyamides are interesting poly-
mers in this sense because they can bind target drugs by hydro-
phobic and H-bonding interactions. Initially, the role of the
polyamide content in the extraction of methadone was evaluated
by extracting aqueous standards at pH 9.5 containing the drug at
50 mg/L. Several HNs were prepared with different contents of N6.
Initially, a 2 mg cotton bead was placed in the needle hub as sup-
port. This amount was selected since it fits easily in the hubwithout
requiring excessive packing of the fibers, which would result in
higher backpressure. Twenty microliters of a polyamide solution in
formic acid (0%, 0.1%, 0.5%, and 1% (m/V)) was added to the cotton
bead, and the formic acid was evaporated at room temperature.
This volume (20 mL) was selected because it wets the whole bead,
thus allowing a homogeneous distribution of the polyamide.
Higher volumes resulted in the deposition of N6 on the surface of
the needle. Fig. 3 compares the sorptive performance of the
different composites.

The results demonstrated that raw cotton interacts with the
analyte, as has been reported in the literature for other cellulosic
substrates [44]. However, the N6-Cel composite exhibited a higher
sorptive capacity due to hydrophobic and H-bonding interactions.
As the percentage of N6 increased, the reproducibility of the ex-
tractions decreased. This effect can be ascribed to the loss of
porosity when the polymer is deposited in the pores of the fibrous
structure. Therefore, 0.1% N6-Cel was the selected sorbent as the
extraction yield increased 2.7 times compared to raw cotton, and its
reproducibility was better than that obtained using higher per-
centages of N6.

ATR-IR measurements were performed to confirm the deposi-
tion of N6 on the cellulose surface. Fig. 4 depicts the IR spectra of



Fig. 3. Effect of the amount of polyamide in nylon 6-cellulose (N6-Cel) composite on
the extraction performance. The results are obtained by the offline elution of the an-
alyte and its analysis by direct infusion coupled to tandem mass spectrometry (DI-MS/
MS), but the same trend is observed for ambient ionization mass spectrometry (AIMS)
analysis. The error bars represent the standard deviation obtained for 3 replicates.

Fig. 4. Attenuated total reflection infrared spectroscopy (ATR-IR) characterization of
the sorbent, where the spectra of raw cotton and nylon 6-cellulose (N6-Cel) are
compared.
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raw cotton in blue and N6-Cel in orange. The carbonyl (C¼O)
stretching band corresponding to the polyamide at 1713 cm�1 only
appears in the N6-Cel composite, confirming a good coating.

Finally, the material was characterized by scanning electron
microscopy (SEM). SEM images of raw cotton and N6-Cel, acquired
at the Central Service for Research Support of the University of
Cordoba, are shown in Fig. S2. As expected, raw cotton (Fig. S2A)
presents a fibrous structure. This structure is mostly maintained in
the N6-Cel material, where the fibers are coated by N6 (Fig. S2B),
but some N6 deposits are also observed (Fig. S2C) in some places.
Although the material cannot be considered completely homoge-
neous from the microscopic point of view, the precision of the re-
sults (Fig. 3) demonstrated that this microscopic heterogeneity is
compensated at the macroscopic level. Additionally, the use of an
internal standard in the validation minimizes, as will be shown
later, the slight effect on the results.
Fig. 5. Effect of the ionic strength (expressed as conductance) on the extraction per-
formance using (A) the absolute signal of the analyte and (B) the signal normalized by
the internal standard (IS). The error bars represent the standard deviation obtained for
3 replicates.
3.1. Study of the variables affecting the analytical performance

To fully understand the effect of each variable on the extraction
of the analyte, a univariant approach was followed using aqueous
standards at pH 9.5 containing methadone at 50 mg/L. The term
“study” is intentionally used here to make a difference with opti-
mization, which is more appropriately achieved by a multivariate
approach. Those variables affecting the extraction (ionic strength,
number of strokes, and sample dilution) were studied using DI-MS/
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MS as the instrumental technique. This strategy was selected
because the absolute signals (required for this evaluation) are more
precise in DI-MS/MS than in AIMS, where an internal standard is
always required for better reproducibility. This strategy does not
affect the conclusions since these variables affect the extraction and
the trends are independent of the instrumental technique used. The
flow rate of the eluent/ionization agent was studied with AIMS
since it directly affects its performance.

The ionic strength of the samples was studied in a range be-
tween 0% and 1% using NaCl as a model electrolyte. The results are
presented in Fig. 5, where the conductance of the standards, instead
of the NaCl content, is represented. This approach was selected
because conductance (or any related magnitude) is the only vari-
able that could be adjusted in a sample if necessary. As observed in
Fig. 5A, the ionic strength negatively affects the extraction of the
analytes. This effect can be ascribed to a restriction on the analyte
diffusion due to an increased sample viscosity. Interestingly, using
an IS (methadone-d3) normalized the effect of the ionic strength in
the extraction process (Fig. 5B).

The number of strokes (times that the sample flowed through
the sorbent bead) was studied from 1 to 5, while higher strokes
were not considered to guarantee a high sample throughput
(Fig. S3A). Although 1 stroke presented the best reproducibility and
5 strokes provided the highest extraction efficiency, 3 strokes were
selected as a compromise between precision and sensitivity. The
results demonstrated a lower dependence of the sensitivity on the
number of strokes compared to the inner coated needles [43].

As previously mentioned, the viscosity of the saliva sample can
hinder the extraction of the analyte. Sample dilution before
extraction is a common strategy to overcome this limitation.
Sample dilution was evaluated between no dilution of the sample
and a 1:5 dilution factor. Although the nondiluted samples present
a higher extraction efficiency than the diluted samples (Fig. S3B),
the backpressure on the needle was higher, making sample pro-
cessing difficult. Therefore, a dilution factor of 1:3 was selected.



Table 1
Comparison of the proposed methods (direct infusion tandem mass spectrometry (AIMS) and direct infusion tandem mass spectrometry (DI-MS/MS)) with other reported
methods in the literature.

Analytical procedure Extraction phase Ambient ionization Matrix LOD (mg/L) LDR (mg/L) Multianalyte method Refs.

TS-MS VAMS Yes Saliva 0.196 0.655e1000 Yes [22]
NTME-ambient MS/MS PDA Yes Saliva 1.2 4e400 Yes [24]
TFME-LC-MS/MS PSP No Urine N.A. 0.05e100 Yes [45]
Mag-dSPE LC-MS/MS NP-COF@Mag-PS/DVB/GMA No Wastewater 0.23 1e100 Yes [46]
SPME-DI-MS/MS N6-WT No Saliva 1.5 5e250 Yes [47]
TDU-DART SPME-arrow Yes Water, air, and aerosol N.A. 2.5e500 Yes [48]
SPME-DI-MS/MS N6-Cel No Saliva 2.2 7.3e600 No This work
SPME-ambient MS/MS Yes 0.3 0.9e300

TS: touch spray; MS: mass spectrometry; VAMS: volumetric absorptive microsampling; NTME: needle trap microextraction; PDA: polydopamine; TFME: thin film micro-
extraction; LC: liquid chromatography; PSP: porous sorptive polymer; N.A.: not available; Mag-dSPE: magnetic dispersive solid phase extraction; NP-COF: nano petal-shaped
metal organic framework; PS/DVB/GMA: polystyrene-divinylbenzene-glycidylmethacrylate microsphere; SPME: solid phase microextraction; DI: direct infusion; N6-WT:
nylon-6 wooden toothpick; TDU: thermal desorption unit; DART: direct analysis in real time; N6-Cel: nylon-6 cellulose.
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Finally, the flow rate of the eluent/ionizing agent was studied
between 30 and 60 mL/min. Lower flow rates were not considered
to reduce the time of each sample analysis due to its high void time.
The flow rate negatively affected the signal of the analyte (Fig. S4).
Most likely, at lower flow rates, the analyte is eluted in a smaller
solvent plug, thus providing better sensitivity. Consequently, the
flow rate was selected as 30 mL/min because it presented the
highest extraction efficiency.
3.2. Method validation

The method was validated using matrix-matched calibration
curves in terms of limit of detection (LOD), limit of quantification
(LOQ), and linearity. The LOQ was defined as the lowest concen-
tration with a relative standard deviation (RSD) lower than 15%.
Trueness and precision were evaluated using an independent pool
of samples. The analytical method was validated using diluted
blank saliva with ultrapure Milli-Q water spiked at known con-
centrations of methadone, usingmethadone-d3 as the IS. The linear
range, with R2 > 0.9925, was studied at six concentration levels
spanning from the LOQ to 300 mg/L by analyzing three replicates at
each concentration level (Fig. S5). The precision, expressed as RSD,
was calculated at three different concentrations: 3, 150, and
300 mg/L providing RSD values lower than 1.2%, 6.6%, and 9.3%,
respectively. Trueness, expressed as relative recovery, was assessed
at the same concentration levels, and was 90%, 109%, and 102%,
respectively. These results indicate that the method is not affected
by the sample matrix. As explained for the ion strength study
(Fig. 5), using a deuterated labeled compound is essential to
minimize the matrix effect on the results. As an example, Fig. S6
presents the chronogram and the MS transition spectrum of the
analyte obtained for the analysis of a spiked sample for the AIMS
method.

The feasibility of the method was also evaluated by analyzing
single-blind samples. The results are compared in Fig. S7, where an
average recovery of 112.9% was obtained.

As high-resolution mass spectrometers are unavailable in many
laboratories, the method was also adapted to low-resolution
spectrometers. In this case, the needles were eluted offline, and
the eluates were analyzed by DI-MS/MS. Fig. S8 presents the
chronogram and the MS transition spectrum of the analyte ob-
tained for the analysis of a spiked sample for the DI-MS/MS
method. The validation results are presented in the Supplemen-
tary data (Fig. S9).

Table 1 [22,24,45e48] compares the two different analytical
methods proposed in this article with those previously reported
regarding the determination of methadone by AIMS or LC-MS/MS
using a microextraction procedure. Using chromatographic
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separation implies an enhancement in sensitivity and selectivity at
the expense of a longer analysis time. In this sense, Azizi et al. [45]
and Zhang et al. [46] reported LODs in the range of ng/L. Only
Morato et al. [22] and the AIMS method proposed in this work
achieved these LOD values in AIMS, which speeds up the sample
throughput without negatively affecting the sensitivity of the
method. Mill�an-Santiago et al. [47] reported the elimination of the
chromatographic separation maintaining a commercial interface to
form the ESI, while other AIMS methods [24,48] and the DI-MS/MS
method proposed in this article reported acceptable LODs in the
low mg/L range.
4. Conclusions

The sorption performance of inner-wall-coated HNs is some-
what restricted due to thermodynamic (the capacity is limited to a
thin layer of polymer) and kinetic (the mass transference takes
place through a small surface) issues. This article hypothesizes that
changing the geometry of the sorptive phase to a more porous one
would improve the performance. In this article, an N6-Cel com-
posite is proposed as an alternative sorptive phase that increases
the sorption capacity and permits sample flow-through. The vali-
dation results demonstrated that the new configuration allows the
determination of methadone in the low mg/L range with good
precision (RSD < 9.3%) and good recoveries (90%e109%). The per-
formance of the modified HNs has also been evaluated using triple
quadrupole MS. In the latter case, an extraction/offline elution
procedure is needed, but this method is more versatile since it can
be developed in any MS spectrometer.

Although direct analysis by AIMS would be the perfect strategy
in bioanalysis, this approach is sometimes limited by the own
biofluid matrix (even when a theoretically clean such as like saliva
is used) and the low concentration of the analytes. A sample
preparation step can solve both limitations. This additional pro-
cedure must be considered not only a tedious step but also an
opportunity. In this sense, on-site extractions based on simple de-
vices (such as those described in this article) would permit
analyzing samples acquired at different locations with a single
AIMS equipment. The samples could be extracted, and the sorptive
phases transported to the lab for analysis. This potential, which can
extend the applicability of these approaches in governmental
health services, will be considered in further studies.

The current approach could be extended to other analytes by
selecting the most appropriate sorbent and MS parameters.
Determining isobaric compounds could be challenging due to the
absence of chromatographic separation. The introduction of a sec-
ond dimension, such as ion mobility spectrometry, in combination
with MS is an interesting strategy to overcome this issue.
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