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Abstract

The development of a new, lower cost method for trace explosives recovery from complex
samples is presented using miniaturised, click-together and leak-free 3D-printed solid phase
extraction (SPE) blocks. For the first time, a large selection of ten commercially available 3D
printing materials were comprehensively evaluated for practical, flexible and multiplexed SPE
using stereolithography (SLA), PolyJet and fused deposition modelling (FDM) technologies.
Miniaturised single-piece, connectable and leak-free block housings inspired by Lego® were
3D-printed in a methacrylate-based resin, which was found to be most stable under different
aqueous/organic solvent and pH conditions, using a cost-effective benchtop SLA printer. Using
a tapered SPE bed format, frit-free packing of multiple different commercially available
sorbent particles was also possible. Coupled SPE blocks were then shown to offer efficient
analyte enrichment and a potentially new approach to improve the stability of recovered
analytes in the field when stored on the sorbent, rather than in wet swabs. Performance was
measured using liquid chromatography-high resolution mass spectrometry and was better, or
similar, to commercially available coupled SPE cartridges, with respect to recovery, precision,
matrix effects, linearity and range, for a selection of 13 peroxides, nitramines, nitrate esters and
nitroaromatics. Mean % recoveries from dried blood, oil residue and soil matrices were 79 +
24%, 71 + 16% and 76 + 24%, respectively. Excellent detection limits between 60 fg for 3,5-
dinitroaniline to 154 pg for nitroglycerin were also achieved across all matrices. To our
knowledge, this represents the first application of 3D printing to SPE of so many organic
compounds in complex samples. Its introduction into this forensic method offered a low-cost,
‘on-demand’ solution for selective extraction of explosives, enhanced flexibility for
multiplexing/design alteration and potential application at-scene.
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1. Introduction

Forensic analysis of pre- and post-blast explosives residues is an ever-evolving challenge.
Unfortunately, the frequency of criminal and terrorist activities involving explosives is
increasing. The threats posed by improvised and commercially available explosive materials
and their precursors require flexible and adaptable strategies for their detection, often at very
low quantities and in different matrices of varying complexity. Forensic examination usually
involves swabbing contaminated surfaces and/or transport of debris directly to the laboratory
before analysis [1]. Many volatile explosives and marking agents sublime or transform easily
in matrix and can be lost in storage or in transit [2], [3]. Therefore, some element of sample
preparation at-scene may be an attractive option to improve stability, minimise matrix effects
and improve throughput at the laboratory.

Solid phase extraction (SPE) is a well-established technique for explosives
recovery [4], [5], [6], but there is still a need for more flexibility, sensitivity and selectivity for
broad application to multi-class analysis in diverse sample types simultaneously submitted to
a forensic laboratory. We recently evaluated SPE sorbent combinations for removal of matrix
and extraction of 13 trace organic explosives from complex and forensically relevant sample
types [7], [8]. In some cases, this improved detection limits by ~10-fold and enabled the trace
detection of ng L' concentrations of 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-
DNT), 3,4-DNT and 1,3-dinitrobenzene (1,3-DNB) in urban wastewater from London.
However, the use of two or more SPE cartridges was not cost-effective for large-scale
monitoring and was cumbersome to multiplex. Miniaturised and multiplexed SPE platforms
(e.g., 96-well SPE plates) arguably lack flexibility to easily integrate different/new sorbents
and/or multiple, equally configurable layers of sorbent into extraction platforms and do not
allow the user to alter the commercial housing design (e.g., to better manage fluid flow, to
integrate additional connections or configure with instrumental analysis platforms). Online
and/or micro-scale SPE approaches, such as microextraction in packed syringe (MEPS) [9],
have been investigated for explosives and have also achieved ng L' LODs in aqueous
samples [10], [11], [12], [13], [14]. Matrix effects, however, remain a similar problem, due to
a limited number of suitable sorbents available and the inability to couple different sorbents
together for enhanced selectivity. MEPS syringes are also prone to blocking, struggle to handle
volumes larger than 500 uL and typically use sorbent masses of only 1-2 mg, which limit their
suitability for high sensitivity forensic analysis. Therefore, better approaches that combine the
advantages of several methodologies in a more flexible way are needed. This becomes
especially important for at-scene pre-treatment, which may enhance the detection probability
for unstable/volatile compounds [15], [16], [17], [18], [19] and enable safer and more practical
transit of loaded cartridges instead of liquid samples. Additional advantages of field pre-
treatment could also include increased throughput, sensitivity, quantitative accuracy and
precision in the laboratory. The possibility for implementation of miniaturised, bespoke and
on-demand devices that are tailorable to sample type could contribute to mitigating matrix
effects, whilst also providing a feasible solution to on-site sample preparation, and, therefore,
have significant advantages. One such technology that could represent an ideal means to
fabricate such devices is 3D printing.

The emergence of 3D printing for rapid, inexpensive and convenient fabrication has led to its
widespread use in a number of fields, including medicine, biology [20], [21], [22] and
engineering/microfluidics [23], [24], [25], [26], [27], [28]. Examples of its use also for sample
preparation and analytical purposes have
emerged [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39]. Regarding SPE in
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particular, very few studies exist, especially for broad application using different chemical
conditions. Su et al. recently removed unwanted salt matrix and achieved ng L' detection
limits for trace elements in seawater wusing a 3D-printed polyacrylate-based
preconcentrator [30]. Kataoka et al. 3D-printed a micro-SPE housing in polylactic acid (PLA)
packed with Teflon and silica-based particles for pre-treatment of petroleum, with a 10-fold
reduction in sample preparation time and recoveries >98% for the target maltene
compounds [33]. De Middeleer et al. developed a 3D-printed SPE scaffold, based on poly-e-
caprolactone with an integrated MIP, for a psychoactive drug, metergoline [40]. Kalsoom et al.
used multi-material fused deposition modelling (MM-FDM) 3D printing to fabricate a housing
for passive sampling based on PLA and acrylonitrile butadiene styrene, which performed
similarly to the conventional alternative [41]. Previous works, however, have not exploited the
potential to use dual-sorbent SPE to offer reduced matrix effects and higher sensitivity for
organic explosives in complex samples [7]. The manufacture of modular blocks containing
microfluidic channels [21], [42], [43], [44], [45], [46] with embedded sorbents could offer
several advantages for miniaturised, more practical and field deployable SPE at much reduced
cost. 3D printing multiple small, ‘clickable’ components at once could be time effective, result
in little/no SPE cartridge stockpiling and eliminate delivery time for urgent forensic casework.
Build designs could be shared electronically once a suitable material were found and shipment
of liquid samples would not be needed if samples were extracted onto the sorbent in the field.
Furthermore, bespoke threading or luer fitting designs could facilitate configuration with
syringes, instrumentation or standard tubing. Ideally, the SPE housings should also be fritless,
to enable easier integration of either commercially available sorbents or tailored functionalised
chemical sorbents, such as MIPs, monoliths or hydrogels, as required by the user. Currently,
however, few 3D printing materials have been shown to be compatible with both organic
solvents and the extremes of pH and pressure typically observed in SPE or packed-bed
microfluidics [34], [47], [48], [49]. For example, after testing nylon, polypropylene,
acrylonitrile butadiene styrene, polyethylene terephthalate and polylactic acid (PLA), Kataoka
et al. found that, for the application of 3D-printed parts to sample preparation of petroleum,
PLA was the most suitable, displaying the least swelling in nonpolar and aromatic solvents,
including n-heptane and toluene. Siporsky et al., however, reported the hydrolysis of PLA in
acetonitrile, a common elution solvent in SPE [50], which represents a significant problem if
it is to be applied. The potential for leaching of 3D-printed materials, as well as their physical
stabilities in a variety of solvents, acids, bases and the potential for integration of sorbents
typically used in SPE, requires further work before such materials can be reliably used
routinely.

The aim of this work was, therefore, to develop robust and flexibly adaptable 3D-printed SPE
blocks that could be clicked together for at-scene sample extraction of a range of different
organic explosives and related compounds. Many of the selected analytes were volatile or
prone to degradation and, therefore, sample-dependent on-site extraction could enhance the
likelihood of their detection and provide increased assurance for forensic providers. A range of
commercially available 3D printing materials and block designs were investigated with respect
to (a) compatibility with SPE-relevant solvents/pH and analyte-3D-printed material
interactions, (b) the performance of reproducibly printing a frit-free block design, (c) tolerance
for flow rates typically observed in packed-bed SPE, (d) recovery of explosives, () matrix
effect mitigation through multi-block, leak free arrays and (f) potential for trace quantitative
analysis in complex samples using liquid chromatography-high resolution mass spectrometry
(LC-HRMS). The stability of extracted explosives on-cartridge was also tested and compared
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to that in liquid extracts. To our knowledge, this is the first 3D-printed solution for at-site SPE
of multiple organic contaminants and the first for forensic explosives analysis. It is also the
first to offer a comprehensive solution to matrix removal using tailored multi-sorbent SPE
Lego®-style ‘brick’ arrays.

2. Experimental

2.1. Reagents and materials

HPLC or analytical grade acetonitrile, methanol, ethanol, isopropanol, dichloromethane, ethyl
acetate, toluene and hexane were purchased from Fisher Scientific (Loughborough, UK).
Ultrapure water was supplied by a Millipore Synergy-UV water purification system at 18.2
MQ cm (Millipore, Bedford, USA). Ammonium acetate (>99% purity) and ammonium
chloride (>99% purity) were sourced from Sigma-Aldrich (Gillingham, Dorset, UK),
potassium hydroxide (85%) from BDH Laboratory Supplies (Poole, UK) and sulphuric acid
(98%) from VWR Chemicals (Leicestershire, UK). Standard solutions at either (a) 1000 mg
L~! (purity given in parenthesis for each) of each of 4-nitrotoluene (4-NT, 99.2%), 2,6-
dinitrotoluene (2,6-DNT, 100.0%), 3,4-dinitrotoluene (3,4-DNT, 100%), TNT (100.0%),
nitrobenzene (NB, 99.8%), 1,3,5-trinitrobenzene (TNB, 97.5%), nitroglycerin (NG, 99.4%),
pentaerythritol tetranitrate (PETN, 99.4 %), erythritol tetranitrate (ETN, 99.9%), HMX
(99.1%), RDX (98.6%) and 3,5-dinitroaniline (3,5-DNA, 100.0%); or (b) 100 mg L' of each
of hexamethylene triperoxide diamine (HMTD, 100.0%) and triacetone triperoxide (TATP,
99.1%) were prepared from stock reference materials sourced from Accustandard (New Haven,
CT, USA). Ethylene glycol dinitrate (EGDN, 99.0%) at 1000 mg L' was sourced from Thames
Restek (Saunderton, Buckinghamshire, UK). 2,3-dimethyl-2,3-dinitrobutane (DMDNB,
98.0%) was obtained from Sigma Aldrich (Gillingham, Dorset, UK). Mixed working solutions
at 50 or 5 mg L', depending on the starting concentration and mode of analysis (LC-UV or
LC-HRMS), were prepared in HPLC grade acetonitrile from each stock solution on the day of
use and stored in the dark at -20°C.

2.2. 3D-printing and SPE block manufacturing procedures

Ten different materials were evaluated as potentially suitable for 3D-printed SPE housings. In
the main, material safety datasheets described these as mainly acrylate/methacrylate blends
along with a limited selection of other types. Materials included a (PLA)/polyhydroxyalkanoic
acid (PHA) blend from ColorFabb, Belfeld, The Netherlands; Nylon (a nylon/caprolactam
blend) from MarkForged, Cambridge, USA, Clear Resin and Black Resin (both methacrylate
oligomer/monomer-based blends) from Formlabs, Berlin, Germany; PlasCLEAR v2.0 (a
methacrylate  blend) from Puretone Ltd., Kent, UK; VeroWhite, VeroBlack,
RGD450 and DURUS (all acrylate blends) from Stratasys, Rheinmunster, Germany;
and Freeprint® Clear (acrylate blend) from Detax GmbH, Ettlingen, Germany. A range of
different 3D printers, depending on the material, were evaluated. These included an Ultimaker
2 for FDM in PLA/PHA (Ultimaker B.V., Utrecht, Netherlands); a MarkOne for FDM
in Nylon (Markforged Inc.); a Form2 for SLA of all Formlabs resins (Formlabs); the Connex1
Objet260 (Stratasys) for PolyJet printing of VeroWhite/Black, RGD450 and DURUS; and
either an Asiga Freeform Pico Plus27 or Asiga MAX Mini 3D printer (Puretone Ltd.) for SLA
of PlasCLEAR v2.0. These ten materials were chosen based on their compatibilities with the
three main additive manufacturing techniques used in microfluidics (SLA, FDM and PolyJet
printing). These printers were also the only 3D printing modes that were accessible at the time.
Acrylate/methacrylate materials have been used in microfluidics for many years [51]. Limited
work has been done so far concerning 3D printing sample preparation devices,
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but PLA/PHA was specifically chosen for testing here based on work by Kataoka et al., who
used PLA to fabricate sample preparation devices for extracting target compounds from
complex petroleum samples [36]. Nylon was chosen for its potential stability in some SPE-
related solvents and safety for user handling. Metal-based materials were not initially
considered here due to the current associated cost and speciality required for printing of
potentially large numbers of small consumable items for routine application in practicing
forensic laboratories. For microscopy of printed parts, a VHX2000E 3D Digital Microscope
(Keyence, Osaka, Japan) at x10 or x100 magnification fitted with a 54-megapixel 3CCD
camera was used both to image and measure the dimensions of 3D-printed parts. For initial
chemical stability experiments, 1 cm3cubes (n=6) were printed in each material until
PlasCLEAR v2.0 was eventually selected as the preferred material for prototype SPE housings.
Computer-aided designs (CAD) were generated using SolidWorks 2016/17 or 2017/18
software (Dassault Systems, Waltham, MA, USA), converted to .STL format and uploaded to
the SLA 3D printer using Asiga Composer software (Asiga, Anaheim Hills, CA, USA).
Ultimately, an SLA printer was chosen, since the most suitable resin from initial material
testing, PlasCLEAR, was SLA-compatible. Therefore, the SPE component was designed based
on this mode of 3D printing. Optimised parts were oriented vertically on the build platform,
with the inlet face-down, since horizontal channels were found to be prone to blockage as a
result of ‘back-side effect’, as reported also by Gong etal. [52]. The print time was
approximately 1.5 h for up to nine blocks simultaneously and the cost per block was ~GBP
0.65p. Full build parameters (Table S1) and .STL files for the finalised designs are detailed in
the supplementary information. After printing, the parts were rinsed with IPA and any uncured
resin removed via vacuum suction using a vacuum aspirator (Bel-ArtTM SP Scienceware, NJ,
USA). Finally, based on previous methods used by O'Neill and Gong, the parts were immersed
in IPA, sonicated for 10 min (Branson 5510 40 kHz sonicator) and left to dry in
air [24], [53], [54].

The sorbents from three commercially available SPE cartridges were depacked, including
Isolute ENV+ (Biotage, Uppsala, Sweden), Strata Alumina-N (Phenomenex, Cheshire, UK)
and HyperSep SAX (Thermo Fisher Scientific). Coupled blocks were used for matrix removal
and analyte concentration, as needed. No frits were required. With respect to packing of matrix
removal blocks, one of two options were chosen depending on the matrix: (a) 20 mg of Strata
Alumina-N was used in a single block for oil and blood matrices or (b) 10 mg of Strata
Alumina-N to pack the SPE outlet followed by 10 mg HyperSep SAX (for soil) layered on top.
These two matrix removal sorbents (Strata Alumina-N and HyperSep SAX) were chosen based
on previous work in our lab, which showed little/no sorption of the target analytes [17]. Serial
combination with analyte-selective cartridges for each of the different matrices tested herein
were also based on that work (optimised). For analyte concentration blocks, 10 mg of Isolute
ENV+ were added for all matrices. For the packing, the relevant mass of dry sorbent was
weighed onto a piece of folded paper using an analytical balance and transferred into the block.

2.3. Instrumentation

The exact composition of PlasCLEAR v2.0 resin was proprietary and therefore qualitative
analysis using 'H, 3C, 3P, H-correlation spectroscopy (*H-COSY), heteronuclear multiple
bond correlation (HMBC) and heteronuclear multiple-quantum correlation (HMQC) nuclear
magnetic resonance (NMR) spectroscopy was conducted on the resin using a 400 MHz Avance
I11 Bruker NMR spectrometer (Bruker UK Limited, Coventry, UK), carried out in deuterated
chloroform at standard temperature and pressure.
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For leak and pressure assessments of the 3D-printed SPE blocks, a Prominence HPLC System
(Shimadzu, Milton Keynes, UK) was used to pump ethanol:water (50:50 %v/v) through blocks
at flow rates of 0.1-10 mL min~'. For initial recovery assessments, conditioning solvent and
sample were delivered to the SPE device at 1 mL min~!and the elution solvent at 0.5 mL
min~! automatically via a Gynkotek M300 CS HPLC pump (Gynkotek, Germering, Germany)
and then thereafter manually at ~1-2 mL min~!, maintained using a timer, viaa 10 mL
polypropylene syringe (Sigma Aldrich, Gillingham, UK) for method performance assessment
in matrix. The backpressure generated by the 3D-printed SPE cartridges was enough to enable
a constant flow rate through the configured blocks and acceptable precision was obtained.

For measurements of the solvent stability, leaching and analyte sorption properties of the 3D-
printed SPE blocks, as well as explosives analysis involving liquid chromatography coupled to
ultraviolet detection (LC-UV), an Agilent 1100 series LC instrument (Agilent Technologies,
Cheshire, UK) was used at detection wavelengths of 210 and 254 nm. Separations were
performed on a 10 x 2.1 mm ACE Cis-AR guard column coupled to a 150 x 2.1 mm, 3.0 pm
ACE C13-AR analytical column (Hichrom Ltd, Reading, UK). The mobile phase flow rate was
0.15 mL min™!, the column oven was 20°C and the injection volume was 5 pL. Gradient elution
was performed using 8 MM ammonium acetate in water:methanol 90:10 (v/v) (mobile phase
A) and 8 mM ammonium acetate in water:methanol 10:90 (v/v) (mobile phase B) over 40 min.
Initial mobile phase composition was 40 % B, which was then raised to 100 % B over 30 min
and then held for 10 min before returning to 40 % B and equilibrating for 34.5 min (total run
time = 75 min). For LC-HRMS analysis, an Accela HPLC coupled to an Exactive™ instrument
(Thermo Fisher Scientific, San Jose, CA, USA) was used, as described previously [7]. Briefly,
the same C1s-AR column, injection volume and oven temperature were used for all separations.
Gradient elution at 0.3 mL min~! using 0.2 mM ammonium chloride in water:methanol 90:10
(v/v) (mobile phase C, apparent pH 7.5) and 0.2 mM ammonium chloride in water:methanol
10:90 (v/v) (mobile phase D, apparent pH 7.5) was performed over 39 min according to the
following programme: 40 % D at 0 min; linear ramp to 95 % D over 15 min; to 100 % D over
0.50 min; hold at 100 % D for 5.5 min; return to 40 % D over 0.50 min; re-equilibration for
17.5 min. Samples were kept at 10°C throughout the analysis. The heated atmospheric pressure
chemical ionisation source (APCI) was operated in either positive (m/z 50-400) or negative
modes (m/z 60-625) using full-scan high resolution at 50,000 FWHM in separate runs. Data
was processed using Thermo Xcalibur v 2.0 software.

2.4. Sample types and preparation procedures

Characterised topsoil was purchased from Springbridge Direct Ltd. (Uxbridge, UK) and stored
at 4°C in Nalgene bottles until analysis. The soil had the following properties: pH (100 g L)
was 5.5-6.0; particle size distribution of 0-12 mm; and a density of 200-250 g L™}, and, as
compost, was primarily made up of organic material. For extraction into 10 mL EtOH:H.0
(50:50 %v/v), 3 g of standardised topsoil were weighed and transferred into an Ultra-Turrax®
ball mill extraction cartridge with a glass bead (IKA, Oxford, UK) and spun for 10 min at 3200
rpm (optimised). This device is small (100 x 40 x 160 mm), portable and battery operable,
enabling its use in the field, as required. After 30 min settling, and prior to SPE with 3D-printed
blocks, ~5 mL of supernatant were diluted to 10 mL with ultrapure water for SPE. For SPE
using commercial cartridges, 5 g of soil were first extracted as above and ~10 mL of the
supernatant were diluted to 20 mL before SPE. Fortification with explosives was performed by
spiking soil directly with a standard prepared in acetonitrile at 2.5 pug g after the weighing
step. Soil was then air dried before extraction. For application of the method to contaminated
soil, samples were provided by the Forensic Explosives Laboratory (FEL, UK) from six
different locations that are regularly used for munitions and explosives activities. Duplicate
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samples were taken from each site and extracted as above, before undergoing 3D-printed SPE
and LC-HRMS screening.

Pooled whole human blood from five volunteers (500 pL) was pipetted onto glass microscope
slides (Thermo Fisher, Paisley, UK) and dried on a hotplate at 40°C. Oil residues were taken
from a range of household kitchens that primarily used olive and sunflower oil for open-pan
cooking. For sampling, cotton wool swabs were purchased from Sainsbury's (London, UK).
For swabbing at scene, the standard operating procedure used by the UK Forensic Explosives
Laboratory was employed. Briefly, cotton wool was wetted with EtOH:H>0 (50:50 %v/v) and
was lightly wiped across the contaminated surface with forceps, using both sides of the swab
once. It was then returned to a glass vial containing 5 mL EtOH:H,O (50:50 %v/v), then
agitated and compressed thoroughly within the solvent using a glass Pasteur pipette (~1
min/side). This vial was then sealed with a septum lined cap for transport and/or storage until
analysis. At the laboratory, the solvent was then drawn up through the swab with a pipette and
transferred into a 20 mL volumetric flask. For SPE using commercially available cartridges,
another 5 mL EtOH:H.O (50:50 %v/v) were added to the swab and the agitation and transfer
process repeated. The resulting extract (~10 mL) was diluted to 20 mL in a volumetric flask
with water and transferred to a clean, dry Nalgene bottle. For SPE using 3D-printed
components, 5 mL water were added to the swab and the agitation and transfer process
repeated. The resultant extract was diluted to 10 mL with water.

2.5. Solid phase extraction

Multi-cartridge SPE of all extracts was performed using commercially available cartridges or
3D-printed/packed SPE blocks. For commercial cartridges, dual-cartridge SPE was performed
using previously optimised procedures and sorbents were selected based on the matrix [7]. For
blood and oil, Alumina-N (500 mg x 3 mL barrel) and Isolute ENV+ (100 mg x 6 mL barrel)
were coupled. Both cartridges were conditioned with 1 mL 50:50 EtOH:H.O. For soil,
Hypersep SAX (200 mg x 3 mL barrel) was coupled to Isolute ENV+ (100 mg x 6 mL barrel)
and conditioned with 1 mL of 0.1% formic acid in EtOH:H.0 (50:50 %v/v). A volume of 20
mL of all samples was loaded onto the dual-cartridge set-up without pH adjustment, as it had
little effect on the recovery of explosives [8]. Extraction was performed under vacuum using a
12-port SPE manifold (Phenomenex, Torrance, CA) at pressures <20 kPa. After loading, the
matrix removal sorbent was discarded and the second cartridge eluted in 1 mL acetonitrile, to
give a concentration factor of 20.

In the finalised method employing 3D-printed SPE blocks for extraction of complex samples,
a single matrix removal block and one analyte concentration block were required for dried
blood and soil. However, an additional analyte concentration block was required for oil
residues (i.e., three in total). Blocks were ‘clicked’ together directly and conditioned in the
same way as commercial cartridges. For sample loading, 10 mL volumes were loaded at 1-2
mL min~! using positive pressure with a 10 mL syringe. The backpressure of < 100 psi enabled
consistent delivery by hand. Following this, the matrix removal block was removed and the
remaining cartridge(s) eluted in 0.5 mL acetonitrile (again, to achieve a comparable
concentration factor of 20 to that of the method using commercial SPE cartridges).

3. Results and discussion
3.1. 3D printing of click-together SPE blocks

Properties and characteristics of 3D-printed materials. One of the main purposes of this
multi-sorbent, coupled SPE block approach was to minimise matrix effects. However,
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unwanted interferents from manufacture, or leachables arising from exposure to different
chemical conditions (e.g., solvents and pH), could result in ion suppression or enhancement in
HRMS. Following immersion of 1 cm® 3D-printed cubes of each material in vials of EtOH:H,0
(50:50 %v/v) under agitation for 1 h, the degree of leaching was examined using HPLC-UV.
This solvent was chosen as it is used as the extraction solvent for swabs in the procedure
currently employed at the Forensic Explosives Laboratory. As can be seen in Fig. 1(a), leaching
occurred from most materials. Among the worst were Nylon, Formlabs Clear, Freeprint Clear
and DURUS, with interferences eluting across the runtime at high intensities. Relatively
interference-free chromatograms were obtained for PLA/PHA and PlasCLEAR and these were
retained for further testing. It is important to note, however, that the print quality was clearly
poorer for PLA/PHA cubes printed using FDM in comparison to PlasCLEAR by SLA.
Furthermore, and upon exposure to n=7 additional polar/non-polar solvents over 1 h (Table
S2), clear physical differences between these materials were observed. PLA/PHA degraded
extensively and almost instantaneously when immersed in acetonitrile (the optimised elution
solvent in this SPE procedure), making it unsuitable for this application. For most other
solvents tested, distortions, splitting and discolouration of PLA/PHA was evident, particularly
in dichloromethane, toluene and hexane. In alcohols, PLA/PHA remained visibly intact.
PlasCLEAR, on the contrary, was far more stable in most organic solvents, with the exception
of dichloromethane. In acetonitrile, it displayed excellent physical integrity, even for an
extended period of up to 8 hours (albeit with some increased leaching evident, Fig. S1). As
elution takes <1 min, the concentration of interfering leachables in acetonitrile extracts after
SPE with PlasCLEAR blocks is likely to be much lower. Immersion of the PlasCLEAR parts
in acetonitrile for 5 min did indeed show negligible leaching, as shown in the LC-HRMS
chromatograms in Fig. S1b, indicating promising potential for use in SPE for trace explosives
analysis. The exposure of cubes to 3 M H2SO4 and 1.2 M KOH for 1 hour also showed excellent
physical stability, demonstrating potential flexibility for use in other SPE applications. As a
result, PIasCLEAR was chosen as the best materlal to 3D prlnt SPE blocks.
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Fig. 1. Left: Overlaid LC-UV chromatograms of leachate from ten different 1 cm® 3D-
printed blocks following treatment in 50:50 EtOH:H.O. Key: a — RGD450; b —
DURUS; ¢ — Formlabs Clear; d — Freeprint Clear; e — Formlabs Black; f — VVerowhite;
g — Veroblack; h — PlasCLEAR; I — Nylon; j — PLA/PHA. Right: Example PLA/PHA
and PlasCLEAR blocks before treatment followed by agitation in MeCN and EtOH for
1h.

In the first instance, the intended use of the 3D-printed component was as an SPE housing
rather than as a sorbent material itself. Therefore, any sorption of the target compounds to the
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material itself was undesirable as it could result in lower recoveries. Consequently, sorption to
both PlasCLEAR and PLA/PHA was studied using LC-UV and a selection of explosives as
probe species of differing hydrophobicity (predicted logP by ACDLabs from Chemspider,
Royal Society of Chemistry, UK), including two nitramines (HMX, logP =-2.91; RDX,
logP =-2.19), three nitroaromatics (TNB, logP =1.22; TNT, logP =1.68; and NB,
logP = 1.95), an alkylnitrate (DMDNB, logP = 1.82) and a nitrate ester (NG, logP = 2.32).
Mean sorption to PlasCLEAR was 3.7 * 3.4% (n=21) following exposure at 2.5, 10 and 25 pg
mL"! of all explosives in 50:50 EtOH:H0 for 1 h. The only outlier was TNB with 7.4 + 5.8%
sorption across the three concentrations (Fig. S3). Despite its disintegration in acetonitrile,
sorption to PLA/PHA for a subset of three explosives (NG, RDX and TNT) in EtOH:H20 was
also similarly low at 3.5 £ 2.7% across all three concentrations (Fig. S4), again highlighting its
potential for application in other SPE methods.

NMR confirmed the presence of diurethane dimethacrylate (DUDMA) as the principal
monomer in PlasCLEAR (Fig. S5). From 3P NMR in particular, Irgacure® 819 was
established as the photo-initiator, since it is the only commercially available phosphorus-
containing photo-initiator compatible with the wavelengths of 385 and 405 nm on the Asiga
3D printers used. The material safety datasheet for PlasCLEAR indicated tetrahydrofurfuryl
methacrylate (THFMA) as a potential secondary monomer component present at a lower
concentration, but neither this, nor the presence of any other ingredients, could be confirmed
by NMR. Therefore, this preliminary study successfully identified a suitable 3D printing resin
that could potentially be broadly applied across several SPE applications for the first time. It
not only displayed good stability, low leaching and low sorption when subjected to different
solvent chemistries, but, given its composition, the potential to chemically bond a sorbent to
PlasCLEAR components could also be investigated. In this first phase of work, however, it
was decided to pack the 3D-printed SPE blocks with commercially available sorbents, in order
to compare their performance with standard barrel SPE cartridges for the recovery of trace
explosives and allow easy and more accessible adoption by end-user labs in the short term.

Design of fritless 3D-printed SPE blocks. Despite discovery of a suitable material, the design
of SPE blocks presented additional challenges. A difficulty encountered in microfluidic and
miniaturised devices for preparation/analytical purposes is the design and integration of frits,
weirs or other physical features to trap sorbents [55]. To negate a frit entirely, the principle of
the particulate keystone effect was implemented [56], [57]. Previous work has shown that
particles formed a barrier at outlets approximately three-fold wider than their own
diameter [57]. Here, the sorbent bed was tapered from a diameter of 4.90 mm to 400 um in the
design software, as the lowest printable dimension that was repeatably clearable post-build
(Fig. 2). Following 3D printing of n=112 blocks, the actual outlet diameter was found to be
543 + 14 yum (example microscope image shown in Fig. S2). The difficulty with successfully
printing channels narrower than 500 um in diameter is a result of the so-called ‘overcuring
effect’, experienced also by other groups [54], [58]. This diameter was sufficiently large to
allow the complete removal of uncured resin post-build, whilst also allowing solution to pass
through unhindered. The achieved diameter was also narrow enough to hold most sorbent
particle types in place without losses. HyperSep SAX particle sizes (40-60 pm), however, were
too small to effectively block the SPE block outlet. Strata Alumina-N was slightly larger on
average (i.e., 120 um). Therefore, where required, Hypersep SAX was layered on top of Strata
Alumina-N to overcome this problem and, if needed, this combination of both could be applied
for matrix removal more generally. A fritless solution to sample preparation brings several
benefits, primarily that it was more practical, simple and less time-consuming to manufacture.
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It was also particularly advantageous for trace analysis, by eliminating problems that can be
caused by frits, including potential analyte sorption, clogging by matrix and additional
manufacturing-based interference that could be introduced from frit components. These
potential issues stemming from the frit have been acknowledged by a number of manufacturers
and depend largely on the application.

(a) Matrix removal block (b) Analyte extraction block (c) 3D-printed =
'Clickable’ inlet SPE array
@ =4.90 mm 10-32 threading
14 mm and'clickable’ inlet
— 10 mL Sample
2mm /% Syringe
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Fig. 2. 3D-printed SPE block housing manufactured in PlasCLEAR for the extraction
of explosives residues from complex matrices including (a) the matrix removal block
design, and (b) analyte extraction blocks. In (c) the complete 3D-printed SPE array is
shown with two connected blocks in series and configured directly to a 10 mL syringe
with a solution of red dye to show the leak-free flow path design. Components with
both Luer and 10-32 threaded fittings could be configured directly to all inlets.

The last requirement of this 3D-printed design was to allow direct coupling with other SPE
blocks and LC instrumentation if needed (e.g. for online SPE applications) [59]. Threaded
inlets complementary with standard 10-32 fittings enabled configuration to an HPLC pump to
deliver solvent to packed blocks at flow rates of up to 10 mL min~! (n=16). No leaking was
observed at the thread fitting or anywhere else across the block. In a Lego®-inspired design,
the outlet and inlet dimensions of two sorbent-packed blocks were optimised to also enable
them to ‘click’ together, resulting in leak-free delivery of solvent across both blocks, which has
not, to our knowledge, been demonstrated before for SPE. Threading of the outlet to match
threading of the inlet was also tested, but print quality was found to be poor in some cases and
the fit and seal not as good as when the surface was smooth. To make the connection process
easier for the user and to aid with visual differentiation, the matrix removal cartridges
incorporated a slightly larger square plate on the top. Backpressures were linear with flow rate
for both single and coupled blocks containing all sorbents, with no leakage, excessive swelling
or tolerance exceedance, and all had very similar flow rate vs. pressure slopes. For SPE loading,
the optimised flow rate was ~2 mL min~!, which generated a backpressure of 4-5 bar, regardless
of whether these were single or coupled SPE blocks (Fig. S6). Finally, the weights of all n=112
blocks above displayed a relative standard deviation of <1%, which demonstrated excellent
reproducibility, especially for a relatively low-cost SLA printer. After treatment with solvents,
the block outlets (as the smallest dimension) were remeasured to assess swelling and no change
was observed.
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For all printing work described here, an Asiga SLA-based 3D printer was used, since the chosen
PlasCLEAR material is SLA-compatible. It is worth noting, however, that a PolyJet printer
was also tested (albeit not with PlasCLEAR and for simple comparison), but the narrow
channel in the design was found to be unclearable, with support material still present after >24
h immersion in water to try to dissolve it.

3.2. SPE method development using 3D-printed blocks

Model solutions of 14 selected explosives at 5 ug mL™" in EtOH:H,0 (25:75 %v/v) were used
to optimise sample (2, 6, 10 and 20 mL, n=3) and acetonitrile elution volumes (100 pL-1000
ML, 100 pL increments, n=3). Peroxides were not included in this initial optimisation
experiment as they lack a UV chromophore. During method development, a pump was used to
control flow rates delivered to SPE cartridges, for added consistency. Recovery throughout this
work was determined using the peak area ratio of analyte in the SPE extract and analyte in a
matrix-matched standard at theoretical 100% recovery concentration. Using the same SPE
procedure as for commercial dual-sorbent SPE cartridges (one for matrix removal, the other
for analyte concentration), lower recoveries were achieved on 3D-printed blocks, likely due to
lower sorbent mass. Modification of the method to a 10 mL sample volume and a 0.5 mL
elution volume yielded an acceptable mean recovery of 62 + 19% across all tested analytes. As
expected, recoveries were lowest for polar compounds, such as HMX and RDX, likely due to
self-elution. The elution profile in acetonitrile (Fig. S7) showed that all analytes were eluted
from 3D-printed blocks in ~1 mL (77% mean recovery), but, as a compromise, it was decided
to reduce the elution volume to 0.5 mL to improve sensitivity overall and to maintain a 20-fold
concentration factor. The majority of analytes were also eluted to a high extent in this volume.
The reusability of the blocks was also tested. Three used blocks were left to dry, the sorbent
emptied (by simple inversion) and the blocks sonicated in IPA for 30 min. After drying in air,
they were repacked with 10 mg SPE sorbent (Isolute ENV+), conditioned and 10 mL
ethanol:water (25:75 % v/v) were passed through them via a syringe. No analyte-containing
solution was loaded in this case, to check for carryover from the previous extraction. Following
elution with 0.5 mL acetonitrile no carryover occurred, demonstrating the blocks could be
successfully washed and reused. Whilst not likely to be exploited in forensic applications, this
potential for reuse could be an attractive advantage in other fields, such as environmental
analysis. Other types of organic compound were not investigated here, but the approach shows
great promise for other forensically relevant small molecules or emerging contaminants, for
example inorganic explosives, illicit drugs, pharmaceuticals and pesticides.

3.3. 3D-printed SPE and LC-HRMS of trace explosives in complex matrices

Matrix effects. The performance of the 3D-printed SPE procedure in a dual cartridge format
was evaluated using cooking oil residue, soil and dried, whole human blood (Fig. 3). Matrix
effects were generally <15 % across all sample types, which was excellent given their degree
of complexity. It also demonstrated low matrix binding. For extracts of soil and swabs of
cooking oil residues, no significant difference overall was found between the mean matrix
effects after SPE using the 3D-printed approach and those obtained after the dual-sorbent
approach with commercially available cartridges (p >0.05), indicating that this new approach
could be broadly applied to other compounds. However, for particular analytes such as TNB,
NG and ETN, significant enhancement was observed in both of these matrices using 3D-printed
SPE blocks. For cooking oil residue, variability across triplicate measurements was lower with
the 3D-printed blocks overall. Low matrix effects were again observed in extracts of dried
blood but, with 3D-printed components, suppression was more pronounced for 3,5-DNA,
PETN and RDX, along with signal enhancement of TNB, as observed with oil residue and soil.
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Fig. 3. Comparison of matrix effects on 13 selected explosives observed in (a) extracted
soil, (b) extracted swabs of cooking oil and (c) extracted swabs of dried blood for both
coupled 3D-printed SPE blocks and commercially available cartridges. The sample

loading solvent was EtOH:H.O (25:75 v/v).
Recovery and precision. The recoveries from dried blood swabs were excellent (Fig. 4), with
an average recovery of 79% for the 13 tested analytes with no further amendments to the
procedure required. The recoveries for explosives in soil and cooking oil residues, on the other
hand, were initially found to be lower after using the 3D-printed assemblies. This was likely
due to the 10-fold reduction in sorbent mass for analyte concentration, without an accompanied
reduction in sample extracted (i.e., cooking oil residue on a swab or mass of soil). For soil, a
breakthrough investigation using 0.5-5 g sample masses revealed masses above 3 g yielded
markedly decreased recovery overall (Fig. S8). Therefore, a lower mass of 3 g was selected in
comparison to commercial cartridges (5 g), without any further amendments to the SPE
protocol needed. As it is impossible to control the amount of oil residue collected on a swab
from a real crime scene, recoveries were significantly improved using a three-block
combination, comprising a single matrix removal block followed by two analyte extraction
blocks and no other changes to the procedure needed. This necessity for a second selective
extraction block with cooking oil residues, but not soil or blood, was likely due to the
complexity of the matrix. Previous work using dual-sorbent SPE combinations for mitigating
matrix effects in complex samples showed cooking oil was consistently the most complex of
those tested [17]. The main interferences in cooking oil residue included organic and highly
hydrophobic compounds, which would likely be retained on the Isolute ENV+ sorbent, but also
potentially the cartridge housing. Competitive sorption of interfering components from the
cooking oil residue matrix was, therefore, potentially higher than that in blood or soil samples,
which caused saturation of the sorbent and thus required addition of a second block to improve
analyte recoveries. Hence, the potential to assemble a specific array based on the combination
that yields the highest recoveries for a particular sample type is clearly beneficial,
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demonstrating the highly advantageous nature of such a flexible approach. Once all final
amendments were implemented, mean recoveries improved for dried blood, oil residue and soil
matrices to 79 = 24%, 71 + 16% and 76 + 24%, respectively, and, for dried blood and oil
residue, were comparable to those observed using conventional cartridges [7]. No connective
tubing was needed and all extractions could be performed using a handheld syringe fitted
directly to the 3D-printed block inlet. The backpressures generated across coupled cartridges
were enough to enable satisfactory manual control of the sample and eluting solvent flow rates.
In addition to coupling identical blocks together, this approach offers the user much more
control of how much sorbent packing is required in each block for the specific application, to
minimise waste if more tailqging is needed and in a simplified manner.
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Fig. 4. Comparison of the recovery of 13 selected explosives using both sorbent-

packed, 3D-printed, coupled SPE blocks and coupled commercially available cartridges

for (a) extracted soil, (b) extracted swabs of cooking oil and (c) extracted swabs of dried

blood. The sample loading solvent composition for SPE was 27:75 v/v EtOH:H-0. For

soil, extracted mass reduction from 5 g to 3 g is shown to demonstrate improved

recovery. For cooking oil, the addition of a second analyte extraction 3D-printed block

is shown for a selection of 7 explosives to demonstrate improved capacity (those

marked with * were not included).
On-cartridge analyte stability. To test the ability for these SPE cartridges to be used in the
field, the stability of dried, extracted residues on SPE blocks was examined over 10 days using
LC-UV at room temperature (~25 °C) for a selection of explosives (Fig. 6). To our knowledge,
this work is the first to evaluate any added stability arising from storage on the SPE cartridge
for explosives residues. The recovery and stability on the 3D-printed SPE cartridges here were
compared to the standard protocol using swabs stored in 5 mL EtOH:H->O (50:50 %v/v) and
stored under the same conditions (analytes spiked at 5 mg L™"). In general, good stability was
observed for most analytes across this period using both approaches. Relative standard
deviations of the peak area for all compounds on the 3D-printed SPE blocks were <8%.
Recovery for polar compounds HMX, RDX and DMDNB was lower, as expected, on SPE
blocks, due to poorer sorbent interactions. On the other hand, recoveries for ETN and TNT
were markedly higher and more stable on SPE blocks. In stored swabs, on the other hand, a
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gradual loss of both compounds was observed (35% for ETN and 63% for TNT). Sisco et al.
showed that out of six selected explosives, TNT and ETN transformed over relatively short
periods of time under a variety of environmental conditions [60] and that their volatilities
explained similar losses at 25 ©°C (vapour pressure ETN =3.19 x 10°[61] and
TNT =9.15 x 107? [62]). Therefore, the 3D-printed SPE cartridges offered enhanced stability
overall, combined with extra convenience, for ambient transport and storage over longer
periods of time. Whilst sufficient repeats have been performed to confirm the reliability of the
method, additional storage and transport conditions would be useful to study in greater detail
but lay outside of the scope of the current work.

Other analytical performance characteristics. Excellent method performance (Table 1) was
obtained across all three matrices and example extracted ion chromatograms in each matrix at
low spiking concentrations are shown in Fig. 5. Measurements of linearity, range and limits of
detection (LOD) were accrued according to International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH) method validation
guidelines [63].

Table 1
Analytical performance characteristics according to 1CH method validation guidelines for 30-printed SPE and LC-HRMS of explosives in three different complex matrices and
comparison e published methods. All SPE was performed using 2 hand-held syringe for sample and solvent delivery.

Quantitative Range* Coefficient af Limiit of Detection {LOD] Previgusly Published LOD
Analyte (pg on column) Determination (B} (this work, pg on column) (pg on column)
Cooking Dried Cooking  Dried Cooking Dried Cooking  Dried
Soil 0l Blood Sail ol Blood Sail ol Blood Soll ail* Blood®
DMDNE  41-1000 33-1000 10-1000 0.97 099 100 124 9.81 3.2 0.001 21.2 38
HMTD 26-1000 27-500 72-500 0.99 099 0498 T3 8.17 21.7 n.a. 13.1 19.4
TATP 5-1000 20-500 12-500 0.96 099 097 160 6.01 3in n.a. 041 206
HMX 3-1000 39-500 0.4-500 0.9 099 100 LiLor 1173 011 0.1 800, 2390 004 M
THE 1-1000 1-300 0.3-500 0.99 099 094 032 0.21 0.09 1.82" 009 002
315-DNA - 02-1000 1-300 1-300 1.00 1.00 094 LI 032 0.19 0.20 003 007
PETN 113-1000  24-1000°  8-1000 098 099 100 340 i1 238 001, 3.8 0.54 157
N 513-2000  5-1000° G6-1000 099 1.00 094 1539 163 19.9 0.001°, 4.43 70.3 31.1
ETH 183-2000 122-1000 7-1000 0.98 098 094 350 36.5 220 0.001 145 3T
THT 3-1000 3-5300 1-500 099 1.00 0498 087 07 017 0.001%;3.0¢; 1.53° 0.03 015
3A-DNT  2-1000 4-300 2-5300 0.99 1.00 0498 066 109 0.61 1.22¢ LIRE] 012
ROX 2-1000 2-500 1-300 0.98 1.00 100 072 0.46 0.40 0.01°; 3807, B.ED7, D62 OO0 003
EGDN 312-2000 nd. 304-1000° 10D n.d. 0.9 937 240 91.2 0.001%; 1.7 488 55.0

nd Mot determined

4 Lower value is the LOG, determined using 10 x standard deviation of the peak area of n = 3 replicates of the lower range concentration tested divided by the slope of
the calibration line in matri Higher value is the upper concentration tested in the range

¥ Based on N=5 concentrations and processed by the optimised 30-printed SPE, LC-HRMS method for each matrix unless otherwise indicated. Neat extracts were blank
and background subtraction not required.

¢ Determined wsing 3 x standard deviation of the peak area of n = 3 replicates of the lower range concentration limit divided by the slope of the calibration line in matrix

4 N4 concentrations

* Previous work in our laboratory using liquid extraction, dual sorbent commercially available SPE and the same LC-HREMS method

! Liguid extraction, SPE with gas chromatography-electron capture detection (GC-ECD) 1

¥ Ultrasonication, SPE and liquid chromatography-dielectric barrier discharge ionization-time of flight-mass spectrometry

B Liguid exrraction and GC-MS [

! Liquid extraction and GC-ECD
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Fig. 5. A selection of extracted ion chromatograms of explosives residue in soil,
cooking oil and dried blood matrices.
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Fig. 6. Stability of selected explosives on (a) spiked swabs stored in EtOH:H20 and (b)
3D-printed SPE blocks over 10 days at room temperature in model solutions following
extraction. Analyte concentrations were 5 ug mL™!. Swabs were stored in 5 mL MeCN
over this period.
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For most compounds, the method was linear over three orders of magnitude, with R? generally
>0.99, and LODs at the fg — pg on column range were achieved. Signal intensity for EGDN,
however, was poor across the board and the method did not display sufficient analytical
performance. The monitored m/z for EGDN corresponded to the nitrate anion and no other
fragment was detectable, which made it unsuitable for confirmatory analysis. Recovery by 3D-
printed SPE blocks was not the major cause, as shown in Figs. 3 and 4. For all other compounds
and across the three sample types, LODs were moderately higher in soils (~22 pg on average).
That said, 3,5-DNA had the best LOD in soil across all sample types, tested at 60 fg. Sensitive,
confirmatory methods using SPE and LC-MS for the quantitative determination of large
numbers of explosives from soils are rare, especially for improvised explosives such as
peroxides. LODs were, however, much poorer for PETN, NG and ETN and, for PETN and
NG, only four calibrants could be used to assess linearity in cooking oil. Recovery was
generally good in soil using 3D-printed SPE for these compounds. This was, therefore,
attributed, instead, to lower HRMS sensitivity and this effect was observed across all three
sample types tested. Two methods employing GC coupled to electron capture detection (ECD)
were also selected for comparison. In particular, a method by Thomas et al. displayed excellent
detection limits that were several orders of magnitude better in several different types of soil
than this approach [4]. This method employed liquid extraction into acetone and was followed
by SPE. The added sensitivity that was observed here was likely due to ECD, as average
recoveries from soil were relatively low (48 + 7%). Therefore, the dual 3D-printed blocks could
potentially add even more sensitivity to such a method, though the use of a confirmatory
analytical detection technique, such as MS, is more desirable for forensic application.

For swabbed samples of contaminated cooking oil and dried blood, our previous work using
the same analytical method but commercially available SPE pre-treatment was used as a direct
comparator [7]. Both approaches achieved LODs in the fg on-column level for the majority of
compounds and were comparable or better than other works for some compounds (Table 1).
For example, LODs were were 6- to 14-fold better for PETN, ETN and TATP in particular
using the 3D-printed blocks in blood. The latter two compounds are regularly used in
improvised explosive devices in major terrorist incidents, including the 2015 Paris and 2007
London attacks. Furthermore, several peroxides like TATP have a high vapour pressure and
sublime at room temperature. Therefore, sensitive methods are critical for this explosive type.
The advantages of a rapidly assembled, sample specific and low-cost 3D-printed SPE array
was therefore realised here, with the added benefit of potential at-scene use. Furthermore, this
technology is also likely to benefit other field-based investigations, such as environmental
monitoring and toxicology, for example.

3.4. Application to real soil samples

Application to contaminated soil samples from six different locations (Table 2) showed that
several analytes could be detected with varying degrees of assurance (full information is given
in Tables S3 and S4). The retention times of all peaks deviated by <2% from the expected
retention time and all accurate mass inaccuracies were <3 ppm, in line with standard procedures
at FEL. The minimum criteria for identification at FEL include retention time and the primary
ion and analyte occurrence is normally then confirmed using a second method. However, in
the absence of a second, confirmatory technique here, additional ions for the majority of
detected compounds were searched for to add assurance. The detection of only one ion could
potentially, in many cases, be as a result of a low concentration, e.g., for DEDPU in Location
4. Table S5 shows the extracted ion chromatograms of nine detected analytes in the soil. Tetryl,
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though a legacy explosive compound, was not detected, but has been shown to transform
rapidly in soil environments in <30 days [64], [65]. Walsh et al. extracted thousands of soil
samples from sites potentially contaminated with explosives, including manufacturing plants,
load and pack facilities and depots, and found that the major energetic-related compounds
detected were TNT, RDX, TNB, 2,4-DNT, 1,3-DNB, 2-Am-4,6-DNT, 4-Am-2,6-DNT, HMX
and tetryl [66], showing good agreement with the results presented here. The health hazards
associated with TNT and RDX, such as carcinogenicity and mutagenicity, have made them, as
well as their metabolites and related compounds, including the DNTs, Am-DNTS, DNBs, TNB
and HMX, a priority for environmental monitoring programmes [67], [68], [69], [70], [71].
Consequently, it is crucial that they can be detected in matrix using current analytical
methodologies, as successfully demonstrated here. This is the first time that a 3D-printed
sample preparation technique has been implemented for the successful detection of trace
concentrations of explosives compounds in soil. This harmonisation of analytical chemistry
with 3D printing represents a pivotal point for flexible, multi-sorbent solid phase extraction
approaches and could pave the way for further exploitation of additive manufacturing
technology in the analytical arena.

Table 2
Analytes detected in soil across all six bocations (colour key given below).

Analytes Location
detected 1727374156

DEDPU
RDX
HMX

3,4-DNT

2,6-DNT
2,4-DNT
TNT
4-Am-2,6-
DNT
2-Am-4 6-
DNT
TNEB
1,3-DNB

Key
Iz + one ion detected

4. Conclusion

Successful manufacture of field-deployable and miniaturised sample preparation devices for
trace explosives residue recovery using a low-cost benchtop 3D printer was demonstrated and
applied to multiple complex matrices for the first time. Using a diurethane dimethacrylate-
based resin (PlasCLEAR), frit-free 3D-printed SPE blocks were packed with different
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particulate sorbents and could be directly connected for both matrix removal and analyte
concentration via a hand-held syringe. Recoveries of selected explosives using the 3D-printed
devices were comparable to commercially available coupled SPE cartridges for soil, dried
blood and cooking oil matrices but offered several additional advantages including: (a) greater
flexibility to be packed with the amount and sorbent of choice by the user, (b) potential to
multiplex and modify parts to generate tailored arrays for a particular sample type, with no
additional tubing or connecting parts, (c) low-cost and easy accessibility for laboratories, (d)
on-demand nature, enabling rapid production of parts, as required, with no ordering delay, (e)
easy connection with syringes for on-site use, (f) good stability in a broad range of common
organic solvents, which could allow application to extraction in other scientific fields, (g)
ability to both preserve the sample and speed up the overall analytical process chain and (h)
comparable performance with conventional SPE cartridges for the trace extraction of organic
explosives. To our knowledge this approach is the first to show added stability of up to ten days
for all analytes when extracted onto SPE blocks and particularly for selected volatile
explosives, such as TNT and ETN, rather than storage on wetted swabs. Determination at the
low-sub pg level in-matrix was possible for almost all analytes. Furthermore, a total of 11
organic explosives and related compounds were successfully detected in soils, demonstrating
the applicability of the novel SPE approach in real situations. Ultimately, this approach offers
new capability to forensic providers for on-demand, bespoke component manufacture to help
increase throughput and reliability for complex sample analysis.
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