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1. Abstract 16 

Conclusively detecting, or ruling out the possibility of, life on the icy moons 17 

of the outer solar system will require spacecraft missions to undergo rigorous 18 

planetary protection and contamination control procedures to achieve 19 
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extremely low levels of organic terrestrial contamination. Contamination 20 

control is necessary to avoid forward contamination of the body of interest and 21 

to avoid the detection of false positive signals which could either mask 22 

indigenous organic chemistry of interest or cause an astrobiological false 23 

alarm. Here we test a new method for rapidly and inexpensively assessing the 24 

organic cleanliness of spaceflight hardware surfaces using solid phase micro 25 

extraction (SPME) fibres to directly swab surfaces. The results suggest that the 26 

method is both time and cost efficient. The SPME-gas chromatography mass 27 

spectrometry (GC-MS) method is sensitive to common mid-weight, non-polar 28 

contaminant compounds, e.g. aliphatic and aromatic hydrocarbons, which are 29 

common contaminants in laboratory settings. While we demonstrate the 30 

potential of SPME for surface sampling, the GC-MS instrumentation restricts 31 

the SPME-GC-MS technique’s sensitivity to larger polar and non-volatile 32 

compounds. Although not used in this study, to increase the potential range of 33 

detectable compounds, SPME can also be used in conjunction with high 34 

performance liquid chromatography/liquid chromatography-mass 35 

spectrometry systems suitable for polar analytes [Kataoka et al., 2000]. Thus, 36 

our SPME method presents an opportunity to monitor organic contamination 37 

in a relatively rapid and routine way that produces information-rich data sets. 38 

Key Words: SPME; Planetary Protection; Organic Contamination; Life 39 

Detection; Icy Moons 40 

2. Introduction 41 
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Numerous past, current and future space missions had and have the detection 42 

of extraterrestrial organic matter as a primary goal. Conclusive detection 43 

requires the avoidance of forward contamination of the bodies of interest. An 44 

extremely low-level of organic (both biological and non-biological) terrestrial 45 

contamination is necessary; which translates to a high level of cleanliness for 46 

all parts of the spacecraft that may come into contact with samples for analysis 47 

[e.g. Blakkolb et al., 2014].  48 

Minimising the contributions of organic contaminants, termed ‘contamination 49 

control’, is required for life detection missions. Recently the search for life has 50 

turned towards the icy moons of the Jovian and Saturnian systems [Reynolds 51 

et al., 1983; Task Group on the Forward Contamination of Europa, 2000; 52 

McKay et al., 2008; Parkinson et al., 2008]. False positives (indicating life or 53 

pre-biotic chemistry) caused by the detection of organic contaminants could 54 

either mask indigenous organic chemistry of interest or cause an 55 

astrobiological false alarm leading to unwarranted stringent planetary 56 

protection requirements for future missions [Task Group on the Forward 57 

Contamination of Europa, 2000; Mahaffy et al., 2003]. It should also be noted 58 

that avoiding forward contamination is also important for the reliability of 59 

analytical results from organic matter detection missions exploring bodies 60 

where we do not expect to find evidence of past or present life, such as those 61 

exploring asteroid or cometary bodies [Drake et al., 2011; Nakamura et al., 62 

2012; Tsuda et al., 2013; Westphal et al., 2014; Lauretta et al., 2015].  63 
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Contamination knowledge includes the documentation of all known potential 64 

organic contaminants to ensure contaminating molecules are not mistaken for 65 

compounds of interest during sample analysis. It is useful to define 66 

contaminants, in a planetary protection contamination control sense, as those 67 

substances that can be detected and that could cause issues for the current life 68 

detection mission. As such, contamination control for astrobiology missions 69 

may focus on a limited range of key compounds (Table 1). 70 

Organic contamination control in respect to planetary protection is only 71 

concerned with affecting the results of the current science mission and is not 72 

concerned about contaminating the body itself and the effects on future 73 

science missions because, unlike biological contamination control, the 74 

compounds of interest are not expected to be self-replicable and would, most 75 

probably, stay localised or if dispersed in a liquid medium, such as the 76 

subsurface ocean of an icy moon, would simply dilute to undetectable 77 

concentrations. 78 

Spacecraft are typically cleaned to a non-volatile residue cleanliness of 1 79 

µg/cm2 which, based on the IEST-STD-CC1246D standard, is level A. For 80 

astrobiologically-sensitive parts of a mission, such as the Mars Science 81 

Laboratory (MSL) sample handling chain [Mahaffy et al., 2003], 100 ng/cm2 82 

or level A10 is the standard. The Viking sample handling hardware was 83 

cleaned to 1 ng/cm2 or Level A1000 – although this is an extreme example, it 84 

may well be the level necessary for life detection missions where the types and 85 
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concentrations of analytes are uncertain, such as with missions to the icy 86 

moons. 87 

To achieve these high levels of cleanliness a variety of techniques are 88 

employed: 89 

All work is carried out under clean room conditions. A typical aerospace 90 

cleanroom is class 100,000 or ISO 8 (i.e. contains 100,000 or fewer particles 91 

of 0.5 µm in diameter per cubic foot of air, controlled by High Efficiency 92 

Particle Air (HEPA) filters and maintaining a positive air pressure between the 93 

inside and the outside environments. For the assembly of the most sensitive 94 

flight hardware, class 10 or ISO 4 cleanrooms may be employed, containing 95 

less than 10 0.5 µm particles per cubic foot of air and in these environments 96 

personnel must be isolated by wearing clean suits at all times. 97 

Precision cleaning is the series of processes targeted at removing both particles 98 

and molecular films of organic contaminants. Firstly, visible contamination is 99 

wiped from the surface. Secondly, a series of rinses with organic and aqueous 100 

solvents of varying polarities is performed – which may be coupled with 101 

ultrasonic treatment to liberate any contaminants adhering to the surfaces. 102 

Thirdly, Freon vapour is used for degreasing. Fourthly, isopropyl alcohol 103 

rinses are performed and analysed for remaining particulate levels. The overall 104 

process of precision cleaning commonly achieves Level 100 cleanliness, high 105 

enough in most cases [Mahaffy et al., 2003]. The use of solvents is not suitable 106 

for all materials used in spacecraft assembly (e.g. plastics and polymers can be 107 
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dissolved by some solvents) so other techniques are also employed in these 108 

cases, using plasma, accelerated CO2 snow, radiation or electron beams to 109 

remove organic compounds [e.g. Task Group on the Forward Contamination 110 

of Europa, 2000; Committee on preventing the forward contamination of 111 

Mars, 2006; ten Kate et al., 2008; Dworkin et al., 2017]. Repeated wiping of 112 

surfaces with clean room cloths saturated with isopropyl or ethyl alcohol 113 

during assembly prevents the re-build-up of molecular contaminants. 114 

Thermal bakeout is the concluding step to both remove surface contaminants 115 

and reduce subsequent outgassing of organic impurities within the materials. 116 

Depending on the material, bakeouts may range from 70 °C to 105 °C and last 117 

72 to over 160 hours. The Viking One Lander was baked out after the final 118 

assembly as a terminal sterilization step at 112 °C for 30 hours [Martin, 1975]. 119 

Monitoring clean room and hardware organic cleanliness is currently a 120 

complex process often involving multiple, expensive and time-consuming 121 

techniques. [Task Group on the Forward Contamination of Europa, 2000; 122 

Mahaffy et al., 2003; Blakkolb et al., 2014; Li et al., 2015]. Effective 123 

monitoring is confounded further by the fact that, in contrast to biological 124 

contamination, there are currently no strictly defined quantitative limits for 125 

organic contamination control. The lack of well-defined guidance is partly due 126 

to the fact that the cleanliness level has to be appropriate to the sensitivity of 127 

the instruments of the specific mission. If the instrument cannot detect the 128 

contaminants they are not an issue. However, initially undetectable 129 
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compounds may be transformed into more problematic species by the harsh 130 

environments encountered during the long cruise phase, in-orbit or (if 131 

applicable), once landed on the surface. This transformation of organic 132 

molecules into other, more problematic, species is particularly a problem for 133 

the moons of the Jovian and Saturnian systems due to the increased and highly 134 

variable radiation environment the spacecraft will encounter throughout the 135 

life of the mission and the highly oxidative surface environment if the mission 136 

incorporates a landed element [e.g. Cassidy et al., 2010; Johnson et al., 2012; 137 

Kimura and Kitadai, 2015]. With the numerous unknowns associated with 138 

exploration of the icy moons, this potential complication highlights the 139 

importance of cleanliness.  140 

The OSIRIS-REx sample return mission to the asteroid Bennu had a strict 141 

contamination control plan. Procedures to limit the total contamination burden 142 

on the returned sample were put in place to limit sensitive surfaces to 143 

cleanliness levels (established in IEST-STD-CC1246D) at the 100A/2 level 144 

[Borson, 2005]. In addition, due to the unique mission science objectives, 145 

specific contaminants of concern were limited to a total accumulation of 180 146 

ng/cm2 on the most sensitive surfaces of the sample handling chain [Lauretta 147 

et al., 2017]. While not planetary protection-related, optical instruments often 148 

have the most stringent organic contamination limits. For instance, for the 149 

Hubble Wide Field Planetary Camera, recontamination is limited to a rate of 150 
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47 ng/cm2/month and the camera undergoes a monthly decontamination cycle 151 

that reduces the level to 1 ng/cm2 [Hedgeland et al., 1994]. 152 

Good examples of organic cleanliness monitoring are available from missions 153 

to Mars. Multi-stepped solvent extraction, followed by pre-concentration of 154 

analytes (by evaporation) and analysis by  diffuse reflectance infrared Fourier 155 

transform (DRIFT) spectroscopy, Fourier transform infrared (FTIR) 156 

spectroscopy and pyrolysis-gas chromatography-mass spectrometry (Py-GC-157 

MS) techniques were carried out on swabs from surfaces of the MSL sample 158 

transfer chain hardware at various stage of construction  [Blakkolb et al., 159 

2014]. The use of multiple solvents, however, complicated the analysis of the 160 

data and diluted the contaminants of interest, reducing sensitivity of the 161 

detection. The whole process of extraction, concentration and analysis was 162 

also very time consuming and therefore costly. A similar process to that 163 

employed for MSL is proposed for Mars 2020 [Table 2, Summons et al., 2014] 164 

Various culture dependant assays [Benardini Iii et al., 2014a, 2014b] and 165 

culture independent methods (such as 16s RNA-based diversity; next 166 

generation sequencing; viability-linked metagenomics assays (propidium 167 

monoazide treatment; quantitative polymerase chain reaction) [La Duc et al., 168 

2004, 2009; Nellen et al., 2006; Probst et al., 2012] have been used to track 169 

the microbial bioburden present on flight instrument surfaces. While the 170 

NASA/ESA standard assay technique [Morris et al., 2010] is a good example 171 

of a standardised planetary protection contamination control method that is 172 
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missing from non-biological contamination control, these techniques give no 173 

indication of the non-biological organic contamination present.  174 

A diagnostic organic contamination monitoring process is needed. While 175 

useful, witness plates [ten Kate et al., 2008] can only show what is 176 

condensing/falling onto clean metal surfaces, they cannot show transfer from 177 

hands/gloves as they are not handled in the same way as the actual flight 178 

hardware. A standardised technique to directly sample the flight hardware 179 

surfaces in addition to the atmosphere itself, which is rapid, inexpensive and 180 

easy to use would be very useful (alongside the use of witness materials) in 181 

keeping track of clean room cleanliness on a regular basis. 182 

Solid phase micro extraction (SPME) is a sample preparation method 183 

developed for the analysis of organic compounds [Arthur and Pawliszyn, 184 

1990]. In the analysis for organic compounds by SPME, a fused silica optical 185 

fibre coated with liquid organic polymer or solid sorbent is exposed to the 186 

sample matrix wherein a distribution equilibrium of the analytes is established 187 

between the matrix and the coating; this combines sampling and pre-188 

concentration of analytes into a single step [Harper, 2000]. The analytes 189 

collected are thermally desorbed, in the injector of a gas chromatograph for 190 

analysis. SPME is advantageous for the analysis of organic compounds due to 191 

its high speed (extraction time can be reduced to a few minutes instead of the 192 

hours/days of classical liquid-liquid extraction methods), low cost, elimination 193 

of solvents from both the extraction and analysis steps (although a solvent may 194 
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be used instead of thermal desorption for analysis [Arthur and Pawliszyn, 195 

1990]), portability, applicability to gaseous, liquid or solid samples and 196 

relative independence of destined analytical instrument design [Arthur and 197 

Pawliszyn, 1990; Louch et al., 1992; Otu and Pawliszyn, 1993]. 198 

In this study we assessed whether SPME could be employed as a standardised 199 

inexpensive, rapid and accurate technique for monitoring the lab atmosphere 200 

and flight hardware surfaces for organic contamination control and general 201 

cleanliness for future life and organic matter detection space missions. We 202 

developed a method to effectively sample hardware surfaces. We assessed 203 

sensitivity for detecting organic compounds that have been identified as 204 

contaminants of interest for astrobiological missions. This study is timely as 205 

there are currently numerous life and/or organic matter detection missions to 206 

the icy moons of the outer solar system in various stages of planning and 207 

implementation [Powell et al., 2005; Erd, 2012; Pappalardo et al., 2013; 208 

Dachwald et al., 2014; Phillips and Pappalardo, 2014; Konstantinidis et al., 209 

2015]. 210 

3. Materials and Methods 211 

3.1. SPME fibre selection and sampling procedure development 212 

We chose 30 µm coating thickness polydimethylsiloxane (PDMS) coated 213 

SPME fibres (Supelco, USA) as these were suited to detecting the greatest 214 

range of non-polar compounds of interest. Other SPME fibre types with 215 

different coatings and coating thicknesses could be selected for more specific 216 
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contaminants of interest based on the manufacturer’s recommended usage 217 

(Table 3).  218 

3.2. SPME fibre preparation 219 

SPME fibres were held in a manual SPME holder. Prior to the use of the 220 

SPME fibres they were conditioned by heating in the inlet of the GC for 45 221 

minutes at 300 °C. 222 

3.3. Standard compound selection 223 

Standard organic compounds of interest were selected based on those 224 

identified as problematic for astrobiological missions by Mahaffy et al. (2003), 225 

Table 1. Only the non-polar compounds were selected to be tested as the more 226 

polar compounds would require techniques such as SPME-high performance 227 

liquid chromatography (SPME-HPLC) or SPME-liquid chromatography-mass 228 

spectrometry (SPME-LC-MS) [Kataoka et al., 2000], which is beyond the 229 

scope of this study.  230 

The mid-length C18 alkene and alkane compounds 1-octadecene and 231 

octadecane, three ring polycyclic aromatic hydrocarbon (PAH) phenanthrene 232 

(C14H10), the saturated C18 fatty acid octadecanoic acid (CH3(CH2)16COOH), 233 

the triterpene squalene (C30H50) and the sterol cholesterol (C27H46O) (Figure 1) 234 

were selected for their relatively low volatility and non-polarity (to varying 235 

degrees).  236 

3.4. Surface spiking 237 
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The test surfaces used were the flat portions of a 316 stainless steel cap from 238 

Swagelok® (part number SS-20M0-C). 239 

Stainless steel surfaces were prepared for spiking by sonicating the 240 

Swagelok® caps in propan-2-ol (isopropyl alcohol; IPA) (HPLC plus grade 241 

99.9%, Sigma-Aldrich) for 10 minutes and then heating them overnight 242 

(minimum 15 hours) at 125 °C, to replicate dry heat microbial reduction 243 

(DHMR) and ‘bake out’ any initial organic contaminants [Pflug, 1971]. 244 

After cleaning, the stainless steel samples were only handled with nitrile 245 

gloves that had been wiped with IPA, with no contact being made with the 246 

surfaces for analysis. The samples were also kept wrapped in aluminium foil 247 

(which had undergone the same overnight heat treatment) between 248 

experimental steps to prevent fallout of airborne contaminants onto the 249 

surfaces. 250 

10 µl of the solutions of the individual standard organic compounds in 251 

dichloromethane (DCM; 99.8+ % distol-pesticide reagent grade, Fisher 252 

Scientific) were syringed onto the stainless steel surface to give contamination 253 

levels corresponding to A (1000 ng/cm2), A10 (100 ng/cm2), A100 (10 254 

ng/cm2), A1000 (1 ng/cm2) and the DCM was allowed to fully evaporate. 255 

During the external standard calibration phase of the experimental procedure, 256 

if a compound was below the limit of detection (<LOD) at an analysed 257 

concentration by liquid injection, the relevant contamination level was not 258 

tested (nor contamination levels below that) for SPME-GC-MS sensitivity, as 259 
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sensitivity to that compound at astrobiologically relevant levels was shown to 260 

be limited by the GC-MS method.  261 

3.5. SPME sampling procedure 262 

Prior to swabbing 5 µl of IPA was syringed onto the test surface. The activated 263 

SPME fibre was used to rub over this ‘wetted’ test surface to aid transfer of 264 

IPA soluble contaminants from the surface to the fibre  265 

Each experiment was carried out 4 times to test reproducibility of the 266 

technique. 267 

Experimental blanks (referred to in the results as ‘surface blanks’) were 268 

performed by carrying out the sampling procedure on the test surface after the 269 

cleaning procedure, without spiking with the standard compounds. 270 

3.6. SPME-Gas Chromatography-Mass Spectrometry (SPME-GC-MS)  271 

Analysis of the volatiles adsorbed onto the SPME fibre was carried out via 272 

SPME-GC-MS analysis. The SPME fibre was inserted directly into the 273 

injector of a Perkin Elmer Clarus 580 gas chromatograph coupled to a Clarus 274 

SQ85 mass spectrometer (GC-MS). Analytes were desorbed from the SPME 275 

fibre for 10 minutes into the injector, which was operated in split mode with a 276 

20:1 split ratio and held at 290 °C, with a column flow rate of 1.1 ml min-1. 277 

Separation was performed on a J&W DB-5 ((5%-Phenyl)-methylpolysiloxane) 278 

column (30 m x 250 µm x 0.25 µn). The GC oven was held for 2 min at 60 °C 279 

and then ramped at a rate of 10 °C min-1 to 310 °C where it was held for 5 280 

min. 281 
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Mass spectra were acquired simultaneously in full scan (45-550 m/z) and 282 

selective ion monitoring (SIM), the ions detected were m/z 55, 57, 69, 73, 178, 283 

217 with a dwell time of 50 ms. Recoveries were calculated from external 284 

standards injected in solution under the same conditions. 285 

Analytical blanks were performed by the insertion of the SPME fibre into the 286 

injector of the GC-MS directly after activation. 287 

4. Results 288 

Integrated peak area in the extracted ion chromatogram of the characteristic 289 

ion fragment for that compound (m/z 55 = 1-octadecene; m/z 57 = octadecane 290 

and octadecanoic acid; m/z 69 = squalene; m/z 178 = phenanthrene; m/z 217 = 291 

cholesterol) was used as a proxy for relative detectability (data used for 292 

calculation shown in Table 4). Total ion chromatograms were used to confirm 293 

peak identity. 294 

The SPME recovery was thereby calculated by comparing the peak areas 295 

produced via SPME-GC-MS (using the average of 4 SPME swabbings) 296 

against that which was expected based on the liquid injection calibration curve 297 

and expressing this as a percentage (Table 4).  298 

SPME-GC-MS selected ion current chromatograms produced for all 299 

compounds are shown in Figures 2-7. 300 

5.  Discussion 301 
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5.1. Relative sensitivity of SPME-GC-MS relative to liquid injection GC-302 

MS calibration 303 

While recovery was reduced, in the majority of cases, if a standard organic 304 

compound was detected by the liquid injection technique, it was also detected 305 

by SPME-GC-MS at the equivalent surface spiking concentration. The only 306 

cases where SPME-GC-MS failed to recover a compound over the LOD which 307 

had been detected by liquid injection (at the relevant concentration) were at the 308 

lowest concentrations detectable (by liquid injection) for octadecane, 1-309 

octadecane, octadecanoic acid and cholesterol. There are in fact low responses 310 

at the correct retention times in the SPME-GC-MS selected ion 311 

chromatograms for A1000 level octadecane and 1-octadecene and A1 level 312 

cholesterol that do not appear in the surface blanks. These low responses are, 313 

however, too weak to be quantifiable. 314 

This all suggests that the limiting factor in this technique, at astrobiologically 315 

relevant contamination levels, is the sensitivity of the GC-MS technique used. 316 

Variation in the percentage recovery by the SPME technique between 317 

compounds is likely due to the partition co-efficient between the compound, 318 

the IPA solvent and the fibre coating. The more polar compounds such as 319 

octadecanoic acid (with its polar carboxyl group) are less soluble in IPA and 320 

so more likely to stick to the stainless steel surface, reducing recovery.  321 

5.2. Reproducibility – True positive rate (sensitivity) 322 
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Whilst quantitative reproducibility of the SPME-GC-MS technique was poor 323 

and standard deviation between repetitions was high (Table 4), qualitative 324 

reproducibility was good. A standard organic compound at a certain 325 

contamination level was either detected in all of the SPME swabs or none, this 326 

is expressed in terms of sensitivity. 327 

Sensitivity and Specificity are statistical terms relevant in life detection 328 

missions in the solar system, and specifically those to the Icy Moons [Sephton 329 

et al., 2018]. 330 

The sensitivity (or true positive rate) of a technique is its ability to make a 331 

correct detection of organic matter, this is investigated by calculating the rate 332 

of true positive detections in a sample with known composition. 333 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  
# 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

# 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + #𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 
 334 

Specificity (or the true negative rate) is the technique’s ability to correctly 335 

identify a negative response, i.e. not detecting a false positive in a blank 336 

sample. 337 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =  
# 𝑡𝑟𝑢𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠

# 𝑡𝑟𝑢𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 + #𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 
 338 

A true negative represents a null detection in a sample that contains nothing, 339 

an example is the surface blanks after the steel test surface had undergone the 340 

cleaning procedures. A null detection in this context is a sample analysis 341 

producing no detectable compounds other than the IPA used in the method.  342 
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As all surface blanks showed no detectable compounds the specificity of the 343 

technique for surfaces that have undergone contamination control was 100 %. 344 

Measurements of the spiked test surfaces were used to investigate the 345 

sensitivity of the technique for different standard compounds and 346 

concentrations. In this case, detecting the standard compound, e.g. squalene, 347 

on the spiked test surface would represent a true positive whereas not 348 

detecting the standard compound would represent a false negative (as it is 349 

known to be present). Sensitivity of the SPME sampling technique was found 350 

to be highly variable between the compounds tested and the results are shown 351 

in table 5. 352 

However, as sensitivity was either 100 % or 0 % (compounds were either 353 

detected in all 4 replicates or not at all) the reproducibility of the SPME-GC-354 

MS technique was excellent. 355 

5.3. Standard organic compound relative selectivity and contamination 356 

control relevance 357 

The SPME-GC-MS technique tested was found to have variable sensitivity to 358 

the different standard organic compounds tested. Based on the characteristics 359 

of the molecules (Table 6) it is possible to say something about the potential of 360 

this technique in detecting different classes of compounds relevant to organic 361 

contamination control for planetary protection. 362 

The SPME-GC-MS method employed here proved very sensitive to 363 

phenanthrene from levels A to A1000 where there has been a 100 % 364 
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successful positive detection. Phenanthrene is a typical PAH, there is great 365 

interest in PAHs from an astrobiological point of view as evidence of their 366 

presence has been detected in meteorites [Sephton, 2002], atmospheric hazes 367 

[Trainer et al., 2004] and even interstellar space [Tielens, 2008] so are 368 

important in understanding prebiotic chemistry. However, as PAHs are 369 

common products of combustion processes, especially diesel (and to a lesser 370 

extent) petrol exhaust emissions [Haefliger et al., 2000; Botta et al., 2008] 371 

they ae often recorded as contaminants in otherwise organically-lean 372 

environments/samples [Botta et al., 2008; Calaway et al., 2014]. PAHs are 373 

often a component of particulate contamination, falling out from the 374 

atmosphere onto surfaces [Giger and Schaffner, 1978; Hodge et al., 2003], 375 

keeping track of particulate contamination on actual spaceflight surfaces 376 

throughout the build, as well as just on witness plates, is important to track 377 

change over time (effectiveness of cleaning procedures, etc.) and in case 378 

differences in molecular affinity to the surfaces or airflow patterns cause 379 

differential distribution of contaminants. 380 

The SPME-GC-MS method also proved very sensitive to squalene from levels 381 

A to A1000 where there was a 100 % successful positive detection rate. This is 382 

likely to be as a result of squalene being reasonably volatile and non-polar. 383 

The effectiveness of the SPME-GC-MS technique in detecting squalene at a 384 

range of concentrations will be particularly useful in planetary protection 385 

contamination control. Squalene is one of the major components of human 386 
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sebum [Kim and Karadeniz, 2012] and a terrestrial contaminant attributed to 387 

human contamination. Human sebum will inevitably cause a false positive in 388 

life detection missions therefore effective monitoring to check the cleanliness 389 

of spacecraft hardware is fundamentally necessary. At a minimum, gloves that 390 

are wiped off with IPA should be worn at all times to avoid human 391 

contamination and this SPME-GC-MS technique proves a quick and effective 392 

way to check for accidental human recontamination of surfaces.   393 

Octadecane and 1-octadecane are typical mid-chain length aliphatic 394 

hydrocarbons which are common contaminants of biological source, from the 395 

breakdown of biopolymers, for example from (terrestrial) microbial life [Biller 396 

et al., 2015], organic oils such as those in lubricants [Grosjean and Logan, 397 

2007], for example in vacuum pumps that are present in laboratory settings 398 

[Illing et al., 2014], plastic polymers [Grosjean and Logan, 2007; Brocks et 399 

al., 2008], diesel fumes [Hauser and Pattison, 2019]. The detection of pairs of 400 

alkenes and alkanes, especially at these longer chain lengths, could thus be 401 

taken as an indicator of biological activity if detected on mission leading to a 402 

false positive life detection. Hints of their presence in the A1000 level SPME-403 

GC-MS selected ion chromatograms suggest that with a more sensitive GC-404 

MS method (lower split ratio, etc.) these would be above detection limits even 405 

at the levels of contamination necessary in the most astrobiologically-sensitive 406 

areas of a spacecraft (A1000 level). 407 
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Octadecanoic acid, and other long chain length fatty acids are often used as 408 

biomarkers as they are indicative of a biological source [O’leary, 1962; 409 

Volkman et al., 1989; Alfaro et al., 2006; Tan et al., 2018], however the polar 410 

carboxyl group makes detection via the GC-MS technique used difficult 411 

without derivatization of the molecule. Amino acids, a potential target 412 

biomarker of life-detection astrobiological missions and interesting in the 413 

context of icy moon prebiotic chemistry [Elsila et al., 2009; Martins and 414 

Sephton, 2010; Neish et al., 2010; Johnson et al., 2012; Dworkin et al., 2017] 415 

are more polar and so are not detectable by the column chromatography used, 416 

hence why they were not tested in the current study, however they too may be 417 

detectable by SPME-LC-MS or SPME-HPLC.  418 

The lack of detection even at level A indicates that cholesterol does not desorb 419 

from the fibre, possibly due to its low volatility indicated by its large size and 420 

relatively high enthalpy of vaporization (Table 6). Large, low volatility 421 

compounds are less mobile and less likely to be transferred to surfaces in a 422 

clean lab environment and so may be not so important. 423 

Thus the SPME-GC-MS technique employed is not suited to larger molecular 424 

weight compounds, like cholesterol, or those which are more polar, like fatty 425 

acids. However, if these larger-weight molecules are contaminants of concern 426 

for a particular mission, then SPME-LC-MS or SPME-HPLC need to be 427 

investigated to overcome the current limitations to small and volatile 428 

compounds due to the GC-MS instrumentation, potentially enabling the 429 
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detection of a much wider range of compounds at astrobiologically relevant 430 

concentrations. 431 

Conclusion 432 

 A new method that utilises SPME fibres to swab spacecraft hardware 433 

surfaces is demonstrated for the monitoring of cleanliness in planetary 434 

protection contaminant control procedures.  435 

 The SPME-GC-MS method is convenient, both time and cost efficient. 436 

It can be employed into many stages of space missions.  437 

 The SPME-GC-MS method is particularly sensitive to squalene and 438 

therefore human contamination at all levels tested.   439 

 The SPME-GC-MS method is sensitive to common mid-weight, non-440 

polar contaminant compounds e.g. aliphatic and aromatic 441 

hydrocarbons.  442 

 The SPME-GC-MS method is not particularly sensitive to larger polar 443 

and non-volatile compounds as it is limited by the GC-MS 444 

instrumentation. 445 

 While the potential of SPME for surface sampling is demonstrated 446 

here, future work needs to demonstrate the effectiveness of other 447 

desorbtion/detection techniques (SPME-LC-MS/HPLC) on specific 448 

compound classes, especially the higher molecular weight and polar 449 

species that are undetectable by the GC-MS technique employed here. 450 
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 669 

Figure 1 Standard organic compounds selected for SPME organic contamination control method 670 
development 671 
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 672 

Figure 2 SPME-GC-MS mass 57 chromatograms of octadecane spiked onto test surface at varying 673 
concentrations. Octadecane peak is at ~16 min 40 s, below LOD at A1000 contamination level, although 674 
a small peak is visible. 675 
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 676 

Figure 3 SPME-GC-MS mass 55 chromatograms of 1-octadecene spiked onto test surface at varying 677 
concentrations. 1-octadecene peak is at ~16 min 30 s, null detection at A1000 contamination level. 678 

 679 
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 680 

Figure 4 SPME-GC-MS mass 178 chromatograms of phenanthrene spiked onto test surface at varying 681 
concentrations. Phenanthrene peak is at ~16 min 40 s. 682 
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 683 

Figure 5 SPME-GC-MS mass 57 chromatograms of octadecanoic acid spiked onto test surface at 684 
varying concentrations, experiments at concentrations equal to A1000 and A100 were not run as the 685 
liquid injection experiments showed the GC-MS method to be insufficiently sensitive at these 686 
concentrations. Octadecanoic acid peak is at ~20 min 10 s, below LOD at A1000 contamination level, 687 
background peak at 20 min 40 sec appears in blank and may obscure small octadecenoic acid peak. 688 
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 689 

Figure 6 SPME-GC-MS mass 69 chromatograms of squalene spiked onto test surface at varying 690 
concentrations. Squalene peak is at ~25 min 45 s. 691 
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 692 

Figure 7 SPME-GC-MS mass 217 chromatograms of cholesterol spiked onto test surface at varying 693 
concentrations, experiments at concentrations equal to A1000, A100, A10 were not run as the liquid 694 
injection experiments showed the GCMS method to be insufficiently sensitive at these concentrations. 695 
Cholesterol peak is at ~29 min 20 s , this is below LOD even at A1 contamination level, although a small 696 
broad hump is observed corresponding with this retention time. The positive detection of cholesterol in 697 
the 1:1 (mg to ml) liquid injected sample is shown for comparison. 698 

  699 
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Table 1 Contaminants of concern for astrobiological missions [after Mahaffy et al., 2003] 700 

Molecular class 

 

Examples 

Aromatic hydrocarbons Benzene, tolulene, higher molecular weight 

aromatics, polyaromatic hydrocarbons 

S, N, O heterocyclic aromatics Furan, pyridine, pyramadine, 
benzothiophene 

Carboxylic acids & their salts Alkyl & aromatic acids, fatty acids 

Aliphatic hydrocarbons Alkenes, alkanes 

Nitrogen containing compounds Amino acids, amines, amides, purines, 

pyrmidines, porphyrins 

Alcohols Methanol, higher molecular weight linear 

and branched chain alcohols 

Carbonyl Esters, ketones, aldehydes  

Sulfonic, phosphonic acids  Methanesulfonic acid 

Lipids and derivatives Hydrocarbon chains, fatty acids, fats, 

phospholipids, hopanes, steranes 

Sugars and derivatives Glucose 

Proteins Polar and non-polar 

Nucleotides DNA fragment 

 701 

  702 
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Table 2 List of methods and their sensitivities suggested for testing contamination levels on the Mars 703 
2020 rover, adapted from Summons et al [2014] 704 

 Method Sensitivity Sampling/Form* Comments 

V
ib

r
a

ti
o

n
a

l 
S

p
e
c
tr

o
sc

o
p

y
 

DRIFT 

spectroscopy 

<1 ng/cm2 

(from 100 cm2) 

Witness plate or 

solvent extract** 

Provides broad range of chemical functional 

groups and/or identification. Applied to 

numerous spacecraft mission, detects common 

airborne contaminants (AC) and spacecraft 

molecular contamination. Large spacecraft 

database. 

FTIR-Grazing 

angle attenuated 

total reflection IR 

(GATR) 

Sub-monolayer 

0.5 ng/cm2 

Witness plate or 

solvent extract 

Provides chemical functional groups and 

identification, detects common AC. Rapid 

FTIR-Microscopy Sub-nanogram 

particles 

Specialized 

witness plate  

Requires specialized witness plates or particle 

sampling. Rapid. 

Raman-

Microprobe 

Sub-nanogram 

particles 

Specialized 

witness plate  

Requires specialized witness plates or particle 

sampling. Rapid. 

M
a

ss
 S

p
e
c
tr

o
m

e
tr

y
 (

M
S

) 

GC-MS <0.1 ng/cm2 

(from 100 cm2) 

Witness plate or 

solvent extract 

Identification of components in a complex 

mixture. Non-volatile components not detected, 

detects common AC 

Pyrolysis GC-MS <0.1 ng/cm2 

(from 100 cm2) 

Witness plate or 

solvent extract 

Detects non-volatile components, can run in 

series with GC-MS.  

Direct Analysis in 

Real Time 

(DART)-MS 

<0.001 ng/cm2 

(from 100 cm2) 

Witness plate or 

solvent extract 

Identification of components in a complex 

mixture, molecular weight >1000 amu requires 

pyrolysis, detects common AC, very sensitive, 

rapid 

Liquid 

Chromatography 

(LC)-MS 

<0.1 ng/cm2 

(from 100 cm2) 

Witness plate or 

solvent extract 

Identification of components in a complex 

mixture, somewhat complex procedures and 

method development, particularly well-suited for 

some biological analyses. 

Laser-assisted 

Desorption (LD)-

MS 

<1 ng/cm2 

 

Witness plate or 

solvent extract 

Identification of components in a complex 

mixture, suited for high molecular weight bio-

analytes, complex procedures and method 

development, expensive instrumentation. 

Secondary-Ion 

MS (SIMS) 

Sub-monolayer 

 

Witness plate  Quantitation difficult, limited molecular 

identification for organics, very sensitive, detects 

common AC, complex, expensive 

instrumentation 

O
th

e
r
 

X-ray 

Photoelectron 

Spectroscopy 

(XPS)/Auger 

Sub-monolayer 

 

Witness plate  Sensitive, elemental information, limited 

molecular identification, detects common AC, 

complex, expensive instrumentation 

Total Organic 

Carbon (TOC) 

Instruments 

(pyrolysis and 

electrochemical) 

~3 ng/cm2 

 

Witness plate  No chemical information, no identification, does 

not quantify incombustible components 

*It should be noted that all methods require specialized hardware sampling and/or witness plates 705 
**Solvent extracts may use a surface rinse or specialized solvent swabs of hardware surfaces 706 
 707 
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Table 3 Potential organic contaminants and the Supelco recommended fibres for their analysis (by 709 
headspace extraction) (adapted from https://www.sigmaaldrich.com/technical-710 
documents/articles/analytical/selecting-spme-fibers.html#fiber) 711 

Analyte type 

 

Recommended Fibre 

Low molecular weight  75 µm/85 µm 

Carboxen/Polydimethylsiloxane 

Volatiles  100 µm polydimethylsiloxane  

Volatile, amines and nitro-aromatics 65 µm polydimethylsiloxane/divinylbenzene 

Polar semi-volatiles 85 µm polyacrylate 

Non-polar high molecular weight 
compounds 

7 µm polydimethylsiloxane 

Non-polar semi-volatiles 30 µm polydimethylsiloxane 

Alcohols and polar compounds 60 µm Carbowax 

 712 
  713 
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Table 4 Integrated peak areas from selected ion chromatograms produced by both liquid injection and 714 
SPME-GC-MS of standard organic compound solutions. Percentage recovery of standard compounds 715 
against liquid injection external standard calibration (N/A = Not applicable, <LOD = below limit of 716 
detection) 717 

 718 

 
Solution 
concentration 
(ng: ml) 

1 µl  direct 
liquid 
injection 
(peak area) 

Contamination 
level 
equivalent 

SPME 
average 
(peak 
area) 

SPME 
Standard 
deviation 
(% of 
mean) 

% recovery at 
contamination 
level 
 

O
ct

ad
ec

an
e 

0.1 <LOD N/A N/A N/A N/A 
1 941 A1000 <LOD N/A <LOD 
10 5207 A100 1723 24 % 9 % 
100 61663 A10 8694 50 % 5 % 
1000 1859793 A 368767 63 % 20 % 

1
-O

ct
ad

ec
en

ee
 0.1 <LOD N/A N/A N/A N/A 

1 1688 A1000 <LOD N/A <LOD 
10 4677 A100 9411 18 % 57 % 
100 90213 A10 20120 14 % 12 % 
1000 1650655 A 913332 48 % 55 % 

P
h
en

an
th

re
n
e 

0.1 577 N/A N/A N/A N/A 

1 3309 A1000 1379 8 % 25 % 
10 23632 A100 6227 23 % 11 % 
100 434883 A10 101058 34 % 18 % 
1000 5510655 A 1761618 18 % 32 % 

O
ct

ad
ec

an
o
ic

 

ac
id

 

0.1 <LOD N/A N/A N/A N/A 

1 <LOD A1000 N/A N/A <LOD 
10 <LOD A100 N/A N/A <LOD 
100 11345 A10 <LOD N/A <LOD 
1000 549876 A 14439 31 % 3 % 

S
q
u
al

en
e 

0.1 85 N/A N/A N/A N/A 
1 336 A1000 611 20 % 99 % 
10 4388 A100 4030 9 % 65 % 
100 72063 A10 48410 19 % 78 % 
1000 653790 A 509926 67 % 82 % 

C
h
o
le

st
er

o
l 

0.1 <LOD N/A N/A N/A N/A 

1 <LOD A1000 N/A N/A <LOD 

10 <LOD A100 N/A N/A <LOD 

100 <LOD A10 N/A N/A <LOD 

1000 863 A <LOD N/A <LOD 
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Table 5 Calculated sensitivities for each standard compound and concentration (expressed as 721 
percentages) 722 

Level Octadecane 1-

Octadecene 

Phenanthrene Steric 

acid 

Cholesterol Squalene 

A 100 100 100 100 0 100 

A10 100 100 100 0 0 100 

A100 100 100 100 0 0 100 

A1000 0 0 100 0 0 100 
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Table 6 molecular weights and enthalpy of vaporization of standard compounds tested (from NIST) 725 

Standard compound Molecular weight Enthalpy of 

vaporization 

(KJ/mol) 

1-Octadecene 252 55 

Octadecane 255 92 

Phenanthrene 178 78 

Steric acid 284 79 

Cholesterol 387 154 

Squalene 410 83 
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