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Abstract: Sample extraction is a crucial step in forensic analysis, especially when dealing with

trace and ultra-trace levels of target analytes present in various complex matrices (e. g., soil,
biological samples, and fire debris). Conventional sample preparation techniques include
Soxhlet extraction and liquid-liquid extraction. However, these techniques are tedious, time-
consuming, labor-intensive and require large amounts of solvents, which poses a threat to the
environment and health of researchers. Moreover, sample loss and secondary pollution can eas-
ily occur during the preparation procedure. Conversely, the solid phase microextraction
(SPME) technique either requires a small amount of solvent or no solvent at all. Its small and
portable size, simple and fast operation, easy-to-realize automation, and other characteristics
thus make it a widely used sample pretreatment technique. More attention was given to the
preparation of SPME coatings by using various functional materials, as commercialized SPME
devices used in early studies were expensive, fragile, and lacked selectivity. Examples of those
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functional materials include metal-organic frameworks, covalent organic frameworks, carbon-
based materials, molecularly imprinted polymers, ionic liquids, and conducting polymers, all
widely used in environmental monitoring, food analysis, and drug detection. However, these
SPME coating materials have relatively few applications in forensics. Given the high potential of
SPME technology for the in situ and efficient extraction of samples from crime scenes, this
study briefly introduces functional coating materials and summarizes the applications of SPME
coating materials for the analysis of explosives, ignitable liquids, illicit drugs, poisons, paints,
and human odors. Compared to commercial coatings, functional material-based SPME coatings
exhibit higher selectivity, sensitivity, and stability. These advantages are mainly achieved
through the following approaches: First, the selectivity can be improved by increasing the -7,
hydrogen bonds, and hydrophilic/hydrophobic interactions between the materials and analytes.
Second, the sensitivity can be improved by using porous materials or by increasing their porosi-
ty. Third, thermal, chemical, and mechanical stability can be improved by using robust materi-
als or fixing the chemical bonding between the coating and substrate. In addition, composite
materials with multiple advantages are gradually replacing the single materials. In terms of the
substrate, the silica support was gradually replaced by the metal support. This study also out-
lines the existing shortcomings in forensic science analysis of functional material-based SPME
techniques. First, the application of functional material-based SPME techniques in forensic sci-
ence remains limited. On one hand, the analytes are narrow in scope. As far as explosive analy-
sis is concerned, functional material-based SPME coatings are mainly applied to nitrobenzene
explosives, while other categories, such as nitroamine and peroxides, are rarely or never in-
volved. Research and development of coatings is insufficient and the application of COFs in fo-
rensic science has not yet been reported. Second, functional material-based SPME coatings
have not been commercialized as they don’t yet have inter-laboratory validation tests or estab-
lished official standard analytical methods. Therefore, some suggestions are proposed for the
future development of forensic science analyses of functional material-based SPME coatings.
First, research and development of functional material-based SPME coatings, especially fiber
coatings with broad-spectrum applicability and high sensitivity, or outstanding selectivity for
some compounds, is still an important direction for SPME future research. Second, a theoreti-
cal calculation of the binding energy between the analyte and coating was introduced to guide
the design of functional coatings and improve the screening efficiency of new coatings. Third,
we expand its application in forensic science by expanding the number of analytes. Fourth, we
focused on the promotion of functional material-based SPME coatings in conventional laborato-
ries and established performance evaluation protocols for the commercialization of functional
material-based SPME coatings. This study is expected to serve as a reference for peers engaged
in related research.
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Table 1 Applications of functional materials-based SPME technique in the analysis of explosives
Sample Geometries Detection  LODs/
Analytes matn'ies Coatings/adsorbents and modes methods  (ng/L) Ref.
NB, 2-NT, 4-NT, 1,3-DNB, water PPESK fiber GC-TSD, 8-126, [26]
2,4-DNT, 2,6-DNT, TNT DI-SPME  GC-ECD  0.05-0.59
TNT, 2,4-DNT explosives La( Il ) complex of p-di(4,4,5,5,6, fiber GC-MS <1 (pg) [27]
bunker  6,6-heptafluoro-1,3-hexanedionyl) HS-SPME
benzene
NB, 4-NT, 2,4-DNT, soil carbon ceramic copper fiber GC-FID 0.6-2.6 [3]
2,6-DNT, TNT nanoparticle DI-SPME (ng/g)
NB, 2-NT, 3-NT, 4-NT, 2,6-DNT, air, soil QxCOOHCav fiber GC-MS 4-60, [28]
2,4-DNT, 3,4-DNT, TNT agglutinating HS-SPME 12.4-38.2
(ng/kg)
DMNB ammoni- amide bridged-C[ 4 ]/OH-TSO sol-gel fiber GC-ECD 443 [29]
um nitrate technology ~HS-SPME
TNT, 2,4-DNT, EGDN rubble DDP sol-gel HS-PSPME IMS 1.3-4.5  [5]
technology (ng)
TNT rubble MIP with TNT MISPME fiber GC-MS 60 [30]
HS-SPME
TNT soil polyamides and gas chromatographic - SPMEM GC-MS - [31]
stationary solution
TNT water GO/Fe,0, - DSPME LC-UV 300 [6]

NB: nitrobenzene; 2-NT: 2-nitrotoluene; 3-NT: 3-nitrotoluene; 4-NT'. 4-nitrotoluene; 1,3-DNB: 1,3-dinitrobenzene; 2,4-DNT. 2,4-
dinitrotoluene; 2,6-DNT. 2,6-dinitrotoluene; 3,4-DNT. 3,4-dinitrotoluene; TNT: 2,4 ,6-trinitrotoluene; DMNB: 2,3-dimethyl-2, 3-di-
nitrobutane ; EGDN; ethylene glycol dinitrate; PPESK: poly ( phthalazine ether sulfone ketone); QxCOOHCav: quinoxaline-bridged
cavitand decorated at the upper rim with a carboxyl group; DDP. diethoxydiphenylsilane; MIP. molecularly imprinted polymer; GO .
graphene oxide; MISPME: molecularly imprinted solid phase microextraction technology; HS: headspace; DI: direct immersion;
PSPME': planar solid phase microextraction; SPMEM: solid phase microextraction membrane; DSPME: dispersed solid phase micro-

extraction; TSD: thermionic specified detector; ECD: electron capture detector; FID: flame ionization detector; IMS: ion mobility

spectrometry; UV . ultraviolet detector.
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Table 2 Applications of functional materials-based SPME technique in the analysis of ignitable liquids

Sample

Coating Geometry Detection LOD/

Analytes matrix Coatings procedure and mode method (pg/L) Ref.
Gasoline, carpet octyltriethoxysilane/methyltrimethoxysilane  sol-gel technology fiber HS-SPME GC-FID - [35]
kerosene, diesel
Gasoline fire debris PDMS sol-gel mixture/silica particles, sol-gel technology fiber HS-SPME GC-FID - [36]
Gasoline oil graphene/ZnO nanorods dipping fiber HS-SPME GC-FID - [37]
MTBE gasoline PPy-DS electrodeposition fiber DI-SPME IMS - [38]
MTBE gasoline [C,C,IM][BF,], [C4C,IM][BF,], dipping fiber HS-SPME GC-FID 0.09 [39]
[CsC,IM][PF,], [ C,C,IM][ETSO,]

MTBE gasoline  1-methyl-3-( 3-trimethoxysilyl propyl) imid- chemical bonding fiber HS-SPME GC-FID 0.1 [40]
azolium bis ( trifluoromethylsulfonyl) imide

BTEX diesel [C4C,IM] [ PF ] dipping fiber HS-SPME GC-MS - [41]

MTBE: methyl tert-butyl ether; BTEX: benzene, toluene, ethylbenzene, and xylenes; PDMS: polydimethylsiloxane; PPy-DS. do-

decylsulfate-doped polypyrrole.
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Table 3 Applications of functional materials-based SPME technique in the analysis of illicit drugs

Coating

Geometry

Detection

LODs/

Analytes Sample matrices Coatings/adsorbents procedure and mode method (pe/L) Ref.
AP, MAP, MDA,  urine, hair PPy chemical polymer- in-tube SPME  HPLC-MS  8x107°- [42]
MDMA, MDEA ization method 56x1073
MAP, MDMA serum PPy-DS electrodeposition  fiber HS-SPME  IMS 5,8 [43]
COC, LSD, MAP, oral fluid, urine PPy electrodeposition  fiber DI-SPME  PESI-MS  0.28-1.33, [44]
MDMA 1.31-2.65
MAP, AP urine 1-ethoxyethyl-3-methylimi- dipping fiber HS-SPME  GC-MS 0.1, 0.5 [45]
dazloium bis ( triflu-
oromethane ) sulfonylimide
DAMO water MIP with DAMO MISPME fiber DI-SPME  GC-MS 300 [46]
MAP saliva MIP with MAP MISPME fiber DI-SPME  GC-FID 14 [47]
Codeine water MIP with codeine MISPME fiber DI-SPME  GC-MS - (48]
Ephedrine, urine, serum MIP with ephedrine MISPME fiber DI-SPME CE 0.96, 1.1 [49]
pseudoephedrine
MAP urine copper-based MOF in situ electrosyn- fiber HS-SPME ~ GC-FID 0.1 [50]
thesis
PEP, MAP, AP, water, urine, HKUST-1 physical aggluti-  fiber HS-LSPME GC-MS  0.1-0.4, 0.2— [51]
COC plasma nating 0.6, 0.4-0.7
AP water graphitic carbon nitride dipping fiber DI-SPME  GC - [52]
AP, MAP, MDA, urine MWCNTSs physical aggluti- fiber HS-SPME ~ GC-MS 0.2-1.3  [53]
MDMA, MDEA, PTM nating
AP, MAP urine nano graphene oxide sol-gel technology SBSE HPLC-UV 11, 10 [54]
sol-gel composite
MAP urine GO-PA-PPy electrospinning fiber HS-SPME = GC-MS 0.9 [55]
AP, MAP, PEP urine ceramic carbon-coated sol-gel technology DI-SBSE HPLC-UV 5-8 [56]
magnetic nanoparticles
MAP, ephedrine water MWCNTSs/IL dipping fiber HS-SPME  GC 0.1, 0.07 [57]
MAP, MDMA urine MWCNTSs/IL sol-gel technology fiber HS-SPME  GC-FID 0.097, 0.39 [58]
MAP, ketamine urine, whole-blood Fe;0,/MWCNTs - DSPME GC-MS  0.044, 0.024 [59]

AP. amphetamine; MAP: methylamphetamine; MDA . methylenedioxyamphetamine; MDMA: methylenedioxymethamphetamine;
MDEA. 3,4-methylenedioxyethylamphetamine; COC. cocaine; LSD. lysergic acid diethylamide; DAMO: diacetylmorphine; PEP.
pseudoephedrine; PTM: phentermine; MOF: metal organic framework; PA. polyamide; MWCNTs: multi-walled carbon nanotubes;
IL: ionic liquid; SBSE: stir bar sorptive extraction; PESI; probe electrospray ionization; CE: capillary electrophoresis.
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Table 4 Applications of functional materials-based SPME technique in the analysis of poisons

Sample Coating/ Coating Geometry Detection LODs/
Analytes . Ref.
matrices adsorbent procedure and mode method (png/L)
Malathion plasma ZnFe,0,-Si0,-MIP  MISPME DSPME HPLC-PDA 7 [61]
Benzodiazepines plasma RAMIP MISPME fiber DI-SPME HPLC-DAD 5-30 [63]
Carbamazepine  water, urine, plasma MIP@ CuO electrodeposition in-tube SPME HPLC-UV 0.01-0.05 [64]
Cd**, Hg?", Pb>* urine ZSM-5/Fe, O, - DSPME ICP-OES  0.15-0.20, 0.42-0.73, [65]
0.23-0.39

RAMIP; restricted access molecularly imprinted polymer; PDA. photo-diode array; DAD. diode array detector; ICP-OES: induc-

tively coupled plasma optical emission spectrometry.

x5 ETIhaesRlE SPME RARTE /R FFAKSIE B R B ER

Table 5 Applications of functional materials-based SPME technique in the analysis of paints and human odor

S 1 Coati G t Detecti
Analytes amp € Coating oating cometry eection LODs Ref.
matrices procedure and mode method
BTEX paints [C4C,IM] [ PF ] dipping fiber HS-SPME  GC-FID 0.1-0.8 pg/mL [66]
Propanoic acid, butyric acid, foot odor  three-dimensional dipping fiber HS-SPME  GC-MS 0.017-0.098 [67]

isobutanoic acid, isovaleric acid,
hexanoic acid, heptylic acid

pompon-like Au/ZnO
porous microspheres

ng

3 #ig

VAR B R T 2R3 T IhBe b K9 SPME
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