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Abstract

Electrospray ionization mass spectrometry (ESI-NESya commonly used technique for
analysis of various samples. Solid phase microetitna (SPME) is a simple and efficient
technique that combines both sampling and sam@papation into one consolidated step,
preconcentrating extracted analytes for ultra-semesanalysis. Historically, SPME has been
coupled with chromatography-based techniques fonpsa separation prior to analysis,
however more recently, the chromatographic stepbeas omitted, with the SPME device
directly coupled with the mass spectrometer. s gtudy, direct coupling of SPME with
ESI-MS was developed, and extensively validatequantitate ketamine from human urine,
employing a practical experimental workflow andexdensive hardware modification to the
equipment. Among the different fibers evaluated, MGP device coated with
Cig/benzenesulfonic acid particles was selected ®iatralysis due to its good selectivity and
signal response. Different approaches, includingpgsion spray, dripping, desorption ESI
and nano-ESI were attempted for elution and iompabf the analytes extracted using the
SPME fibers. The results showed that the desormpay and nano-ESI methods offered
better signal response and signal duration thamtiners that were evaluated. The analytical
performance of the SPME-nano-ESI-MS setup was kextelincluding limit of detection
(LOD) of 0.0465827 ng/mL, limit of quantitation () of 0.1 ng/mL, linear range of 0.1-
500.0 ng/mL (R=0.9995) and recoveries of 90.8-109.4% with RSD-18146% for three
validation points at 4.0,40 and 400.0 ng/mL, fattdrethan the performance of conventional
methods. The results herein presented, demonstitzethe direct coupling of SPME fibers
with ESI-MS-based systems allowed for the simplé aitra-sensitive determination of

analytes from raw samples such as human urine.



1. Introduction

Mass spectrometry (MS) is a powerful tool for atiahl and research purposes, and
electrospray ionization (ESI) is one of the mosnhownly used ionization techniques in MS
[1]. Conventional ESI uses a capillary for sampédiveery and ionization. Development of
nano-ESt facilitates consumption of smaller voluofesamples and tolerance of more
complex matrices [2]. In recent years, use of sslidstrates for sample delivery and ambient
ionization has attracted a lot of attention [3-13glid-substrate ESI-MS allows convenient
sample loading and direct analysis of various foohsamples [8, 9, 12, 15-24], including
viscous liquids [25], powders [26, 27], and bulkofids [28], as well as quantitative analysis
[29]. Moreover,in vivo and real-time detection [5, 30, 31] using solidsitdte ESI-MS has
been reported to provide transient and dynamicrinédion about the metabolic processes,
with minimal or negligible sample preparation. Weliother ambient ionization techniques
that typically require additional settings suctsalrent spray, plasma or a laser, the assembly
and operation of solid-substrate ESI-MS devicgsragtical and straightforward. Therefore,
due to the minimal modification required to comnm@renass spectrometers systems, these
techniques have encouraged experts in the boonalus fof proteomics, metabolomics, and

molecular diagnostics to consider its applicatil3y.

Although solid-substrate ESI-MS allows direct asayof samples in their original state,
given that the entire raw sample is directly loadeth the substrate, severe
suppression/enhancement of the signals of thettaogepounds can occur. Therefore, solid
substrates that allow selective extraction/enriahin@ad ionization are ideal for improving
analysis of complex matrices [7, 33, 34]. Recerdiyface-modified blades [33] and wooden
tips [7, 35, 36] were developed for selective amasgive detection of analytes from mixtures

using solid-substrate ESI-MS. In these studiegjddaand wooden tips were modified with



specific functional groups on the surfaces and wesed as solid phase microextraction
(SPME) probes for sampling. SPME is a commonly utssthnique for sampling/sample
pretreatment [37], and SPME fibers with varioustit@pmaterials and various configurations
have been developed and commercially available 38740]. SPME is typically coupled to
MS with gas chromatography (GC-MS) [41] or liquisdt@matography (LC-MS) [37, 41, 42]
for detection of the extracted and enriched anslyietection of analytes extracted on SPME
fibers directly by mass spectrometry has been alsplored [43, 44], and ionization
techniques such as matrix-assisted laser desorpiwmzation (MALDI) [45, 46], direct
analysis in real-time (DART) [47-49], desorptiore@rospray ionization (DESI) [50], and
nano-ESI [51] have been attempted. Likewise, SPMErs have also been coupled with
direct electrospray probe (DEP) that was made @ipep coil [52], thermal desorption
technique [48], direct infusion chamber [53], ogent probe (OPP) [54], microfluidic open
interface (MOI) [55] and the capillary gap samgdl] . Unsurprisingly, the development of
simple and efficient techniques for coupling of SPkibers and ESI-MS is still an on-going

field of research [17].

Conventionally, detection and quantitation of drofimbuse in body fluids requires intensive
sample pretreatment workflows and time-consumirrgrolatographic separation prior to MS
analysis [57-59]. Due to the high analytical demaddvelopment of rapid and reliable
methods for analysis of drugs-of-abuse is highlgirdble. Recently, we developed a
wooden-tip ESI-MS (WT-ESI-MS) method [20] for diteanalysis of drugs-of-abuse in urine
and oral fluids [29, 60]. Our results demonstrateat WT-ESI-MS was an efficient method
for rapid detection and quantitation of ketamind & metabolite norketamine in urine and
oral fluid. However, the performance of WT-ESI-M& finalysis of the drug in body fluids

was not as effective as those offered by conveatianethods, mainly due to the



interferences and signal suppression during thezation process. Therefore, by replacing
the wooden tip with a SPME fiber that is capableselectively extracting and enriching
analytes, ionization and quantitation of ketamimal ats metabolite are expected to be

significantly improved.

In this study, we explored the direct coupling 6fME fibers with multiple ESI-MS formats
(termed SPME-ESI-MS), ultimately applying this apgch for the analysis of ketamine in
urine, in order to validate the method and to detetamine excreted in urine following the
intake of ketamine [61]. The SPME fibers were disemounted onto a standard nano-ESI
ion source without any hardware modification andadption and elution solvent was
introduced by a spray emitter for SPME-ESI-MS asiagly or the desorption step was
preformed directly inside the nano-ESI emitter, athnod similar to some of the previous
studies [22-24]. Employing agbenzenesulfonic acid (mixed-mode) coated SPMEr fibe
SPME-ESI-MS demonstrated better analytical perfowwea than that of conventional
methods. Furthermore, it was elucidated in thislstihat desorbing the fibers directly into
the nano-ESI emitter prior to the ionization eveegulted in the lowest LOQs and the best
figures of merit out of the four formats that weewaluated. Succinctly, this study
demonstrates that SPME fibers could be conveniartlypled with ESI-MS for rapid and

sensitive detection of ketamine in urine samples.

2. Experimental

2.2 Reagents and materials
Ketamine and internal standard ketaminewdere purchased from Alfasan (Woerden,
Holland). Methanol and acetonitrile were the pradwf Tedia (Fairfield, OH, USA). Other

chemicals were purchased from Sigma-Aldrich (SuispMO, USA). For the SPME-ESI-



MS experiments, formic acid (FA) and ammonium aeefAA) were purchased from Sigma-
Aldrich (Saint Louis, MO, USA), and LC-MS grade fabol (MeOH), acetonitrile (ACN),
isopropanol (IPA) and water were purchased frorhéfiScientific (Bartlesville, OK, USA).
Individual working stock standard solutions weregared in MeOH at a concentration of
100 pg/mL and stored at -80°C. SPME fibers tested is #tudy were kindly provided by
Supelco (Bellefonte, PA, USA), with fused silicabdis coated with PDMS
(polydimethylsiloxane, 10Qum), PDMS/DVB (polydimethylsiloxane/ divinyloenzenép
um), and PA (polyacrylate, 8om) as well as Bio-SPME fibers (200 pm nitinol wioejated
with C.g (octadecyl, 50 um) and mixed-mode dBenzenesulfonic acid, coating thickness:
40 um, coating length: 10 mm) [37, 40, 62] as tha&tiag, respectively. The specifications of
the nano-ESI emitters were as follows: coated ®@fa%%.0/0.78, o.d./i.d., mm; 4m tip)
were obtained from New Objective Inc. (Woburn, MASA). Urine samples were collected
from healthy volunteers. A urine sample spiked witld pg/mL ketamine was used to
optimize the analytical procedures. Pure water usélis study was produced by the Milli-Q

water-purification system (Milford, MA, USA).

2.2 M ass spectrometry

The qualitative analysis of ketamine was carriedao@-TOF2 mass spectrometer (Waters,
Milford, MA, USA), while the quantitative data weracquired with multiple reaction
monitoring (MRM) mode on a triple quadrupole mapsctrometer (MS) (Waters Quattro
Ultima, Milford, MA, USA). A 3.5 kV high voltage waapplied onto the SPME fibers to
initiate the ESI event; Cone voltage was 30 V; $euemperature was set to 80 °C. For the
MRM experiments, ion paingVz 238 > 125 ana/z 242 > 129, for ketamine and-Ketamine
(internal standard), respectively, were chosen #red peak heights were used for the

guantitation, similar to those in the previous gt{@b]. The collision energy was 25 eV, and



the dwell time was set at 0.2 second. For the SPBIE6-ESI experiments, the quantitative
data was acquired in the MRM mode on a Thermo 8temSQ Vantage triple quadrupole
MS (San Jose, CA, USA). A 1.3 kV voltage was apmplie initiate ionization, and was
maintained for 10s. The same ion pairs stated alb@re used, and the MS dwell time was
fixed at 0.1s. Data processing on the TSQ Vantaae done using Thermo Scientific Trace

Finder v4.1 (San Jose, CA, USA).

2.3SPME-ESI-M S

The whole analytical procedure of SPME-ESI-MS asialgan be divided in 4 basic steps,
including cleaning/conditioning (Figure 1l1a), sampliextraction (Figure 1b), washing
(Figure 1c), and elution/ionization (Figure 2). &ly speaking, the SPME fibers were
immersed into 1 mL solvent (water/methanol, 1/M)Vbr 5 min with vortex to remove
background compounds and condition the solid pleas¢ing. Then, the SPME fiber (with
the whole 10 mm coating part) was immersed into g8D0of urine sample (1.0 ml of
Eppendorf tube) and vortex for 10 minutes (sped®00 rpm). Subsequently, the fiber was
rinsed by pure water for 50 seconds before the SRME was mounted onto the nano-ESI

ion source for detection (Figure 2).

As shown inFigure 2, the setup of SPME-ESI-MS was simple amavenient, without any

hardware modification. SPME fibers were mountecdbanicommercial nano-ESI ion source
(Waters, Milford, MA, USA) by an inner screw andtlwithe aid of a conductive elastomer,
similar to the setup of nano-ESI needles for naBb-&halysis. SPME fiber’s direction and
distance from the MS inlet could be readily adjddtg using the settings of the nano-ESI ion
source. Four different approaches: desorption spdapping, desorption electrospray

ionization (DESI), and direct insertion of the SPNEer into the nano-ESI emitter filled



with desorption solvent were attempted for desorpéind ionization of the extracted analytes
in this study. As shown in Figure 2ia, the desorption spray approach, a high voltage wa
applied directly onto the SPME fiber, and desorptemlvent (water/methanol/formic acid,
1/1/0.001, v/vlv) was sprayed onto the SPME fib&s. shown in Figure 2, the vertical
distance (d1) and horizontal distance (d2) betwberSPME fiber and MS inlet was 6 mm,
respectively; the spray emitter was placed on itle sf the SPME fiber with an optimized
distance (d3) and angle of 3 mm and 45°, respdygtiVde flow rate of desorption solvent
was 5 pL/min and the nitrogen gas pressure ratel@gssi. In the dripping approach (see
Figure 2b), desorption solvent was directly drippedo the SPME fiber by a pipette. In the
DESI approach (see Figure 2c), all the settingeevidentical with those of the desorption
spray approach, except that the high voltage wpbeabonto the spray emitter instead of the
SPME fiber. In the SPME-ESI-MS, the mass spectreevabtained by averaging the data
acquired in 2 minutes in desorption spray and DiEStle, while the duration in dropping
mode is ~10 seconds. In the nano-ESI approach r@gigd), the fiber was placed directly
inside the nano-ESI emitter that was pre-filledhwdtuL of 95:5 MeOH: HO (0.1 % formic
acid, 12 mM ammonium acetate). The nano-ESI emittes placed 3 mm back from the
center of the MS inlet, and the desorption wasqgoeréd for 3 minutes. Following the
desorption, a 1.3 kV high voltage was applied ®riano-ESI emitter, initiating a spray event
with a flow rate ofca. 0.2 uL/min. In this study, a 10 sec of duration time weasorded for

rapid detection of the analyte.

3. Resultsand Discussion

3.1 Optimization of SPME-ESI-M S
Figure 3as a typical ESI-MS spectrum of ketamine obtaingdSPME-ESI-MS analysis of 1

ug/mL ketamine aqueous solution with the drippinghod. Ketamine was observed as the



protonated molecule atz 238 in the spectrum. In this study, a urine sanspi&ed with 1
ug/mL ketamine was used to optimize the conditiond astablish the analytical protocol.
Different types of SPME fibers and various expentaé settings were attempted and their

influences to the ketamine signals were investijated evaluated.

As shown in Figure 3b, GC-based fibers (PDMS, PODAE and PA) provided low signal

intensities for ketamine in urine, which was beddvo be mainly caused by the nonpolar
properties of the coating materials that might efé¢ctively extract ketamine from the urine
samples. It was found that electrospray plume viffisudt to generate from these tips even if
a higher voltage (e.g., 4.5 kV) was applied. LCathSPME fibers (C18 and mixed-mode)
used an electrically conductive material as a supfie., nickel-titanium metal alloy),

facilitating generation of electrospray and thusdyaetection of ketamine signals from the
fibers. Higher ketamine signals were obtained usivegmixed-mode fiber in comparison to
the C18 one, due to higher extraction efficiencyhid coating. Indeed, the mixed-mode fiber
contained C18 and benzenesulfonic acid on the fiheface and could have both
hydrophobic and ion-dipole interactions with ketaenithat contains phenyl and amide
groups (inset of Figure 3a). Consequently, furttgperiments were performed using the

mix-mode fiber in this study.

Four approaches, i.e., desorption spray, drippgSI, and nano-ESI, as described in the
Experimental Section, were attempted for desorpdiath ionization of the analytes extracted
on the SPME fibers. For the dripping approach toatild be conveniently used, the solvent
was added manually using a pipette and typically arimited volume (typically 1.@L) of

solvent could be held by the fiber for analyte ielutand ionization, leading to poorer signal

intensities and duration. For the DESI approachrgdd droplets were generated and sprayed



onto the surface of the SPME fiber for the elutamm ionization of the retained analytes; the
results revealed that the desorption and ionizafbaiency was quite low with this approach
[63]. In the desorption spray approach, the solveas sprayed onto the SPME fiber surface
in a continuous and uniform manner, which providatficient solvent volume and duration
for analyte elution, and the high voltage was diyeapplied onto the fiber to more efficiently
induce spray ionization, leading to good signapoese and signal duration. Finally, in the
nano-ESI approach, the fiber was desorbed intoraail yolume of solvent (~4L), resulting

in extremely high sensitivity and low backgroundseg as listed in Table S1. Coupled with
the spray stability, nano-ESI was deemed to bédése approach and was thus employed for

subsequent quantitative analysis.

Extraction time, washing time as well as elution @nization solvent were also optimized
for SPME-ESI-MS analysis of ketamine in urine usthg mixed-mode fiber. As shown in
Figures 4 a and b, the extraction was found tohreaguilibrium at 10 minutes, and the
optimal washing time was determined as 50 secontiswater as the washing solvent for
removing polar interference compounds (Figure $Hrious solvents were attempted to
elute and ionize the ketamine analyte retainecherSiPME fiber, and water/methanol/formic
acid (1/1/0.001, v/viv) was found to be the mosiceint one as indicated by the ketamine
signals detected using the desorption spray madethé nano-ESI experiments, prior
experiments and publications have deemed that8GH: H,O + 0.1% FA & 12 mM AA

was the optimal spray solvent for quantitative gsial of small molecule pharmaceuticals

[51]. For this reason, this solvent composition wlagsen for the respective analysis.

3.2 Performancefor analysis of ketaminein urineusing SPME-ESI-M S

10



Figure 5a is a spectrum obtained by analyzing aeusample spiked with 100 ng/mL
ketamine with SPME-ESI-MS using the optimized ctinds as shown above. Protonated
molecule of ketamine nfz 238), confirmed by MS/MS spectrum (Figure 3b)was
predominately observed in the spectrum with very iigerference signals such as the peak
atmvz 114 ([Creatinine+H). In our experiments, the target analyte was selelgtienriched

by the SPME fiber, and loosely attached matrix congmts were removed during the
washing process. Furthermore, the use of nanoE&ted reduced ion signal suppression.
The above results indicated that the SPME-ESI-M8togol could efficiently enrich

ketamine in urine, significantly reduce matrix etfeand enhance the signal of ketamine.

The limit of detection (LOD) and limit of quantitah (LOQ) of the SPME-nano-ESI format
for analysis of ketamine in urine were measurec Jignal/noise ratio (S/N) was obtained
by comparing the intensity of the “spiked” sampetiat of the “blank” one (Figure S3), i.e.,
(lanaiytdlis)spiked (lanalytd!is)blank, Where dhayieand |s were the MRM chromatogram intensities
(peak areas) of analyte and internal standard, (deketamine), respectively, and the
subscripts “blank” and “spiked” represented the [gas spiked with the internal standard
only and spiked with both analyte and internal déad, respectively. As shown in Table 1,

the LOD (S/N=3) and LOQ (S/N=10) of the present method for detection of ketaniine

urine were ~0.027 ng/mL and 0.1 ng/mL, respectivBiyce the lowest calibration point (0.1
ng/mL) generated a S/N of ~10.8, the LOD was agprated. No tailing was observed for
the technique since no signals were detected wieshigh voltage was not being applied. As
shown in Figure S2, the signals was observed oelyéen 0.1 and 0.3 min with the
application of the high voltage. These results meitged that the LOD and LOQ of SPME-
nano-ESI-MS for detection of ketamine in urine cbbé at least 2000 folds better than those

obtained with WT-ESI-MS (LOD of 20 ng/mL and LOQ 50 ng/mL) [29] and far better

11



than those obtained with most conventional metifb@P of 0.5-25 ng/mL and LOQ of 1.5-
50 ng/mL for using GC-MS [64, 65], and LOD of 0.83tg/mL and LOQ of 0.1-3.17 ng/mL

for using LC-MS [66-68]).

The calibration curve for quantitation was condedcwith ten sets of experimental data.
Each set of data was obtained by detecting trifdisamples containing different levels of the
analyte (0.1, 0.5, 1.0, 2.5, 5.0, 25.0, 50.0, 1,0850.0 and 500.0 ng/mL) and a fixed amount
of internal standard (20.0 ng/mL). As shown in Fig8, excellent linearity (R0.9995) was
obtained over the concentration range from 0.10@.® ng/mL. The implementation of the
internal standard effectively =~ compensated the dievis  during the
extraction/desorption/ionization processes and ledafuch an excellent linearity. Such low
concentration could not be achieved for quantitatiath other SPME-ESI-MS, WT-ESI-MS

or conventional methods [64-68].

The precision and accuracy of the SPME-ESI-MS aqgravere evaluated by quantitation of
ketamine in urine samples spiked with ketamineoo¥,Imiddle and high concentrations.
Each sample was analyzed three times and the data waweraged for comparison.
Recoveries of SPME process was determined by gpgamples of different concentrations
(i.e., 4, 40, and 400 ng/mL), i.e.addytdlis)spiked (lanaiytd!is)caicutation Where dnayeand Is were
the MRM chromatogram intensities of ketamine anekatamine, respectively; and the
subscripts “spiked” and *“calculation” representdu texperimental value of the spiked
samples (i.e., 4, 40, and 400 ng/mL) and back-taiom using the line of best fit from the
calibration curve in Figure 5. For 4.0, 40 and 9006g/mL spiked samples, the recoveries
were in the range of 90.8-109.4 % with RSD 3.4-28.h=3) (Table 2). The figures of merit

for the accuracy and precision using the nano-E&irique revealed that the accuracy and

12



precision obtained were acceptable for bioanalytgzmple analysis. This technique is
applicable for analysis of different urine samptestaining different levels of matrix, since
the selective extraction of the SPME fibre alloife&ive removal of matrix and the use of

an internal standard can correct the deviations fitte samples and the analysis.

The entire extraction and desorption procedureéSeME-nano-ESI-MS took approximately
13 minutes to analyze one fiber, and this couldgiesatly reduced using high-throughput
extraction protocols or a more comprehensive autednaano-ESI interface [69]. This
analysis time is much shorter than the analysis tifrseveral hours per sample required with
the conventional methods. Another notable featirSRME fibers is their re-usability. Our
experimental results showed that a SPME fiber cdiddreused over 200 times with no
obvious degradation of performance. This allows Imueduced costs and good

reproducibility of results since the same fiber barused for the experiments.

4. Conclusions

Direct coupling of SPME with ESI-MS has been depelb in this study. The setup of

SPME-ESI-MS was optimized, and SPME fibers placeecty inside the nano-ESI emitter

was employed to provide stable and sensitive apalysignal of attained analytes. Such
direct coupling avoids chromatographic separatimakes use of the rapid and selective
extraction capability of SPME, and integrates widnoESI-MS that has good ionization
efficiency and tolerance to ion suppression. We alestrated that SPME-nano-ESI-MS
could provide analytical performance much bettemtimost conventional methods, with
minimal compromise in terms of total analysis tifhbese results indicated that SPME-ESI-
MS could be a simple and efficient method for ragdnsitive and selective detection of

analytes in mixture samples. Given the popularitpaith SPME and ESI-MS, as well as the

13



easy setup of the coupling technique, SPME-ESI-8&xpected to have great potentials for

sample analysis in various areas.
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Table 1. Response of ketamine at low concentrationsin urine
asdetected by SPME-ESI-M S

Spiked ketamine (ng/mL)

Signal-to-noise

0.1

0.5

1.0

2.5

5.0

10.8

52.4

87.7

216.7

420.6
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Table 2. Precision and accuracy for detection of ketamine
inurineby SPME-ESI-M S

Spiked ketamine Accuracy Precision (n=3),

(ng/mL) (n=3), % %
4.0 90.8 8.1
40.0 109.4 3.4

400.0 104.8 10.6
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Figure captions

Figure 1. Procedures for SPME sampling: (a) cleaning/cooliitig, (b) sampling/extraction,

(c) washing.

Figure 2. Schematic diagram of SPME-ESI-MS with differenttings for applying elution
and ionization solvent: (a) desorption spray (véthop view photo), (b) dripping, (c) DESI,

(d) nanoESI.

Figure 3. (a) Mass spectra obtained by analysis gfinL ketamine aqueous solution with

SPME-ESI-MS; (b) Effects of different SPME fibems tletection of ketamine.

Figure 4. Effects of various factors on SPME-ESI-MS sigridketamine: (a) extraction time,
(b) washing time. Each data point was the averddkree individual measurements, where

the error bar represented the standard deviation.

Figure 5. (a) Mass spectra obtained by analysis of a uramepse spiked with 100 ng/mL
ketamine using SPME-ESI-MS under optimized condgjo(b) MS/MS spectrum of ion at

m/z 238.

Figure 6. Quantitative analysis of ketamine in human urindueBmarkers represent
calibration points, and orange markers represelidateon points. The following extraction
parameters were used: 10 min extraction time, 168@ orbital agitation, and room
temperature. Each data point was the average @ ihdividual measurements (n=3), where

the error bar depicts the standard deviation.
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Highlights

» Direct coupling of SPME with ESI-MS

* Rapid detection of ketaminein urine

» Comparison of different methods, i.e., desorption spray, dripping, DESI and nano-ESI,
for the coupling

* Much improved analytical performances obtained by SPME-nano-ESI-MS



