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Abstract

:

Thirty years since the invention and public disclosure of solid phase microextraction (SPME), the technology continues evolving and inspiring several other green extraction technologies amenable for the collection of small molecules present in complex matrices. In this manuscript, we review the fundamental and operational aspects of a novel SPME geometry that can be used to “hunt” target molecules in complex matrices: the SPME Arrow. In addition, a series of applications in environmental, food, cannabis and forensic analysis are succinctly covered. Finally, special emphasis is placed on novel interfaces to analytical instrumentation, as well as recent developments in coating materials for the SPME Arrow.
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1. Introduction


Solid phase microextraction (SPME) is a concept that embraces an array of technologies, or devices, with several common features:




	
First, all SPME technologies comprise a minute amount of extraction phase or sorbent material. This sorbent is typically adhered to a solid substrate, and said substrate can take multiple geometries [1]. The purpose of the sorptive material or coating, is to collect/enrich analytes of interest present in a complex matrix while preventing other matrix components from adhering to said surface [2].



	
Second, analyte collection is based on partitioning between the extraction phase and the matrix. Thus, controlling the extraction conditions (e.g., temperature, ionic strength, and humidity) and the extraction times is critical to assure reproducible results and use this tool for quantitative applications [3].



	
Third, a SPME device can carry out multiple steps of the analytical workflow such as analyte collection (e.g., sampling), sample preparation (e.g., the clean-up of analytes of interest from other matrix components), analyte transportation (e.g., when the sampling is performed outside of a laboratory), and analyte transfer into an analytical instrument (e.g., when thermal desorption is used on gas chromatography (GC)) [4].



	
Fourth, most SPME technologies reduce/eliminate the use of solvents/additives during the sample preparation step and can consequently be considered green analytical chemistry technologies [5].



	
Fifth, analyte elution can be performed via thermal, liquid, or laser desorption, depending on the characteristics of the extraction phase, and it can be introduced into an analytical instrument such a mass spectrometer via a chromatographic separation technique [6]. In the case of gas chromatography, analyte introduction onto the instrument is typically performed via the direct thermal desorption of the SPME device.








SPME, originally conceived and patented by researchers at the University of Waterloo (UW) in the late 1980s, was licensed and commercialized at the beginning of the 1990s by Supelco Inc. (now Millipore-Sigma, Bellefonte, PA, USA). The first peer-reviewed manuscript, published in 1989 [7], brought to light the most know configuration of SPME: “the fiber” [8]. As shown in Figure 1, a traditional SPME device is composed of the following parts: a color coded screw hub (A), a sealing septum (B), a septum piercing needle (C), a fiber attachment needle (D), and a coated fused silica fiber (E). Though multifarious SPME devices have been developed since the mid-1990s for thermal, liquid, and inclusive laser desorption [1,4,9], the thin cylindrical geometry described by Bellardi et al. [7] is the most well-known and the leader in sales worldwide. Indeed, GC coupled to several detection systems (e.g., ECD, FID, and MS) is the most commonly used instrument to interface SPME devices.



Even though the SPME patent did not thwart academia/industry from conducting research on SPME devices and extraction phases [10,11,12], it categorically prevented corporations from commercializing improved versions of the “traditional” fiber (e.g., enhancements to the substrate to make a more robust technology). The expiration of intellectual property a few years ago enabled commercial vendors to not only offer the “traditional” SPME fibers, but to also mechanically and chemically enhance versions of this technology. An example of these enhancements includes the first large volume SPME fiber developed by CTC Analytics AG for GC applications, known as the SPME Arrow (see Figure 1 and Figure 2) [13].



In parallel with the development of the SPME Arrow, other green chemistry technologies aiming to overcome the drawbacks of the traditional SPME fiber have also appeared [14]. Among them, one can highlight the thin film microextraction (TFME), the stir bar sorptive extraction (SBSE), and the in-tube extraction (ITEX). As recently reviewed by Dugheri and Olcer [9,14], most of these technologies offer better analytical features over the traditional SPME fiber. However, some of them are harder to automate [15] or are not compatible for direct immersion experiments [16]. Thus, the focus of the current review article is to summarize the fundamental and operational aspects of SPME Arrows, as well as recent developments and future directions [17,18].




2. SPME Arrow Design


As portrayed in Figure 3, the SPME device workflow comprises several steps including the following: 1. piercing the septum of the vial with the outer needle; 2. exposing the extraction phase to the sample and collecting the analytes of interest for a fixed period of time; 3. withdrawing the extraction phase into the needle of the SPME device; 4. transporting the SPME device to the instrument station, and 5. transferring the SPME device into the injection port of the instrument, so the analytes are eluted from the extraction phase via thermal desorption.



SPME Arrows were designed to overcome short-comings associated with the workflow of traditional SPME fibers, such as limited mechanical robustness ([19]), poor inter-device reproducibility, and small extraction phase volumes ([9]). The body of an SPME fiber is made of stainless steel, and the extraction phase is typically coated on fused silica. Consequently, one of the most common complaints of traditional SPME fiber end-users is a lack of physical durability of the fused silica ([20]). Though this problem can be partially alleviated by coating the extraction phase on a metal core (e.g., nitinol) [20,21], the body of a traditional SPME fiber is also commonly reported as fragile (see Figure 4). Consequently, commercial vendors have begun offering pre-drilled GC inlet septa and thin-walled vial septa to help mitigate issues with the damage of the core during the extraction and desorption steps. It is not uncommon for a SPME device to become injured, even within the first use. Failure rates appear to be highest amongst new end users; however, experienced end users are not immune to these issues either. Due to the delicate nature of traditional SPME fiber devices, most of them cannot be repaired. Manual extractions and desorptions appear to increase traditional SPME fiber failure rates, so the adoption of robotic autosamplers (e.g., CTC PAL or more commonly referred to as “rail” systems) has helped alleviate this problem to some degree. However, regardless of manual or automated injection, traditional SPME fiber devices typically fail to reach their true potential lifetime due to some sort of physical damage. “Potential” lifetime is stated because the majority of these mechanical failures appear to take place well before the fiber phase has been exhausted (i.e., it has not reached the life time of the coating).



2.1. Physical Attributes


SPME Arrows only share the following physical attributes with traditional SPME fibers: 1. the dimensions and thread types on the color-coded hubs; 2. the dimensions of the needle ferrule; and 3. a stainless steel composition of the support tubing and septum piercing needle. Beyond the aforementioned, SPME Arrows diverge from traditional SPME fibers in an attempt to increase mechanical durability. Traditional SPME fibers have 23 or 24 gauge (i.e., 0.573 or 0.511 mm, respectively) external diameters on their septum piercing needle. The SPME Arrow was initially developed with 1.1 and 1.5 mm (i.e., ~17 and 15 gauge) external diameters on their septum piercing needle, which is approximately 2 and 3 times the diameter of traditional SPME fibers, respectively. Figure 1 provides a scale image for visual comparison of the physical attributes of SPME Arrows and a 23 gauge traditional SPME fiber. Furthermore, Table 1 breaks down the divergent physical attributes of the SPME Arrows and a 23 gauge traditional SPME fiber. Most notably, the support tubing (i.e., plunger), septum piercing needle, and phase support tubing of the 1.1 and 1.5 mm SPME Arrows have increased external diameters by 264–332%, 174–237%, and 583–449%, respectively over a 23 gauge traditional SPME fiber. These increased external diameters are largely responsible for the increased mechanical robustness of SPME Arrows. In particular, the increase in the support tubing appears to contribute the most improvement in durability, as this seems to be the most common failure point associated with traditional SPME fibers [13].



It is important to note that the SPME Arrows have “arrow” shaped tips from which they garner their name. These arrow tips have the same external diameter as the SPME Arrows’ septum piercing needle (i.e., 1.1 or 1.5 mm). The arrow tip helps increase the mechanical robustness of the SPME Arrow, as the force required to penetrate the vial and/or GC inlet septa is less on an SPME Arrow when compared to a traditional SPME fiber, despite the increase in diameter. It has been demonstrated that a 1.1 mm SPME Arrow only requires 799 g of force to penetrate and headspace vial septum, whereas, a 0.63 mm traditional SPME fiber requires 1188 g (~50% more than the SPME Arrow) of force to penetrate the same configuration [22]. Furthermore, the SPME Arrow tip has been demonstrated to cut slits in vial and GC inlet septa, as opposed to coring septa. Therefore, septa lifetime appears to be as good, if not better, than traditional SPME fibers [23]. Furthermore, when retracted (i.e., not extracting/desorbing), the Arrow tip serves the purpose of a protective cap, thereby minimizing the diffusion of compounds into the septum piercing needle and ultimately reaching the phase. This helps minimize background contamination in between analyses or losses of analytes while the fibers are store for analysis on the tray of the GC system [21].



More recently, the SPME Arrow has been advanced with a 0.804 mm support tubing housed inside a 1.5 mm septum piercing needle (denoted as 1.5* mm in Table 2). This design was released to overcome problems associated with using SPME Arrows for direct immersion (DI) extractions, such as phase swelling and the subsequently sloughing off and/or damaged when the SPME Arrow support tubing is retracted inside a 1.1 mm septum piercing needle. The wider 1.5 mm septum piercing needle provides enough clearance for the swollen phase on the 0.804 mm support tubing, thereby mitigating the sloughing issues.




2.2. Phase


SPME Arrows were also designed to overcome the small phase areas and volumes associated with traditional SPME fibers. As shown in the Table 1, a 23 gauge traditional SPME fiber with 100 µm of polydimethylsiloxane (PDMS) has a 9.40 mm² and 0.600 µL phase. The 1.1 mm Arrow with 100 µm of PDMS, which represents the most direct comparison to the aforementioned, has a 44.0 mm² and 3.80 µL phase; which is a 468% and 633% increase in area and volume, respectively. This increase in phase area and volume has resulted in an increase in sensitivity and/or capacity, which is addressed later on in the performance and applications sections of this manuscript.



As shown in Table 2, SPME Arrows have been developed with most of the traditional SPME fiber phase offerings. The carbowax-polyethylene glycol (PEG) and carbowax/templated resin (CW/TPR) phase are the only phases not currently available on the SPME Arrow platform. Though the SPME Arrow has most of the phases, it is important to note that not all phase thickness/configurations have been replicated in the SPME Arrow. For example, although the SPME arrow is available in PDMS, it is only available in 100 and 250 µm PDMS configurations. The 7 and 30 µm PDMS configurations found in the traditional SPME fiber offerings are not available in the SPME Arrow. Additional phase thickness deviations may be observed when looking at the other phases (e.g., 75/85 µm of carbon on the traditional SPME fiber compared to 120 µm of carbon on the SPME Arrow).





3. SPME Arrow Accommodations


End users may not purchase a SPME Arrow and begin using it as direct replacement for the traditional SPME fiber. There are several things an analyst will need to modify/replace in order to accommodate the SPME Arrows’ larger external diameters, including: 1. the injection tool (both manual and robotic); 2. the GC inlet; and 3. the GC inlet liner.



First, the manual tool may need modification or replacement (see Figure 2). For example, the traditional SPME fiber holder [19] does not accommodate SPME Arrows. Despite the SPME Arrows sharing a similar length and the same dimensions on the color-coded hubs, the Supelco manual holder tip diameter is too small. Some users have worked around this problem by drilling out the manual holder with a 3/64” metal compatible drill bit. Alternatively, other users have purchased the Restek PAL manual injection kit (Restek Corporation, Bellefonte, PA, USA), which accommodates both traditional SPME fibers and SPME Arrows without modification.



In terms of robotic platforms, CTC Analytics AG does not support the use of SPME Arrows on their second generation PAL systems (e.g., PAL/PAL-xt). Therefore, users with these systems will need to modify their existing SPME holder or acquire an appropriate SPME Arrow holder from Chromtech (Bad Camberg, Germany). Newer generations of robotic arms, such as PAL3 systems (e.g., RTC and RSI), fully support the SPME Arrow as long as users acquire the appropriate tool from CTC Analytics AG. In the case of rail systems commercialized by other vendors such as Agilent (Santa Clara, CA, USA), Gerstel (Linthicum Heights, MD, USA), Shimadzu (Kyoto, Kyoto Prefecture, Japan), and Thermo (Waltham, MA, USA), users need to contact the manufacturer to acquire the appropriate tool for their robotic system. Furthermore, the fiber conditioner found on second and third generation PAL systems does not accommodate the SPME Arrow diameters. Therefore, users need to directly condition the SPME devices in the GC inlet or acquire an SPME Arrow-specific conditioner module from the appropriate manufacturer.



In terms of the GC system, the inlets that are currently installed on the instruments made by major manufacturers (e.g., Agilent, Shimadzu, and Thermo) do not accommodate SPME Arrows. However, factory-modified GC inlets are commercially available for those manufacturers. Alternatively, users can modify their existing GC inlets by drilling out the excess of metal with a 3/64” metal drill bit. Likewise, traditional SPME fibers require the use of 0.75 mm inlet liners or greater. With the smallest outer needle diameter of 1.1 mm, SPME Arrows require the use of lager inlet liners. Several commercial vendors provide straight-walled inlet liners capable of accommodating SPME Arrows. For example, a 1.8 mm ID straight/inlet liner can accommodate both the 1.1 and 1.5 mm SPME Arrows. It is important to note, that in lieu of SPME Arrow-specific liners, end users may be able to use a standard 2.0 mm straight-walled liner and not suffer any significant performance losses [24].




4. SPME Arrow Performance


4.1. Benchmarking


In the previous sections, several advantages and disadvantages of SPME Arrows when compared to traditional SPME fibers were reviewed. However, those were mostly focused around the physical attributes associated with SPME Arrows. The current section focuses on how the aforementioned physical differences in phase area and volume translate into analytical performance. Several benchmarking applications have been chosen to compare SPME Arrows with traditional SPME fibers. It is important to note that the 1.1 mm SPME Arrow is the focus for the remainder of this section and for most of the manuscript, as this configuration is available in the most popular SPME phases (e.g., polydimethylsiloxane (PDMS) and divinylbenzene (DVB)), as shown in Table 2, whereas the 1.5 mm SPME Arrow is only available in a 250 µm polydimethylsiloxane (PDMS) configuration, which is anticipated to have less applications. It is important to point out that the 1.5* mm SPME Arrows commercially launched a few weeks prior to the writing of this manuscript, so there are little data to warrant a discussion beyond what was mentioned previously.



When comparing a 100 µm PDMS 1.1 mm SPME Arrow against a 100 µm PDMS 23 gauge SPME fiber after the headspace (HS) extraction of volatile organic compounds (VOCs) in drinking water [spiked at 2.5 ppb as per International Organization for Standardization (ISO) method 17943] via GC coupled to mass spectrometry, it was found that equilibration times, extraction times, and desorption temperatures were equivalent among the two devices. Figure 5 presents a chromatogram overlaying instrumental response of the SPME Arrow and SPME fiber for the 92 VOCs. The SPME Arrow’s response is higher than the traditional SPME fiber. On average, the SPME Arrow demonstrated a ~4× increase in response over traditional SPME fibers. This observation is consistent with the SPME Arrow’s larger phase volume, which correlates to a greater volume/mass of target analyte collected and thereby an increased analytical response. It is important to note that “on average” was stated in the previous point, because the increase in response for very volatile compounds like vinyl chloride was ~10× on the SPME Arrow vs. the traditional SPME fiber. However, a semi-volatile compound like naphthalene only saw ~2× increase in sensitivity on the SPME Arrow compared to the traditional SPME fiber. Such differences in extraction recoveries are correlated to different vapor pressures (i.e., Henry’s law constants) of said analytes and, expectedly, the availability in the headspace being the rate-limiting step. Likewise, it was observed that the SPME Arrow generated linear results (0.998 median R²) over a wide calibration range (0.0025–166 µg/L); with excellent precision (3.24% median RSD); and low sensitivity (30.0 ng/L median MDL) for all 92 ISO 17943 VOCs [25].




4.2. Method Development


Initial studies with SPME Arrows indicate that method development should follow the same logic and approach already demonstrated to be optimum for traditional SPME fibers [26]. For example, Herrington et al. evaluated SPME Arrows to see if there was a deviation in the extraction times required for SPME Arrows given the increase in phase volume. For this study, 100 µm PDMS 1.1 mm SPME Arrows and 100 µm PDMS 23 gauge traditional SPME fibers were evaluated for 92 HS VOCs, which had been spiked in drinking water at 2.5 ppb per method ISO 17943 [25]. Everything was equivalent (e.g., equilibration times and desorption temperatures), except for the extraction times. Extraction times of 15, 30, 60, 120, 240, 480, 960, and 1920 s were evaluated for each SPME (n = 3 for each SPME and each extraction time). Figure S1 shows the results from which the following two observations were made: 1. the SPME Arrow continued to demonstrate an increase in response (i.e., amount collected per unit of time) [9], which was again attributed to the increase in phase area over traditional SPME fibers; 2. both SPME types equilibrated at the same time (~120 s) for most of the 92 VOCs evaluated. This observation was consistent with the fact that both SPME types were 100 µm PDMS. Since the phase thickness was the same, it was deemed reasonable that the gas phase kinetics was the same; therefore, the equilibrium times were equivalent.




4.3. Troubleshooting


An extensive literature search only produced one reported issue associated with the SPME Arrow. Hartonen et al. reported chromatographic issues of double amine peaks when using SPME Arrows for extracting HS amines from water [27]. The root cause was determined to be an increased amount of water vapor extracted from the samples, due to the SPME Arrows’ increased surface area and volume. However, it is important to note that other work on HS volatiles from drinking water [27] did not report any chromatographic issues and/or water issues. However, this work was conducted on thermally conditioned fibers with the use of sodium chloride in samples and split mode during desorption: the latter two were important conclusions Hartonen et al. arrived at [27]. In addition, Helin et al. did not report any issues when using SPME Arrow for HS amines in water with an SPME Arrow [17]. Finally, Gionfriddo et al. demonstrated short-chain aliphatic amines are best analyzed with the use of derivatization [28].



Beyond the aforementioned works, it is important to note that other work on HS volatiles from drinking water investigated the use of the 1.5 mm SPME Arrow with 250 µm of PDMS over a 1.1 mm SPME Arrow with 100 µm of PDMS [25]. As shown in Figure S2, light gases like chloroethane had ~2.5 times the response on the 1.5 mm SPME Arrow compared to the 1.1 mm SPME Arrow. However, the chromatography began to tail and split. A split injection could overcome this poor chromatography; however, then any sensitivity gains would be lost. It is believed that this tailing was a product of the fact that the phase was so thick on the 1.5 mm SPME Arrow that these lighter gases deeply penetrated into the thick phase, which then caused tailing up desorption. This work, Hartonen et al.’s work, and work not shown here have tended to suggest that SPME Arrows perform best with the use of a small (e.g., 2:1 or 5:1) split during thermal desorption. However, more extensive work will have to investigate this in the future. For instance, forthcoming work should consider the use of programmed temperature vaporization (PTV)-type inlets for SPME Arrows [14].





5. SPME Arrow Applications


5.1. Environmental Analysis


SPME technology has applicability for environmental pollutants in air, water, soil and sediment, and it can be used in the field or in the laboratory for sample preparation [17,18]. An advantage of the SPME Arrow is the larger phase volume that allows for the collection of a higher amount of the target compounds, so reporting requirements for environmental data users can be met.



One drawback of the traditional SPME fibers for headspace analysis is that the amount of analyte enriched on the coating is not sufficient to meet the reporting limits established by environmental agencies. The SPME Arrow design allows for four-to-five times higher analytical responses of compounds than a traditional SPME fiber [29]. For instance, the work performed by Kremser et al. presented a comparison of several techniques for determining volatile organic compounds including: purge and trap (P and T), ITEX, sample loop, traditional SPME fiber, gas-tight syringe, and SPME Arrow. As can be seen in Table 3, the detection limits for the SPME Arrow are in the same range as P and T and ITEX techniques, which are representative of exhaustive extraction techniques. However, the automation of workflow for the SPME Arrow is not only simpler than for P and T but also compatible with direct immersion experiments, which are not doable by ITEX [14].



In another study, Kaziur and collaborators developed a method capable of detecting picogram-per-liter (0.05 and 0.6 ng L−1) levels of water taste and odor compounds (i.e., isopropyl-3-methoxypyrazine, 2-isobutyl-3-methoxypyrazine, geosmin, 2-methylisoborneol, 2,4,6-trichloroanisole, 2,4,6-bromoanisole, and beta-ionone) in water samples [18]. As a matter of fact, this fully automated workflow was more sensitive than existing methodologies (see Table 4).



Headspace work with SPME Arrow has been performed for the analysis of volatile amines in waste water. For example, after careful optimization of the extraction conditions, Helin et al. observed that the SPME Arrow produced lower detection limits, and higher recoveries of dimethyl amine (DMA) over the traditional SPME fiber (88% vs. 57%, respectively) [17].



The SPME Arrow has also been used for the analysis of semi-volatile compounds using immersion extraction. Typically, semi-volatile sample preparation for water samples has used liquid-liquid extraction (LLE) or solid phase extraction (SPE). Boyaci et al. did a comparison of SPME technology versus LLE and SPE, and it was found that the reduction of unwanted matrix interferences, the solventless extraction, the reusability, and the feasibility for high throughput sample analysis made SPME a more attractive technique [47]. Kremser et al. did extensive work with freely dissolved polycyclic aromatic hydrocarbons (PAHs) in water [48]. Extraction times and stirring rates were optimized to determine the method detection limits, and these were compared to previously published data for traditional SPME and SBSE (see Table 5). Direct immersion experiments using the SPME Arrow for freely dissolved semi-organic compounds showed detection limits five times lower than the traditional SPME fiber and similar results to stir bar sorptive extraction (SBSE). When comparing the SPME Arrow to SBSE, the authors highlighted the easiness of automation and utilization of shorter extraction times.



The SPME Arrow has also been used for environmental air sampling with the in-field analysis of biogenic volatile organic compounds (BVOCs). Monoterpenes (gamma-pinene and d3-carene) and aliphatic aldehydes (octanal and decanal) were selected by Barreira et al. to represent expected compounds to be found in field testing [49]. In-laboratory extraction efficiencies showed that the SPME Arrow had two-to-three times more area count than the traditional SPME fiber. Sampling was then performed in a boreal forest in Hyytiälä, Finland. Barreira et al. determined that the extraction efficiency of the SPME Arrow was two-times higher or greater, depending on compound, than the traditional SPME fiber, allowing for more sensitive testing (see Figure 6) [49].




5.2. Food Analysis


There are not as many publications on SPME Arrow in food analysis, as compared to traditional SPME fibers [8]. However, in the past couple of years, several applications have spanned the analysis of diverse matrices including fish and rice [52,53]. For instance, Song and coworkers compared carboxen/polydimethylsiloxane (CAR/PDMS) SPME sorbents in the fiber format to the arrow format for the HS extraction of volatiles present in salt-fermented sand lance fish sauce [53]. The researchers reported that alcohols, aldehydes and pyrazines, with the exception of 1-pentenol, were more effectively extracted using the SPME Arrow. Some compounds that are believed to be important to the flavor profile were only observed using the arrow device. Lan and coworkers described a modified zeolitic imidizolate framework (ZIF-8) as a solid phase microextraction support on the arrow construct [54]. The group compared the novel adsorbent to a commercially available carboxen/polydimethylsiloxane device for the sampling of volatile amines in wastewater and food samples (salmon and mushrooms). The researchers found that the commercial ZIF-8 material exhibited a small pore size (5.6 Å), which likely excluded the model amine compounds, resulting in a low extraction efficiency. The acidification of the material significantly increased the extraction of small volatile amines, presumably due to an increase in pore size. The modified ZIF-8 arrow design provided comparable extraction efficiencies for small, volatile amines from several matrices as compared to commercial carboxen/polydimethylsiloxane SPME Arrow devices. Yuan and coworkers investigated metal organic framework (MOF) sorbents applied to arrow SPME devices for the determination of PAH contaminants in fish samples [55]. The authors employed a zirconia based UiO-66-molybdenum disulfide composite and compared the recovery of PAH contaminants from seafood samples to both commercially-available arrow and fibers coated with PDMS/carboxen/DVB coatings. The combination of the MOF composite sorbent and the arrow format resulted in and increased number of PAH species detected. Lan et. al. described the analysis of low molecular weight aliphatic amines from various matrices using several different modifications of silica sorbent applied to the arrow format [56]. The scientists demonstrated that dimethylamine and trimethylamine could be effectively detected and quantitated in mushroom samples using these devices.




5.3. Terpenes in Cannabis


With the rapid growth of the cannabis market taking place, the need for analytical testing has become more critical. An area of interest in this market is being able to identify and place cannabis flowers into the correct chemical variety, otherwise known as chemovar. To properly classify cannabis chemovars, a comprehensive chemical profile examining compounds, such as terpenes and cannabinoids, is collected [57]. An analysis of terpenes is typically done via headspace—gas chromatography—mass spectrometry (HS-GC-MS). Herein, a 1.1 mm 120 µm divinylbenzene (DVB)/PDMS SPME Arrow was used to analyze the terpene content in Humulus lupulus (hops), and individual terpene responses were compared to that of a HS-syringe method typically used for this application and a 65 µm DVB/PDMS traditional SPME fiber. Hops were used in place of cannabis, as cannabis could not be legally obtained. Hops were ground using drying ice and then stored in the freezer until needed. Ten-to-fifteen milligrams of ground hops were added to a 20 mL crimp top HS vial.



Current methodologies recommend extraction times of 10 min for the traditional SPME fiber analysis of terpenes [58]. Improvements to this parameter alone have the potential to decrease instrument runtimes and increasing the number of samples that contract laboratories are able to test. As can be seen in Figure 7, average responses for a 10 min extraction time using a traditional SPME fiber are equivalent to that of a 2 min extraction time with the SPME Arrow. This can be done without sacrificing reproducibility, as both techniques showed % RSDs under ≤10%. Lighter terpenes (monoterpenes) gave better responses on the SPME Arrow, while the heavier terpenes (sesquiterpenes) were more comparable. However, the traditional fiber did provide slightly better responses for the sesquiterpenes.





6. Future Directions


The future of the SPME Arrow is promising, and among the multiple research and application avenues, this new geometry of SPME may grow rapidly. The following three areas are anticipated to expand: the development of new extraction phases [26,55,56], the Arrow’s direct interface with MS instrumentation [59], and the Arrow’s evolution towards smarter devices.



The first premise beyond the development of novel extraction phases is that the performance of these materials is better than those already commercially available by improving either robustness, extraction capabilities or device ruggedness [6,14,60]. For instance, the lack of inter-device reproducibility of one of the most popular extraction phases in SPME for GC analysis, the triple phase (DVB/Car/PDMS), has been its Achilles’ heel [61]. Therefore, the recently launched SPME Arrow with a blended triple phase is expected to make a greater impact in the food and fragrance industry [62]. The main issue with the “original” tri-phasic SPME fibers relies on the process used for its manufacturing given that, if the two extraction phases (DVB-PDMS and Car-PDMS) are not properly aligned, this can lead to differences in the amount of extraction phase per coating length, thus leading to significant differences in the amount of analyte extracted—particularly volatile compounds [61]. In tri-phasic SPME Arrows, the particles of DVB and Car are embedded on the PDMS, resolving the issue of multiphase irregularities and consequently leading to better inter-device reproducibility.



As recently reviewed by Gomez-Rios and Mirabelli [4], the direct interface of SPME devices to MS has been increasing in the last five years, and SPME Arrows have not been an exception. For instance, research from the Zenobi’s group demonstrated the applicability of an automated SPME Arrow workflow, hyphened with a dielectric barrier desorption ionization (DBDI) coupled to an LTQ Orbitrap, to analyze common organic contaminants in treated wastewater (see Figure 8) [59]. Limits of detection as low as 3 ng/L were attained with a total analysis time per sample of less than 10 min (see Figure S3). Given that the ionization mechanism by DBDI, as well as by other direct-to-MS technologies, primarily relies on proton transfer for analyte ionization, a good response is typically attained for polar compounds with high proton affinity, whereas low ionization efficiencies are observed for nonpolar compounds. To overcome this limitation, a dopant-assisted DBDI ionization approach has been proposed to more efficiently ionize PAHs extracted from water. Though this strategy allowed for an up-to-an-order-of-magnitude signal enhancement for the analytes monitored, others go in detriment, and, consequently, the use (or not) of dopant must be driven by the target analytes. Certainly, DBDI is only one of the possible means of interfacing SPME Arrows to MS instrumentation. Other options include but are not limited to direct analysis in real time (DART) [63,64,65], atmospheric pressure photon ionization (APPI) [66], and thermal desorption-electrospray ionization (TD-ESI) [67]. It is anticipated that SPME Arrow-like geometries [11] compatible with liquid desorption and complex biological matrices will be developed in the near future and potentially coupled to direct-to-MS technologies such nano-electrospray ionization (nano-ESI) [68], desorption electrospray ionization [69], and the microfluidic open interface (also known as Open Probe Sampling Interface, OPSI) [70,71,72], as means to enhance the speed of analysis and the sensitivity [73]. Areas where such devices can make a great impact include but are not limited to, food fraud [74], volatomics [64], and rapid screening in the clinical chemistry realm [75].



Finally, as part of the advances on analytical chemistry towards the Internet of Things and other intelligent platforms [76], the development of “smart” SPME devices has begun. The so-called “smart” SPME devices, currently commercialized by PAL, have been exclusively designed for their rail systems and comprise a chip that automatically informs instruments about the phase coated on the device and its usage history. Though the smartness of the device is strictly related to physical/mechanical aspects of the device, the development of Arrows with “smarter” coatings [6] (e.g., ionic liquids [77], MOF [78], and carbon nanotubes (CNT) [79]) and “smarter” geometries and substrates components [80] is expected.
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Figure 1. Solid phase microextraction (SPME) Arrows and a traditional SPME fiber; (1) 1.5 mm SPME Arrow; (2) 1.1 mm SPME Arrow; and (3) 23 gauge traditional SPME fiber. d1: Support tubing; d2: septum piercing needle; d3: phase diameter; d4: phase support tubing diameter; l3: phase length; a3: phase area; and v3: phase volume. 
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Figure 2. Restek PAL traditional SPME fiber and SPME Arrow manual extraction and injection kit. (1) Extraction guide; (2) injection guide; (3) Arrow/fiber syringe; (4) large inner diameter (ID) locking screw; and (5) small ID locking screw. 
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Figure 3. SPME (Arrow and traditional fiber) workflow for gas chromatography (GC) analysis. Manual SPME extraction (1–3) and injection (4–6). (1) Load SPME in manual syringe and extraction holder and position over sample vial. (2) Penetrate sample vial septum. (3) Press down on manual holder plunger to expose SPME extraction phase and begin sampling. (4) Load SPME in manual injection holder and position over GC inlet. (5) Penetrate GC inlet septum. (6) Press down on manual holder plunger to expose SPME extraction phase and begin desorption. 
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Figure 4. Mechanical failures common to traditional SPME fibers. 
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Figure 5. SPME Arrow overlay (TIC) on traditional SPME fiber for ISO 71943 headspace- volatile organic compounds (HS-VOCs) in drinking water. Acquired on Agilent 7890B/5977B GC-MS. 
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Figure 6. Comparison between the average mass of identified monoterpenes (α-pinene, 13-carene, and limonene) and aldehydes (octanal, nonanal, and decanal) collected with different polydimethylsiloxane-divinylbenzene (PDMS-DVB) SPME devices (fiber and Arrow) from ambient air and measured by GC-MS. Figure reprinted with permission of Elsevier from Reference [48], 2019. 
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Figure 7. Extraction of VOCs in cannabis-related applications. Comparison of the traditional SPME fiber vs. SPME Arrow. Acquired on Agilent 7890B/5977B GC-MS. 
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Figure 8. Schematic drawing (a) and image (b) of the sample introduction system (with and without dopant), source, and dielectric barrier desorption ionization (DBDI) interface with the mass spectrometer. Figure reprinted with permission of Elsevier from Reference [59], 2020. 
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Table 1. Dimension breakdown of 23 gauge traditional SPME fiber (100 µm polydimethylsiloxane (PDMS), 1.1 mm SPME Arrow (100 µm PDMS), and 1.5 mm SPME Arrow (250 µm PDMS).
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	Label
	Description
	Units
	Traditional SPME
	1.1 mm SPME Arrow
	1.5 mm SPME Arrow
	1.1 mm% Increase
	1.5 mm% Increase





	d1
	Support tubing
	mm
	0.304
	0.804
	1.01
	264
	332



	d2
	Septum piercing needle
	mm
	0.634
	1.10
	1.50
	174
	237



	d3
	Phase diameter
	mm
	0.285
	0.721
	0.912
	253
	320



	d4
	Phase support tubing diameter
	mm
	0.111
	0.647
	0.498
	583
	449



	l3
	Phase length
	mm
	10.0
	20.0
	20.0
	200
	200



	a3
	Phase area
	mm²
	9.40
	44.0
	62.8
	468
	668



	v3
	Phase volume
	µL
	0.600
	3.80
	11.8
	633
	1967
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Table 2. Current SPME Arrow phase configurations.






Table 2. Current SPME Arrow phase configurations.





	Analytes
	Molecular Weight *
	Stationary Phase
	Thickness (µm)
	Needle Diameter (mm)





	Volatile
	60–275
	Polydimethylsiloxane (PDMS)
	100
	1.1 and 1.5 *



	Volatile (high capacity)
	60–275
	PDMS
	250
	1.5



	Polar, semi-volatile
	80–300
	Polyacrylate
	100
	1.1



	Very volatile
	30–225
	Carbon Wide Range (WR)/PDMS
	120
	1.1 and 1.5 *



	Aromatic, semi-volatile
	60–300
	Divinylbenzene (DVB)/PDMS
	120
	1.1 and 1.5 *



	Volatile and semi-volatile
	40–275
	DVB/Carbon WR/PDMS
	120
	1.1 and 1.5 *







* 0.804 mm support tubing housed inside of a 1.5 mm septum piercing needle to allow for phase swelling during direction immersion (DI) extractions.
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Table 3. Comparison of different headspace technologies towards the analysis of VOCs. Table reprinted with permission of Springer from Reference [29], 2019.
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Method Name

	
Sources with Reported Detection Limits in ng L−1

	

	

	

	

	

	

	




	
This Work

	
[30]

	
[31]

	
[32]

	
[33]

	
[34]

	
[35]

	
[36]

	
[37]

	
[38]

	
[39]

	
[40]






	
Syringe

	
25–143

	
/

	
/

	
1–2 × 103

	
/

	
/

	
25–53

	
/

	
66–570 × 103

	
/

	
/

	
/




	
Loop

	
25–168

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
8–20 × 103

	
5–20 × 103




	
SPME

	
0.5–79.6

	
5.0–50

	
2.0–550

	
80–600

	
/

	
/

	
/

	
8.0–12

	
/

	
/

	
2–26 × 103

	
/




	
PAL SPME Arrow

	
0.7–4.9

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
Trap

	
0.6–9.6

	
/

	
/

	
/

	
/

	
1.0–10

	
/

	
/

	
7–149 × 103

	
0.5–91

	
/

	
/




	
ITEX

	
0.9–9.1

	
/

	
/

	
/

	
28–799

	
1.0–70

	
/

	
/

	
/

	
/

	
/

	
/




	
Sample matrix

	
Lab Water

	
Spirit

	
Wastewater

	
Water

	
Lab water

	
Lab water

	
Urine

	
Meconium

	
Spirit

	
Water

	
Beer

	
Wet rice




	
MDL method

	
a

	
b

	
NS

	
b

	
a

	
a

	
NS

	
NS

	
c

	
d

	
e

	
b








Sample matrices and MDL determination methods are indicated as well (NS = not specified): a MDL according to EPA [41], b baseline standard deviation × 3, c according to German standard procedure (DIN 32645) [38], d according to IUPAC, e extrapolated from standard curve.
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Table 4. Comparison of the developed PAL SPME Arrow with similar methods for determination of taste and odor compounds in water samples. Table reprinted with permission of Springer from Reference [18], 2019.
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	Method Name
	Analytes
	Sample Volume (mL)
	Calibration Range (ng L−1)
	LOD (ng L−1)
	RSD (%)
	Ref.





	Purge and trap
	IPMP, IBMP, GSM, MIB, TCA
	20
	10–200
	0.2–2
	<8
	[42]



	Solvent microextraction
	GSM
	5
	5–900
	0.8
	<5
	[43]



	SBSE
	GSM, MIB, TCA
	60
	0.1–100
	0.02–0.16
	<3.7
	[44]



	DLLME
	GSM, MIB
	12
	10–1000
	2 and 9
	<11
	[45]



	SPME
	IPMP, GSM, MIB, TCA, BIN
	40
	5–100
	0.2–0.5
	<7
	[46]



	PAL SPME Arrow
	IPMP, IBMP, GSM, MIB, TCA, BIN, TBA
	10
	1 (2.6)–1000 (2600)
	0.05–0.6
	<11
	-
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Table 5. Comparison of SPME, SPME Arrow and stir bar sorbtive extraction (SBSE) for determination of polycyclic aromatic hydrocarbons (PAHs) in water via direct immersion. MDL and RSD results were obtained with PAL SPME Arrow (250 μm × 20 mm, 10.2 μL) for PAHs in water in comparison with literature data for classical SPME fibers and SBSE bars. Table reprinted from Reference [48] (open access).
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Compound

	
PAL SPME Arrow

	
SPME (Cheng et al.) [50]

	
SBSE (Carrera et al.) [51]




	
MDL (ng L−1)

	
RSD (%) (at 10 ng L−1)

	
LOD (SD × 3)

	
RSD (conc. at S/N = 3 × 3)

	
LOD (conc. at S/N = 3 × 3)

	
RSD (%) (at 50 ng L−1)






	
Naphthalene

	
0.3

	
5.7

	
2.7

	
9

	
/

	
/




	
Acenaphthylene

	
0.2

	
6

	
1.8

	
6

	
0.1

	
/




	
Acenaphthene

	
0.1

	
7.1

	
0.9

	
3

	
/

	
/




	
Fluorene

	
0.2

	
5.6

	
3

	
10

	
0.1

	
8.3




	
Phenanthrene

	
0.2

	
5.5

	
2.1

	
7

	
0.1

	
1.1




	
Anthracene

	
0.3

	
7.6

	
2.1

	
7

	
0.2

	
2.1




	
Pyrene

	
0.2

	
6.4

	
3.6

	
12

	
0.2

	
/




	
Fluoranthene

	
0.2

	
6.2

	
2.1

	
7

	
0.2

	
/




	
1,2-Benzanthracene

	
0.1

	
6.2

	
2.1

	
7

	
0.2

	
6




	
Chrysene

	
0.1

	
11

	
1.5

	
5

	
0.2

	
10.6




	
Benzo(b)fluoranthene

	
0.2

	
10.5

	
2.7

	
9

	
0.1

	
/




	
Benzo(k)fluoranthene

	
0.2

	
8.6

	
1.8

	
6

	
0.1

	
/




	
Benzo[a]pyrene

	
0.3

	
7.2

	
3.6

	
12

	
0.1

	
/




	
Indeno(1,2,3 cd)pyrene

	
0.8

	
9.2

	
3.6

	
12

	
0.3

	
/




	
Dibenz(ah)anthracene

	
0.6

	
11.3

	
/

	
/

	
0.3

	
/




	
Benzo(ghi)perylene

	
0.8

	
11.9

	
1.8

	
6

	
0.3

	
/




	
MDL values calculated with a 99% confidence interval/not determined

	

	

	

	

	

	












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
i

H
&

B RO
8 & 8

Ave Response (n=).y-errr bars=StDev

Traditional SPME (10 min Ext)vs SPME Arrow (2 min Ext)

shaioe

[Er—

Traditional SPME (10 min Ext) vs SPME Arrow (2 min Ext)

Omenens

poe—

JrE——





media/file4.png





nav.xhtml


  separations-07-00012


  
    		
      separations-07-00012
    


  




  





media/file16.png
a) |
SPI\S;)AITOWS% % ﬂ @
w Heating

OHamBar

@ Autosampler Adaptor (N,) Gas Flow

©®

MS (Finnigan
LTQ or LTQ
Orbitrap)

Swagelok
connections

MS Inlet

i DBDI
Stage T

l
)

©

.

|
- =

_‘:__E .
IF““!L

-
© ——

UL

!l .
!
T
o
a2
- |
] :
lll e





media/file2.png
d2 d3, 13, a3, v3, d4






media/file5.jpg





media/file3.jpg





media/file1.jpg
dt

d3,13,23, 3, d4





media/file7.jpg





media/file10.png
7.5e+07-§ T| C

=1 1.1 mm SPME Arrow (PDMS)

"1| Traditional SPME (PDMS)

52:2: : Benzene

1.5e+07 N NARBY-RRS iﬂ \ mj

A e M Ly 1T LAl LAJMU\UU

..........................................

2.00 3.00 5.00 7.00 8.00 9.00 10.00






media/file12.png
]

(=
w
1

Mass adsorbed [ng

et
o
J

o o
o -
1 1

N Wk OO N
PR SR TR TR TR T

Monoterpenes

i B
SPME fiber SPME Arrow
PDMS-DVB PDMS-DVB

SPME technique

@ a-pinene
@ A3-carene

@ Limonene

Mass adsorbed [ng]

)
o
o

)
o
o

—_
o
o

—_
o
o

o
o

o
o

Aldehydes

B Octanal
@ Nonanal

B Decanal

SPME fiber SPME Arrow
PDMS-DVB PDMS-DVB

SPME technique





media/file9.jpg
TIiC
1.1 mm SPME Arrow (PDMS)
Traditional SPME (PDM)






media/file0.png





media/file14.png
3.5E+07

StDev

3.0E+07

2.5E+07

2.0E+07

1.5E+07

1.0E+07

5.0E+06

Average Response (n=5), y-error bars

0.0E+00

4.0E+05

3.5E+05

StDev

3.0E+05

2.5E+05

2.0E+05

1.5E+05

1.0E+05

5.0E+04

Avg Response (n=5), y-error bars

0.0E+00

Traditional SPME (10 min Ext) vs SPME Arrow (2 min Ext)

beta-Myrcene

alpha-Pinene

beta-Pinene

L
beta-Caryophyllene

Traditional SPME (10 min Ext) vs SPME Arrow (2 min Ext)

D-Limonene

Z-beta-Ocimene

gamma-Terpinene

Terpinolene

alpha-Humulene

Linalool





media/file8.png





media/file11.jpg
Monoterpenes Aldehydes

50

Zx0

I ps

osscaone % 100

l atmosene 5

ool
SovEe | s
Fsom  sowow

‘SPME techrique

a0l
aNonnal
Decanai





media/file6.png





media/file15.jpg
)9 ¥
Ll @
(i‘M-mvmM-:-:\)Lu G \Ng@ﬂw

@

o
sy

s

st






